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ABSTRACT Gaucher disease is a lysosomal storage disorder caused by a defect in the degra-
dation of glucosylceramide catalyzed by the lysosomal enzyme β-glucocerebrosidase (GBA). 
GBA reaches lysosomes via association with its receptor, lysosomal integral membrane pro-
tein type 2 (LIMP-2). We found that distinct phosphatidylinositol 4-kinases (PI4Ks) play impor-
tant roles at multiple steps in the trafficking pathway of the LIMP-2/GBA complex. Acute 
depletion of phosphatidylinositol 4-phosphate in the Golgi caused accumulation of LIMP-2 in 
this compartment, and PI4KIIIβ was found to be responsible for controlling the exit of LIMP-2 
from the Golgi. In contrast, depletion of PI4KIIα blocked trafficking at a post-Golgi compart-
ment, leading to accumulation of LIMP-2 in enlarged endosomal vesicles. PI4KIIα depletion 
also caused secretion of missorted GBA into the medium, which was attenuated by limiting 
LIMP-2/GBA exit from the Golgi by PI4KIIIβ inhibitors. These studies identified PI4KIIIβ and 
PI4KIIα as important regulators of lysosomal delivery of GBA, revealing a new element of 
control to sphingolipid homeostasis by phosphoinositides.

INTRODUCTION
Maintenance of cellular homeostasis in eukaryotes depends on ef-
ficient breakdown of macromolecules, such as proteins, lipids, gly-
coconjugates, and nucleic acids. Lysosomes are the primary sites of 
macromolecule degradation, with over 50 different soluble hydro-
lases present in their lumen (Pohl et al., 2009). Delivery of newly 
synthesized hydrolases from the endoplasmic reticulum (ER) and the 
Golgi to lysosomes is therefore critical for proper degradation. Most 
soluble lysosomal enzymes contain a mannose-6-phosphate (M6P) 
residue that is recognized in the trans-Golgi network (TGN) by cat-
ion-dependent or cation-independent M6P receptors (CD-M6PRs 
or CI-M6PRs, respectively; Kornfeld and Mellman, 1989). Both re-
ceptors are integral membrane proteins that release their lysosomal 
cargo into the lumen of sorting endosomes (SE) and late endosomes 
(LE) under increasingly acidic conditions. The receptors are then re-
trieved to the TGN by retrograde trafficking for subsequent rounds 
of transport (Sannerud et al., 2003). Mutations that cause loss of 
M6P moieties prevent lysosomal delivery of hydrolases, resulting in 
hydrolase secretion and compromised lysosomal function, as ob-
served in patients with I-cell disease (Reitman et al., 1981). However, 
even under such conditions, certain lysosomal proteins, including 
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Raychaudhuri et al., 2006; Banerji et al., 2010). In these cases, the 
relative roles of the two enzymes, PI4KIIα and PI4KIIIβ, have not 
been clearly defined (Levine and Munro, 2002; Balla et al., 2005). 
The roles of PI4Ks, therefore, are tightly linked to the control of cel-
lular lipid metabolism in general, with multiple connections to sphin-
golipid synthesis and transport.

In the present study, we describe a new level of control by which 
PtdIns4P indirectly affects sphingolipid metabolism. We show that 
PI4KIIIβ and PI4KIIα play active roles at sequential trafficking steps 
in the lysosomal transport of the GBA hydrolase in complex with its 
receptor LIMP-2. We demonstrate the requirement for the catalytic 
activity of PI4KIIIβ in Golgi exit of the LIMP-2/GBA complex, which 
is followed by PI4KIIα-mediated trafficking to lysosomes. In addition 
to the established function of PI4Ks in the transport of sphingolipids 
along the synthetic route, these results describe for the first time a 
role for PI4Ks in sphingolipid catabolism as regulators of lysosomal 
delivery of a key sphingolipid hydrolase.

RESULTS
Identification of PI4KIIIβ interaction with 
LIMP-2/GBA complex
The yeast homologue of PI4KIIIβ, Pik1, has previously been shown 
to have a role in Golgi-to-plasma membrane and Golgi-to-vacuole 
transport (Strahl and Thorner, 2007). Similarly, Golgi-localized mam-
malian PI4KIIIβ has been implicated in regulation of sorting of vari-
ous cargoes to the plasma membrane (Godi et al., 1999; Weisz 
et al., 2000; Hausser et al., 2005), but the role of PI4KIIIβ in sorting 
to endocytic compartments remains less understood. Accordingly, 
we sought to identify new protein-binding partners of this kinase 
that are involved in endocytic transport. Affinity purification coupled 
to mass spectrometry (AP-MS) is a powerful method for identifying 
and characterizing interaction partners (Vasilescu and Figeys, 2006; 
Goudreault et al., 2009). We used FLAG-tagged human PI4KIIIβ sta-
bly expressed in HEK293 cells to perform AP-MS. FLAG-PI4KIIIβ 
and its interacting partners were purified, subjected to proteolytic 
digestion, and identified using gel-free MS. This approach readily 
reproduced previously detected PI4KIIIβ binding partners, such as 
various 14-3-3 isoforms (YWHA genes) and Rab11 (de Graaf et al., 
2004; Hausser et al., 2006; Polevoy et al., 2009). In addition, several 
novel PI4KIIIβ interaction partners were identified (Table 1, Supple-
mental Table S1, and Supplemental Figure S1) including GBA and 
its receptor, LIMP-2, indicating that LIMP-2/GBA could potentially 
bind as a complex to PI4KIIIβ. Therefore we assessed the functional 
relevance of this interaction by focusing on the catalytic role of 
PI4KIIIβ at the Golgi in sorting of the subpopulation of LIMP-2/GBA 
traversing the Golgi, en route to lysosomes.

PtdIns4P regulates efficient LIMP-2 transport out 
of the Golgi
The role of PtdIns4P in regulation of LIMP-2 exit from the Golgi was 
assessed in live COS-7 cells using a green fluorescent protein (GFP)-
tagged LIMP-2 under conditions of acute PtdIns4P depletion. Ra-
pamycin-induced Golgi recruitment of a cytosolic version of the Pt-
dIns4P phosphatase Sac1, lacking the ER-localization sequence, was 
proven to be a valuable tool in studying the role of Golgi PtdIns4P in 
endocytic transport (Szentpetery et al., 2010). The type I Golgi pro-
tein, Tgn38, fused to the FKBP12-rapamycin–binding (FRB) domain 
of mTOR was used to recruit cytosolic Sac1 phosphatase fused to 
the recruiter protein FKBP12. Rapamycin addition induces heterodi-
merization of FRB domain to the FKBP12 module, resulting in rapid 
depletion of PtdIns4P at the Golgi by the recruited Sac1 enzyme 
(Szentpetery et al., 2010).

sphingolipid activator proteins and β-glucocerebrosidase (GBA), re-
tain their lysosomal distribution, indicative of the existence of M6P-
independent pathways to lysosomes (Rijnboutt et al., 1991).

The lysosomal integral membrane protein type 2 (LIMP-2, en-
coded by SCARB2) has recently been identified as a receptor for 
GBA (Reczek et al., 2007). LIMP-2 is a type III transmembrane pro-
tein with a glycosylated luminal loop and a short cytosolic tail that 
harbors a “dileucine-based” sorting motif (DERAPLI) critical for AP-3 
binding and sorting to lysosomes (Vega et al., 1991; Sandoval et al., 
1994, 2000; Honing et al., 1998). LIMP-2 binds GBA in the ER, and 
the two proteins traverse Golgi and endocytic compartments to-
gether en route to lysosomes, at which the acidic pH facilitates dis-
sociation of GBA from LIMP-2 (Reczek et al., 2007; Blanz et al., 
2010). Lysosomal delivery of GBA is critical for regulation of sphin-
golipid metabolism, since GBA is the only enzyme capable of effi-
ciently hydrolyzing lysosomal glucosylceramide (GlcCer; Peters 
et al., 1976; Daniels et al., 1980). Mutations in GBA in humans that 
abolish LIMP-2 binding result in missorting and secretion of the en-
zyme, leading to lysosomal accumulation of GlcCer and causing 
Gaucher disease, the most common metabolic storage disorder 
(Beutler, 1991; Reczek et al., 2007). Consistent with its role in GBA 
delivery, total depletion of LIMP-2 results in missorting of GBA in 
vitro and in vivo, leading to secretion of the enzyme. Macrophages 
and mouse embryonic fibroblasts (MEFs) derived from LIMP-2 
knockout mice secrete as much as 50% of the total GBA, compared 
with 7% observed in wild-type cells (Reczek et al., 2007), and sera of 
LIMP-2 knockout mice showed an 11-fold increase in GBA activity, 
compared with GBA activity of wild-type mice (Reczek et al., 2007). 
While these findings unequivocally establish LIMP-2 as a GBA re-
ceptor, surprisingly little is known about the regulation of various 
trafficking steps occurring along LIMP-2/GBA transport from Golgi 
to lysosomes.

Sorting of many proteins at the Golgi depends on the availability 
of the regulatory lipid, phosphatidylinositol 4-phosphate (PtdIns4P; 
De Matteis et al., 2005). Acute depletion of PtdIns4P in Golgi mem-
branes results in impaired CI-M6PR exit from the Golgi (Szentpetery 
et al., 2010). PtdIns4P synthesis in mammalian cells is carried out by 
four PtdIns4P kinases (PI4Ks) belonging either to type II (IIα and IIβ) 
or type III (IIIα and IIIβ) families. While all of these enzymes exhibit 
some degree of localization to the Golgi complex, synthesis of 
PtdIns4P in Golgi membranes is primarily mediated by PI4KIIα and 
PI4KIIIβ (Wang et al., 2003; Godi et al., 2004; Weixel et al., 2005). 
Notably, distinct PI4K isoforms have been shown to regulate specific 
Golgi/TGN sorting processes. For example, Golgi-localized PI4KIIα 
is required for Golgi recruitment of the clathrin adaptor proteins 
AP-1 and γ-ear–containing, ARF-binding proteins (GGAs) (Wang 
et al., 2003, 2007). Accordingly, depletion of PI4KIIIβ does not im-
pair recruitment of AP-1 to the Golgi, demonstrating a preference of 
this sorting complex for PI4KIIα-derived PtdIns4P (Wang et al., 
2003). Consequently, trafficking of AP-1 cargo molecules, such as 
CI-M6PR, between Golgi and LE is specifically regulated by PI4KIIα 
(Wang et al., 2003). Similarly, PI4KIIα associates with and regulates 
the AP-3 clathrin adaptor, adding a noncatalytic component to its 
regulation of AP-3–dependent cargo sorting (Craige et al., 2008; 
Salazar et al., 2009). In contrast, PI4KIIIβ plays a role in Golgi recruit-
ment of the ceramide (Cer) transfer protein (CERT; Toth et al., 2006) 
via a PtdIns4P-binding pleckstrin homology (PH) domain present in 
CERT (Hanada et al., 2003; D’Angelo et al., 2007). In fact, Golgi re-
cruitment of several other lipid transfer proteins possessing PH do-
mains that bind PtdIns4P, such as the four-phosphate adaptor pro-
teins (FAPP-1 and FAPP-2) and oxysterol-binding protein, also rely 
on production of PtdIns4P (Dowler et al., 2000; Godi et al., 2004; 
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calization with the endosomal pool of PI4KIIα (Figure S3C). Interest-
ingly, a LIMP-2 construct containing only the second transmembrane 
domain and the short, cytosolic tail with the dileucine motif exhib-
ited a more pronounced Golgi retention, while still correctly reach-
ing the lysosomal compartment. This truncated LIMP-2 construct 
showed clear colocalization with PI4KIIIβ on Golgi membranes 
(Figure S3B), making it a potentially useful tool in assessing the role 
of PI4KIIIβ in LIMP-2 Golgi sorting.

To evaluate which of the two Golgi-localized PI4Ks is important 
for LIMP-2 trafficking via the Golgi, we took advantage of an 
isoform-specific PIK inhibitor, PIK93, that potently inhibits PI4KIIIβ 

Subcellular distribution of LIMP-2-GFP in untreated COS-7 cells 
was mostly confined to acidic LE/lysosomal vesicles (Figure S2A), a 
compartment also enriched in another abundant lysosomal resident 
protein, lysosomal-associated membrane protein 1 (LAMP-1). This 
distribution was in good agreement with published data on the dis-
tribution of the endogenous LIMP-2 protein (Vega et al., 1991; 
Kuronita et al., 2002). Some LIMP-2–containing vesicles also had 
detectable levels of internalized rhodamine-labeled epidermal 
growth factor (Rh-EGF), while being mostly devoid of CI-M6PR 
(Figure S2, B–D).

Effects of PtdIns4P elimination were studied in COS-7 cells trans-
fected with LIMP-2-GFP, monomeric red fluorescent protein-
FKBP12-Sac1 (mRFP-FKBP12-Sac1), and Tgn38-FRB-cyan fluores-
cent protein (Tgn38-FRB-CFP). Addition of rapamycin resulted in 
rapid redistribution of cytosolic Sac1 to the Golgi that was detect-
able after 3 min (Szentpetery et al., 2010). The resulting depletion of 
PtdIns4P led to Golgi accumulation of LIMP-2-GFP and a corre-
sponding decrease in the rate of Golgi exit without noticeable effect 
on the peripheral lysosomal pool of the protein (Figure 1A). In con-
trol experiments in which LIMP-2-GFP and Tgn38-FRB-CFP were 
coexpressed together with mRFP-FKBP12 protein lacking the Sac1 
phosphatase, rapamycin-induced recruitment of FKBP12 did not af-
fect subcellular distribution of LIMP-2 (Figure 1B). Furthermore, 
PtdIns4P depletion at the Golgi did not cause any notable change 
in the distribution of acidic lysosomal vesicles marked by LysoTracker 
Green (Figure 1C). Taken together, these results suggested that 
PtdIns4P elimination at the Golgi leads to accumulation of LIMP-2 at 
this compartment without redistribution of peripheral lysosomes.

LIMP-2 exit from the Golgi depends on PI4KIIIβ activity
Although LIMP-2 associates with GBA in the ER (Reczek et al., 2007), 
steady-state distribution of LIMP-2 is primarily confined to LE/lyso-
somes (Vega et al., 1991; Kuronita et al., 2002). Accordingly, full-
length LIMP-2 does not exhibit significant colocalization with the 
Golgi-associated PI4KIIIβ (Figure S3A), and shows only partial colo-

Hit Averaged spectra

GBA 60

YWHAB 40.5

YWHAG 40

YWHAH 38

YWHAQ 31.5

RAB11B 13

C10orf76 9

LIMP-2 5

MTA2 3.5

RAB11FIP2 3.5

MRPL11 2

FLAG-tagged PI4KIIIβ was stably expressed in HEK293 cells and used as bait to 
perform biological replicates of AP-MS (n = 2). Data were analyzed with ProHits 
(Liu et al., 2010) and exported to an Excel file. Filtering to remove background 
proteins is described in Materials and Methods. Only proteins that appeared 
in both biological replicates are reported in the left column. The total spectral 
counts of the two biological replicates are averaged and presented in the right 
column. This is diagrammed in Figure S1. The details of each separate FLAG-
PI4KIIIβ AP-MS experiment are presented in Table S1.

TABLE 1: List of FLAG-PI4KIIIβ interactors and average spectra 
detected using AP-MS.

FIGURE 1: The effect of PtdIns4P elimination at the Golgi on LIMP-2 
distribution in COS-7 cells. Cells coexpressing either mRFP-FKBP12-
Sac1 (A) or mRFP-FKBP12 (B) together with Tgn38-FRB-CFP and 
LIMP-2-GFP were mounted on the microscope's heated stage (35°C) 
and treated with 100 nM rapamycin to induce recruitment of the 
cytosolic-FKBP12 constructs to the Golgi. Time-lapse images of 
individual cells were recorded for 30 min, and representative images 
are shown at 0 min (prior to recruitment) and at 10 and 30 min after 
recruitment. Graph shows morphometric analysis of the recordings in 
(A) using ImageJ software. The curves represent the number of 
individual fluorescent vesicles appearing outside the Golgi 15 min 
after the addition of rapamycin and photobleaching the whole cell 
outside of the Golgi area. The graph illustrates the first 200 s of the 
recordings taken at 0.5 frames/s. Each value represents a mean ± SEM 
of five recordings for each sample (control and rapamycin-treated). 
(C) Cells expressing mRFP-FKBP12-Sac1 and Tgn38-FRB-CFP were 
preincubated for 10 min with 100 nM LysoTracker Green at 35°C prior 
to addition of rapamycin. Scale bars: 10 μm.
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or fixed and immunostained for PI4KIIα. Depletion of PI4KIIα re-
sulted in a dramatic accumulation of LIMP-2-GFP in clusters of en-
larged vesicles, without any detectable Golgi accumulation (Figures 
3A and S5, A–C). Using serial optical sections, we found LIMP-2 
clusters to be composed of a collection of large vesicles, many 
greater than 2 μm in diameter, and tightly compacted in the juxta-
nuclear area (Figure 3B). Furthermore, biotinylation of cell surface 
proteins with membrane-impermeable biotin followed by immuno-
precipitation of LIMP-2-GFP revealed that the low basal levels of the 
surface pool of LIMP-2 were even further decreased by ∼40% follow-
ing the depletion of PI4KIIα (Figure 3, D and E).

PI4KIIα knockdown has already been reported to cause enlarged 
LAMP-1–positive endosomal structures in fixed cells (Craige et al., 
2008), similar to LAMP-1 accumulation on large vesicles described 
in this study using live-cell microscopy. When LIMP-2-mRFP and 
LAMP-1-GFP were coexpressed following PI4KIIα knockdown, a 
fraction of both proteins localized to the same vesicular clusters, 
although they exhibited a significant degree of segregation 
(Figure 3F). In addition, LIMP-2 and LAMP-1 appeared segregated 
to different subdomains within the same individual vesicle in many 
of the largest vesicles (Figure 3F, insets). The heterogeneity of the 
enlarged endosomes was evident, as some of the largest vesicles in 
clusters were quite acidic, while most of the smaller showed no 
LysoTracker fluorescence, suggesting a larger defect in lysosomal 
function (Figure S5A). Interestingly, transfection of GFP-CI-M6PR 
and LIMP-2-mRFP in PI4KIIα siRNA-treated cells resulted in partial 
but detectable accumulation of CI-M6PR and LIMP-2 on common 
large vesicles (Figure S5B). Taken together, these data indicated 
that PI4KIIα is required for proper transport of LIMP-2 between TGN 
and LEs en route to lysosomes and that this defect was not confined 
to the LIMP-2 protein.

Proper morphology of LIMP-2–enriched lysosomes 
requires AP-3 binding
In addition to its PI4K activity, the endosomal pool of PI4KIIα was 
shown to have a key role in the assembly of sorting complexes via 
interaction with the AP-3 adaptor protein and with the biogenesis 
of lysosome-related organelle complex 1 (BLOC-1; Salazar et al., 
2009). A dileucine motif within PI4KIIα was found essential for AP-3 
binding, with the kinase activity further stabilizing this interaction. 
Interestingly, a kinase-dead mutant still exhibited 50% of its AP-3–
binding affinity, while a mutation in the dileucine motif (PI4KIIα LL 
mutant) resulted in only 10% of the wild-type binding (Craige et al., 
2008; Salazar et al., 2009). We therefore assessed the ability of 
PI4KIIα wild-type, kinase-dead (KD), and AP-3 binding–deficient LL 
mutants to rescue the altered morphology of LIMP-2–enriched ves-
icles in cells knocked down for PI4KIIα. Cells were treated for 2 d 
with siRNA oligos designed against PI4KIIα; this was followed by 
1-d cotransfection with LIMP-2-mRFP, together with wild-type GFP-
PI4KIIα, GFP-PI4KIIα KD, or GFP-PI4KIIα LL. In spite of the PI4KIIα 
siRNA treatment, the kinase was efficiently reexpressed in knock-
down cells transfected with PI4KIIα in a construct using a cytomeg-
alovirus-driven promoter (as also observed by Craige et al., 2008; 
Salazar et al., 2009). Also, expression of the GFP-tagged enzymes 
did not change the efficiency of the PI4KIIα knockdown, as deter-
mined by Western blotting (unpublished data). Knockdown of 
PI4KIIα resulted in LIMP-2 accumulation in large endocytic struc-
tures. These were largely reverted in cells expressing either GFP-
PI4KIIα or GFP-PI4KIIα KD (Figure 4A). However, expression of GFP-
PI4KIIα LL was not sufficient to elicit significant rescue of the 
morphological phenotype as confirmed by counting large vesicles 
with a diameter larger than 2 μm (Figure 4B). Taken together, these 

(IC50 = 19 nM; Knight et al., 2006; Balla et al., 2008). Since the 
PI4KIIIα enzyme is less affected, and the type II PI4Ks are insensitive 
to PIK93, this inhibitor has already been successfully used to show 
the importance of PI4KIIIβ in CERT-mediated transfer of Cer from 
the ER to the TGN (Toth et al., 2006).

To follow the exit of LIMP-2 from the Golgi, we generated a 
LIMP-2 construct fused to a photoactivatable GFP. After photoacti-
vation of LIMP-2 molecules at the Golgi, this construct enabled us to 
follow LIMP-2 trafficking out of the Golgi in time-lapse imaging in 
live cells. By quantifying the number of fluorescent vesicles appear-
ing outside the photoactivated area, we were able to determine the 
rate of LIMP-2 exit from the Golgi. COS-7 cells were transfected with 
photoactivatable LIMP-2 (LIMP-2-PA-GFP) together with a mono-
meric Kusabira-Orange (mKO)-tagged Golgi enzyme galactosyl-
transferase (mKO-GalT) to identify the Golgi area. After photoacti-
vation of the Golgi area, an increasing number of LIMP-2-containing 
vesicles were seen to emanate out of the Golgi, with a correspond-
ing decrease in total fluorescence at the Golgi (Figure 2A, top pan-
els). However, when cells were pretreated with PIK93 for 15 min, 
LIMP-2 was seen to remain at the site of photoactivation and showed 
significantly fewer vesicles emanating from the Golgi (Figure 2A, 
bottom panels). Since some LIMP-2–containing vesicles are always 
found in the pericentriolar area, the fluorescent vesicles still leaving 
the photoactivated area in PIK93-treated cells most likely represent 
non-Golgi vesicles present close to the Golgi at the time of photo-
activation (Figure 2B). Distribution of the acidic LE/lysosomal vesi-
cles, marked by LysoTracker (Figure 2D), did not noticeably change 
following the treatment with PIK93. Moreover, PIK93 treatment had 
only minimal effects on the rate of CI-M6PR exit from the Golgi 
(Figure 2C), consistent with previous reports showing CI-M6PR traf-
ficking between Golgi and LEs was PI4KIIα-dependent (Wang et al., 
2003). At the same time, sorting of LAMP-1 was also significantly 
impaired by PIK93 treatment (Figure S4, A and B). A LIMP-2 point 
mutant with significantly abrogated GBA binding (Blanz et al., 2010) 
was found to exhibit a similar degree of PIK93 inhibition of Golgi 
exit compared the wild-type protein (Figure S4C), indicating that 
LIMP-2 Golgi sorting did not depend on its binding to GBA.

To compare the relative distribution of LIMP-2 and CI-M6PR at 
Golgi membranes, we again used the LIMP-2 tail-mRFP, which ex-
hibits prolonged Golgi residence. When this construct was coex-
pressed with CI-M6PR, the LIMP-2 tail localized to Golgi membrane 
domains adjacent to, but clearly distinct from, those containing CI-
M6PR (Figure 2E; note that only the Golgi is shown). Remarkably, 
PI4KIIIβ inhibition led to LIMP-2 tail accumulation within the Golgi, 
at distinct peripheral membrane folds and away from CI-M6PR, the 
latter not showing changes in its distribution (Figure 2E). This finding 
demonstrated the existence of subdomains within the Golgi and the 
importance of PI4KIIIβ catalytic activity in proper LIMP-2, but not 
M6PR, sorting at the level of the Golgi.

PI4KIIα is involved in post-Golgi trafficking of LIMP-2 along 
the degradative pathway
The PI4KIIIβ inhibition data showed that PI4KIIIβ plays a key role in 
generating the PtdIns4P pool required for proper sorting of LIMP-2 
at the Golgi. However, these results do not exclude a potential role 
for the other Golgi PI4Ks, such as PI4KIIα, in LIMP-2 trafficking. Un-
fortunately, no inhibitors for type II PI4Ks have been identified to 
date. Therefore we studied LIMP-2 trafficking to LE/lysosomes after 
RNA interference (RNAi)-mediated knockdown of PI4KIIα. COS-7 
cells were treated with small-interfering RNA (siRNA) targeting 
PI4KIIα for 2 d (Figure 3C), which was followed by transfection with 
the LIMP-2-GFP construct for 1 d. Cells were then studied either live 
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findings suggest that proper AP-3 binding is 
more important than kinase activity for re-
covery of lysosomal transport of LIMP-2.

Unique roles of PI4KIIα and PI4KIIIβ in 
LIMP-2–mediated lysosomal transport 
of GBA
Proper localization of LIMP-2 is essential for  
lysosomal delivery of GBA and its role in 
sphingolipid metabolism (Reczek et al., 
2007). Nevertheless, subcellular distribution 
of GBA does not fully mirror that of LIMP-2. 
Initial immunofluorescence studies on en-
dogenous GBA detected the protein in 
lysosomes, as well as in ER and Golgi 
(Willemsen et al., 1987). Similarly, when he-
magglutinin (HA)-tagged GBA was coex-
pressed with LIMP-2 in our studies, HA-GBA 
mostly exhibited ER and Golgi distribution 
(Figure S6), and only a small fraction of GBA 
was found to colocalize with LIMP-2 in lyso-
somes (Figure 5A).

FIGURE 2: PI4KIIIβ inhibition affects LIMP-2 
Golgi exit. (A) COS-7 cells were transfected 
with LIMP-2-PA-GFP together with mKO-GalT. 
Golgi area was photoactivated based on the 
GalT distribution (inner dashed line) using a 
405-nm laser line. Emergence of Golgi-
derived vesicles containing photoactivated 
LIMP-2 molecules was then followed in the 
GFP channel by time-lapse microscopy of 
control cells or cells pretreated with PIK93 
(1 μM) for 20 min. Scale bars: 10 μm. 
(B) Morphometric analysis of the recordings 
in (A). Graphs show the number of individual 
fluorescent vesicles appearing outside the 
Golgi photoactivation area (dashed line in (A)) 
that exhibited a signal above an arbitrary 
threshold normalized to the value prior to 
photoactivation. The graph illustrates the first 
200 s of the recordings taken at 1 frame/s. 
Each value represents a mean ± SEM of six 
recordings for each sample (control and 
PIK93-treated). (C) Morphometric analysis of 
COS-7 cells transfected with PA-GFP-CI-
M6PR together with mKO-GalT, performed as 
described in (B), with each value representing 
a mean ± SEM of 10 recordings for each 
sample (control and PIK93-treated). (D) COS-7 
cells were preincubated for 10 min with 
100 nM LysoTracker Green and treated with 
1 μM PIK93 for 30 min. Lysosomal distribution 
was not affected by PI4KIIIβ inhibition. 
(E) High-magnification image of the Golgi 
area of a COS-7 cell transfected with 
mRFP-LIMP-2-tail and GFP-CI-M6PR. 
LIMP-2-tail exhibits significantly increased 
Golgi retention in comparison with the 
full-length protein, but it redistributes and 
accumulates at peripheral Golgi membranes 
upon addition of PIK93, while Golgi 
localization of GFP-CI-M6PR remains 
unaltered. Scale bars: 10 μm.
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the medium was assayed in the presence of the GBA inhibitor con-
duritol B epoxide (CBE, 500 μM), an almost 80% decrease in enzy-
matic activity was observed (Figure 5C). Third, addition of 1 mM 
GlcCer to collected media led to a competitive inhibition of GBA, 
resulting in an almost 50% decrease in the conversion of the fluoro-
genic substrate (Figure 5C).

In agreement with previous reports (Reczek et al., 2007), cells 
treated with siRNA oligos against LIMP-2 for 2 d prior to HA-GBA 
transfection showed a 2.1-fold increase in GBA activity in the me-
dium, compared with cells treated with control siRNA oligos (Figure 
5, B and D). Treatment with siRNA oligos against PI4KIIα also led to 
an average 2.2-fold increase in GBA secretion, compared with con-
trol cells (Figure 5D). Notably, inhibition of PI4KIIIβ by PIK93 in 
PI4KIIα siRNAi-treated cells abolished the increased leakage of 

Since GBA trafficking defects usually manifest in increased secre-
tion, we next investigated the effects of PI4K inhibitors or knock-
down on GBA secretion by measuring the enzymatic activity of GBA 
in the culture medium. Normally, most GBA is delivered to lyso-
somes and only a small (although detectable) fraction enters the 
constitutive secretory pathway (Reczek et al., 2007). Following a 1-d 
expression of HA-GBA in COS-7 cells, fresh medium was added for 
6 h and enzymatic activity of GBA was measured from the collected 
medium using the fluorogenic GBA substrate 5-(pentafluorobenzo-
ylamino) fluorescein di-β-d-glucopyranoside (PFB-FDGlu) at pH 5.0 
(Lorincz et al., 1997; Steet et al., 2006). The specificity of this fluoro-
metric assay was tested in several ways. First, COS-7 cells trans-
fected with HA-GBA exhibited a dramatic increase in signal intensity 
compared with untransfected cells. Second, when GBA activity of 

FIGURE 3: PI4KIIα knockdown affects transport of LIMP-2 to lysosomes. Following a 2-d treatment with control siRNA 
oligos or oligos against PI4KIIα, COS-7 cells were transfected with LIMP-2-GFP alone (A and B) or with LIMP-2-mRFP 
together with LAMP-1-GFP (F). At 24 h following the transfection, cells were either fixed in 4% paraformaldehyde (A) or 
immediately analyzed by live-cell confocal microscopy (B and D). Fixed cells were permeabilized and incubated with a 
rabbit polyclonal antibody against PI4KIIα (A). Primary antibody was detected using the Alexa Fluor 568–conjugated 
secondary antibody. (B) Live-cell imaging was performed by mounting coverslips on the heated stage (35°C) and 
recording 0.5-μm-thick serial Z-sections. PI4KIIα knockdown results in accumulation of LIMP-2-GFP in enlarged 
endosomal structures that form perinuclear clusters spanning several micrometers, as seen in a series of consecutive 
optical slices. (C) The efficiency of the siRNA knockdown was shown by Western blot analysis using a rabbit anti-PI4KIIα 
polyclonal antibody and mouse anti-actin antibody. (D) After a 2-d treatment with siRNA (control or PI4KIIα), COS-7 cells 
were transfected with LIMP-2-GFP, biotinylated with membrane-impermeable biotin, and immunoprecipitated using 
anti-GFP beads. Total cell lysates and eluted immunoprecipitated samples were analyzed by SDS–PAGE, which was 
followed by Western blotting using IRDye 800–conjugated streptavidin (top) or an anti-GFP antibody (bottom). 
(E) Quantification of LIMP-2-GFP biotinylation in immunoprecipitated samples shown in (D) representing mean ± SEM 
from three experiments. Star denotes statistically significant difference, as determined by one-tailed Student's t test 
(p < 0.05). (F) Depletion of PI4KIIα in cells expressing LAMP-1-GFP and LIMP-2-mRFP induces accumulation of both 
molecules on large endocytic structures, at which the two molecules show a significant degree of segregation within the 
same vesicles (see insets). Scale bars: 10 μm.
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GBA, reducing it back to the basal levels (Figure 5, E and F). In-
creased GBA secretion after PI4KIIα knockdown was efficiently res-
cued by expression of the wild-type kinase (Figure 5G). However, 
neither PI4KIIα KD nor the AP-3 binding–deficient LL mutants 
showed significant rescue following the PI4KIIα siRNAi treatment 
(Figure 5G).

DISCUSSION
An increasing body of evidence suggests a tight connection 
between inositol phospholipids and sphingolipid metabolism. In 
Saccharomyces cerevisiae, one of the PI4Ks, Stt4p, is linked to the 
regulation of sphingolipid biosynthesis (Tabuchi et al., 2006), as is 
Sac1p (Brice et al., 2009; Breslow et al., 2010), the phosphatase that 
regulates PtdIns4P levels both in the ER and the plasma membrane 
(Foti et al., 2001; Stefan et al., 2011). In mammalian cells, several 
lipid transport proteins contain PtdIns4P-binding PH domains, in-
cluding the ceramide transfer protein CERT (Hanada et al., 2003) 
and the GlcCer transfer protein FAPP-2 (D’Angelo et al., 2007). Pt-
dIns4P production is therefore critical to the regulation of sphingo-
lipid biosynthetic pathways, ensuring that Cer and GlcCer reach the 
appropriate Golgi compartment for synthesis of sphingomyelin and 
complex glycosphingolipids, respectively. Remarkably, the PI4K en-
zyme that produces PtdIns4P differs for the two processes: PI4KIIIβ 
is primarily responsible for CERT (Toth et al., 2006), whereas PI4KIIα 
is more important for FAPP-2 function (D’Angelo et al., 2007). The 
present study extends our understanding of the regulation by these 
PI4Ks to the catabolism of sphingolipids by revealing a concerted 
role of the two kinases in the trafficking and delivery of one of the 
key enzymes of sphingolipid breakdown to the lysosome.

Our analysis has clearly shown that PtdIns4P, especially the pool 
made by PI4KIIIβ, plays an important role in exit of LIMP-2 from the 
Golgi. This conclusion was reached by several observations using a 
variety of approaches. First, either acute elimination of PtdIns4P 
from the Golgi by a recruited Sac1 phosphatase or inhibition of 
PI4KIIIβ with a selective inhibitor, PIK93, resulted in the retention of 
LIMP-2-GFP in the Golgi. Second, PIK93 treatment prevented exit 
of a LIMP-2-PA-GFP construct from the Golgi compartment. Third, 
PIK93 also inhibited the missorting of the GBA enzyme into the me-
dium under conditions that prevented GBA reaching the lysosomes. 
An important observation of this series of experiments was the se-
lective effect of PI4KIIIβ inhibition by PIK93 on LIMP-2-GFP but not 
on CI-M6PR, another receptor that is responsible for lysosomal de-
livery of several hydrolases. This finding is in agreement with earlier 
reports that CI-M6PR, a bona fide AP-1 cargo, requires PtdIns4P 
synthesized by PI4KIIα for proper trafficking along the degradative 
pathway (Wang et al., 2003) and that total elimination of PtdIns4P 
also prevented exit of this receptor from the Golgi (Szentpetery 
et al., 2010). This critical observation was further underlined by a 
clear segregation within the Golgi of the CI-M6PR and an mRFP-
tagged LIMP-2 tail after PIK93 treatment. Together these data sug-
gest the existence of Golgi membrane subdomains, in which Pt-
dIns4P made by distinct PI4Ks controls the exit of select cargo 
molecules.

Owing to the lack of inhibitors for type II PI4Ks, the role of this 
enzyme was studied by RNAi-mediated knockdown, which alters 
trafficking pathways on a different timescale. Nevertheless, PI4KIIα 
knockdown cells displayed a very characteristic phenotype, namely 
accumulation of LIMP-2-GFP molecules in large, closely aggregated 
vesicles that are likely prelysosomal sorting intermediates. This ef-
fect was reversed either by a catalytically active or an inactive PI4KIIα, 
but not by the AP-3–binding LL mutant. Interestingly, both kinase-
dead and AP-3 binding–deficient mutants failed to significantly 

FIGURE 4: Role of the PI4KIIα AP-3–binding and catalytic activity in 
LIMP-2 trafficking. (A) COS-7 cells were transfected with control 
siRNA oligos or oligos designed against PI4KIIα for 2 d; this was 
followed by cotransfection of LIMP-2-mRFP with either GFP-PI4KIIα 
or catalytically inactive PI4KIIα mutant GFP-PI4KIIα KD. Cells were 
fixed 1 d later and analyzed by confocal microscopy. Cells 
expressing only LIMP-2 under PI4KIIα knockdown conditions show 
accumulation of LIMP-2 in bright perinuclear clusters of enlarged 
vesicles. Lysosomal distribution is recovered in knockdown cells 
coexpressing either GFP-PI4KIIα, GFP-PI4KIIα KD, or GFP-PI4KIIα 
LL together with LIMP-2. (B) The bar diagram shows the summary 
of the effect of PI4KIIα depletion on LIMP-2-mRFP accumulation to 
large vesicles. The vesicles larger than 2 μm in diameter were 
counted per each cell in control siRNA-treated (n = 116) and PI4KIIα 
siRNA-treated (n = 117) cells expressing LIMP-2-mRFP, in 
comparison with cells treated for PI4KIIα knockdown and 
transfected with GFP-PI4KIIα (n = 80), GFP-PI4KIIα KD (n = 92), or 
GFP-PI4KIIα LL (n = 69) together with LIMP-2-mRFP (means ± SEM). 
Stars denote significance of differences relative to the values of the 
control siRNA-treated sample based on one-way analysis of 
variance (ANOVA; p < 0.001).
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FIGURE 5: Regulation of GBA transport by PI4Ks. (A) Following cotransfection of HA-GBA with LIMP-2-GFP for 24 h, 
COS-7 cells were fixed, permeabilized, and incubated with rabbit polyclonal antibody against the HA epitope. HA-GBA 
was found to colocalize with LIMP-2-GFP in LE/lysosomes, although a significant fraction of the enzyme also localizes to 
the ER and Golgi under the overexpression conditions. Scale bar: 10 μm. (B) COS-7 cells were transfected with either 
control siRNA duplexes or duplexes directed against LIMP-2 or PI4KIIα. After 2 d, cells were lysed and the efficiency of 
depletion was determined by Western blot analysis using a goat anti–LIMP-2, rabbit anti-PI4KIIα, or mouse anti-actin 
antibody. (C) Cells transfected with HA-GBA for 1 d were washed prior to addition of fresh media. After 6 h, the culture 
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from GlcCer synthase knockout mice, delivery of tyrosinase to mel-
anosomes is impaired, resulting in Golgi accumulation of the en-
zyme and loss of pigmentation (Sprong et al., 2001). M6PR-medi-
ated lysosomal transport in these cells, however, remains unaltered, 
consistent with a specific role for glycosphingolipid regulation of 
M6PR-independent trafficking pathways, including LIMP-2-medi-
ated GBA transport. Similarly, loss of GlcCer synthase led to altered 
sorting of LAMP-1 to lysosomes, inducing a switch to an alternate, 
intracellular trafficking route, rather than LAMP-1 traversing via the 
plasma membrane (Groux-Degroote et al., 2008). Since PI4KIIα 
regulates GlcCer transport and formation of complex glycosphingo-
lipids (D’Angelo et al., 2007), and even appears to play a role in 
the enhanced sphingomyelin synthesis induced by 25-oxysterols 
(Banerji et al., 2010), it remains to be determined whether the block-
ade of LIMP-2/GBA delivery to lysosomes is a direct effect in the 
maturation and fusion of these compartments due to lack of the ki-
nase or an indirect consequence of altered sphingolipid synthesis.

The question then arises how PtdIns4P can regulate the traf-
ficking of LIMP-2 and, even more importantly, how the same lipid 
made by two different enzymes can regulate the transport of the 
molecule through different compartments, namely the Golgi and 
LE. There is an increasing body of evidence that phosphoinositi-
des act in concert with small GTP-binding proteins and clathrin 
adaptors to regulate cargo selection (Brown et al., 2001; 
Christoforidis et al., 1999; Wang et al., 2003, 2007). Therefore it 
is conceivable that PtdIns4P made at the Golgi by PI4KIIIβ regu-
lates the formation of a protein complex that drives the exit of 
LIMP-2 from the Golgi, while PI4KIIα at the TGN is important at 
a subsequent stage, helping to assemble a signaling domain 
that interacts with LIMP-2 and directs it to the LE/lysosome. The 
exact proteins involved in these different stages of transport 
must be identified in future studies, but it is likely that AP-3 is an 
important component at the sorting step regulated by PI4KIIα 
(Craige et al., 2008; Salazar et al., 2009).

It is important to note that neither of the PI4Ks showed a particu-
larly prominent colocalization with LIMP-2 (or GBA) in COS-7 cells. 
The differential steady-state localization of PI4KIIIβ at the Golgi and 
LIMP-2 primarily in lysosomes suggests an interaction that may be 
confined to a transition state only affecting a small fraction of the 
respective proteins at any given time. This may explain our inability 
to find these proteins in complex using immunoprecipitation cou-
pled with Western blotting. Nonetheless, the more sensitive pro-
teomic analysis was able to reveal the association of a small fraction 
of the LIMP-2 and GBA proteins with PI4KIIIβ that remains below the 
detection limit of Western analysis following immunoprecipitation. It 
will be important to determine in future studies whether 

rescue the GBA secretion defect induced by PI4KIIα knockdown, 
indicating the apparent rescue of the morphological defect by this 
variant does not reflect full recovery of the segregation between 
endocytic/lysosomal compartments and correct acidification. Since 
PI4KIIα KD still exhibits ∼50% of AP-3 binding (Craige et al., 2008), 
this explains the partial ability of PI4KIIα KD to alleviate the morpho-
logical defect. A similar observation was made recently by Craige 
et al., who showed enlarged prelysosomal vesicles containing 
LAMP-1 after PI4KIIα knockdown. However, unlike LIMP-2, this 
LAMP-1 phenotype was partially reversed only by a catalytically ac-
tive enzyme, but not by an inactive kinase. These authors also 
showed that association of the PI4KIIα via a dileucine motif with 
AP-3 was important for supporting the role of the kinase in matura-
tion of LE (Craige et al., 2008). The connection between AP-3 and 
LIMP-2 has already been revealed in several studies showing selec-
tive binding of the dileucine-based sorting motif of LIMP-2 to AP-3 
(Honing et al., 1998; Le Borgne et al., 1998; Janvier et al., 2003).

An intriguing observation in the course of our studies was re-
vealed by a comparison of the distribution of LIMP-2 and LAMP-1 in 
cells depleted in PI4KIIα. Remarkably, while the enlarged vesicles 
entrapped both of these proteins, in most of these enlarged vesicles 
the two molecules were clearly segregated into distinct subdomains 
(see Figure 3). This observation suggested a lateral separation of 
these molecules and different processing during their normal traf-
ficking through these compartments. Indeed, unlike LIMP-2, most 
LAMP-1 is first transported to the plasma membrane and endocy-
tosed prior to reaching lysosomes (Janvier and Bonifacino, 2005). 
Also, during maturation of LE, LAMP-1 preferentially clusters within 
cholesterol-rich domains of the growing limiting membrane (Du 
et al., 2011). Depletion of PI4KIIα, therefore, attenuates plasma 
membrane-to-lysosome trafficking of LAMP-1, as well as Golgi-to-
lysosome LIMP-2 transport, resulting in accumulation of the two 
molecules at an enlarged common compartment. Importantly, 
LIMP-2 accumulation in the partially acidic enlarged endosomes 
leads to a dramatic increase in GBA secretion into the medium un-
der PI4KIIα knockdown. Consistent with the role of PI4KIIIβ in LIMP-2 
exit from the Golgi, inhibition of PI4KIIIβ in the presence of PI4KIIα 
RNAi prevented this increased GBA secretion.

Impaired sorting of cargoes to lysosomes after PI4KIIα knock-
down has already been observed by Minogue and colleagues, who 
reported that endocytosed EGF receptors were not efficiently de-
graded in cells depleted in PI4KIIα (Minogue et al., 2006). An impor-
tant question, however, is whether the lysosomal sorting defects are 
caused by altered sphingolipid metabolism, since inhibition of 
sphingolipid synthesis also impacts trafficking of other enzymes to 
lysosome-related organelles. For example, in melanocytes derived 

medium was collected and activity of secreted GBA on its fluorogenic substrate PFB-FDGlu was measured at pH 5.0, as 
described in Materials and Methods. GBA activity in untreated medium was compared with that of the medium 
incubated with GBA inhibitor CondB or with GlcCer. Bar graphs represent mean values ± SEM. (D and E) Cells were 
treated for 2 d with control or PI4KIIα siRNA oligos prior to transfection with HA-GBA. On the following day, cells were 
incubated for 6 h, either in fresh medium (D) or fresh medium containing 100 nM PIK93 (E). Activity of secreted GBA in 
collected medium was measured in three independent samples from three separate experiments and represented as 
mean fluorescence values ± SEM. (F) After a 2-d treatment with siRNA oligos (control or PI4KIIα), COS-7 cells were 
transfected with LIMP-2-GFP for 24 h; this was followed by preincubation with 100 nM LysoTracker Green for 10 min. 
Scale bars: 10 μm. (G) Following a 2-d treatment with siRNA oligos, cells were transfected with HA-GBA together with 
HA-PI4KIIα wild-type, KD, or LL mutant for 24 h. Cells were then washed and incubated for 6 h in fresh medium and 
assayed for the activity of secreted GBA in the collected medium. Shown are the mean fluorescence values ± SEM from 
eight independent experiments. Rescue efficiency of individual PI4KIIα mutants was assessed in comparison with the 
secretion recorded for the PI4KIIα knockdown sample (taken as 100%). Stars denote statistically significant differences 
relative to the PI4KIIα knockdown sample, as determined by one-way ANOVA (p < 0.05).
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TTTCATCC-3′, and subcloned into the 
pEGFP-N1 or photoactivatable pEGFP-N1 
plasmids (generously provided by Jennifer 
Lippincott-Schwartz, National Institute of 
Child Health and Human Development, 
National Institutes of Health [NICHD, NIH]) 
using the HindIII/EcoRI restriction sites. 
LIMP-2-GFP L160P was generated by 
QuickChange site-directed mutagenesis 
(Stratagene) using the following primer 
pair: forward 5′-GATCATCGAGGCCATGC-
CGAAAGCCTATCAGC-3′ and reverse 5′- 
GCTGATAGGCTTTCGGCATGGCCTCGAT-
GATC-3′. We also generated an mRFP-
LIMP-2-tail construct by amplifying LIMP-2 
starting at residue 413, containing only the 
second transmembrane domain with the cy-
tosolic tail using the primer pair: forward 
5′-GGCGAATTCGAGTGTTCACATTGA-
TAAAGAGACGGCGAG-3′, and reverse 
5′-CGGGGTACCTTAGGTTCGAATGAG-
GGGTGCTC-3′. This fragment (LIMP-2-tail) 
was then subcloned, using the EcoRI/KpnI 
restriction sites, into a previously described 
construct (Varnai et al., 2007) containing a 

STIM1 signal sequence (MDVCVRLALWLLWGLLLHQGQS) followed 
by mRFP in pEGFP-C1 plasmid backbone and a linker (KLGAGAGA-
GAILNS) placed between the C-terminus of mRFP and the LIMP-2 
tail sequence. Human HA-GBA was amplified from a full-length EST 
(clone 2899915; Open Biosystems) using the following primers: for-
ward 5′-GGCGAATTCATGGAGTTTTCAAGTCCTTCCAGAG-3′ and 
reverse 5′-TCCCCCCGGGACTGGCGACGCCACAGGTAGGTG-3′, 
and subcloned, using the EcoRI/XmaI sites, into an pEGFP-N1 back-
bone vector containing an HA epitope sequence in the place of the 
GFP sequence between the XmaI and NotI restriction sites. Human 
GOLPH3 (accession number NM_022130.3) was obtained as a full-
length EST clone (SC112810; Open Biosystems), amplified using 
forward primer: 5′-AAAATCTCGAGCGACCTCGCTGACCCAGCG-
CAG-3′ and reverse primer: 5′-ATATGAATTCGAGAATGGTTCAC-
CCCGAGCAGAG-3′, and cloned between the XhoI and EcoRI sites 
of the pEGFP-C1 vector, as described previously (Dippold et al., 
2009). Human mRFP-FKBP12-Sac1, Tgn38-FRB-CFP, mRFP-FKBP12 
only, GFP-CI-M6PR, and PA-GFP-CI-M6PR have been described 
previously (Szentpetery et al., 2010). LAMP-1-GFP was kindly pro-
vided by Jose A. Martina (National Heart, Lung, and Blood Institute, 
NIH, Bethesda, MD). mKO-GalT was a gift from Jennifer Lippincott-
Schwartz (NICHD, NIH, Bethesda, MD).

Materials and antibodies
Rapamycin was purchased from Calbiochem, and conduritol β-
epoxide (CBE) was purchased from Sigma-Aldrich (St. Louis, MO), 
while PIK93 synthesis was performed as previously described 
(Knight et al., 2006). PFB-FDGlu, LysoTracker Green, and Rh-EGF 
were all obtained from Invitrogen (Carlsbad, CA). Rabbit poly-
clonal antibody against PI4KIIα was a kind gift from Pietro De Ca-
milli (Yale School of Medicine, New Haven, CT), and goat anti-
body against human LIMP-2 was purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA). Alexa Fluor 568 donkey anti-
rabbit secondary antibody was obtained from Invitrogen. β-d-
GlcCer-C16 (860539P) was purchased from Avanti (Alabaster, AL), 
and streptavidin IRDye 800 was purchased from Rockland Biosci-
ences (Gilbertsville, PA).

PI4KIIIβ directly interacts with LIMP-2/GBA or via other protein 
intermediates.

In summary, the present studies demonstrate a sequential role 
of two distinct PI4Ks in the lysosomal delivery of the GBA enzyme 
via its receptor, LIMP-2 (Figure 6). PI4KIIIβ has a major role in exit of 
LIMP-2 from the Golgi, whereas PI4KIIα has a role supporting traf-
ficking steps between the LE and lysosomes. These results are the 
first to implicate PtdIns4P and PI4Ks in the regulation of the catabo-
lism of complex sphingolipids, adding new details to the biology of 
the GBA enzyme, a protein known for its prominent role in Gaucher 
disease. The central role of PI4Ks in integrating the synthetic and 
degradative pathways of sphingolipids in mammalian cells sug-
gests an evolutionarily conserved connection between phospho-
inositides and sphingolipids from yeast to humans. The role of 
these lipid kinases in the controlling lysosomal function may explain 
the late onset spinocerebellar degeneration observed in PI4KIIα 
gene-trap mice (Simons et al., 2009) and raises the possibility that 
impaired PI4K functions may contribute to other neurodegenera-
tive disorders.

MATERIALS AND METHODS
DNA constructs
Bovine PI4KIIIβ (a kind gift from Lewis C. Cantley, Harvard Medical 
School, Boston, MA) was cloned between the EcoRV and XhoI sites 
of the FLAG-pcDNA3.1 plasmid (Gingras et al., 2005). GFP-PI4KIIα 
and its kinase-dead version have been described previously (Balla 
et al., 2002). PI4KIIα dileucine mutants containing L60P and L61P 
mutation, as previously described (Craige et al., 2008), were gener-
ated with the following primer pair: forward 5′-GCGGCAGCCA-
GCTGCTGATCGGGCCCGGGGCGCG-3′ and reverse 5′-CGGGC-
CCGATCAGCAGCTGGCTGCCGCTCGCGGTC-3′, using site-di-
rected mutagenesis (QuickChange; Stratagene, La|Jolla, CA). 
Human LIMP-2 (accession number BC021892) was obtained as a 
full-length EST clone (3872778; Open Biosystems, Huntsville, AL). 
LIMP-2 was then amplified from this template using the primer 
pair: forward 5′-CCCAAGCTTATGGGCCGATGCTGCTTCTACAC-3′, 
and reverse 5′-GGCGAATTCGTTGGGTTCGAATGAGGGGTGCTC-

FIGURE 6: Model of PI4K regulation of LIMP-2-mediated GBA transport. Binding of GBA to 
LIMP-2 in the ER lumen results in trafficking of this complex to the Golgi. Efficient exit out of 
this compartment then depends on availability of PtdIns4P and the catalytic activity of PI4KIIIβ, a 
kinase that also regulates the recruitment of CERT and FAPP-2. Once the GBA/LIMP-2 complex 
leaves the Golgi, PI4KIIα regulates its efficient transport from SE/LE to lysosomes, such that 
depletion of PI4KIIα leads to missorting of GBA away from lysosomes, resulting in GBA 
secretion.
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with 0.2% saponin). After three washes, cells were incubated in the 
same solution with appropriate secondary antibody (1:1000) for 1 h, 
washed with PBS, and mounted on glass slides.

Photoactivation and photobleaching of Golgi-localized LIMP-2-
PA-GFP, PA-GFP-CI-M6PR, and LAMP-1-PA-GFP were performed 
immediately upon placing the cells at the 35°C microscope stage. 
The emergence of the photoactivated LIMP-2 and PA-GFP-CI-M6PR 
out of the Golgi area was assessed using the particle analysis func-
tion (ImageJ). The sequential time-lapse pictures were thresholded 
(using identical settings for all images within the series) and the indi-
vidual fluorescent vesicles appearing outside the photoactivation 
area were counted and plotted against time.

Cell surface biotinylation
Confluent COS-7 cells were washed three times with ice-cold PBS 
(pH 8.0), and incubated on ice for 45 min in PBS (pH 8.0) containing 
1 mg/ml of Hook-Sulfo-NHS-LC-Biotin (Genotec, St. Louis, MO), a 
membrane-impermeable biotin reagent. Cells were then washed 
three times in 100 mM glycine in PBS, and cell lysates were prepared 
in ice-cold lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 0.25% deoxycholate, 1% Nonidet P-40, 1 mM Na3VO4, 1 mM 
dithiothreitol, 10 μg/ml aprotinin, 10 μg/ml leupeptin). Lysates were 
incubated for 1 h with anti-GFP magnetic beads (GFP-TRAP; Chro-
moTek, Martinsried, Germany), and washed five times with lysis buf-
fer. Bound proteins were then eluted from the beads by being heated 
in SDS–PAGE sample buffer at 55°C for 30 min; proteins were then 
resolved by SDS–PAGE and transferred to nitrocellulose membrane.

GBA secretion
Secretion of GBA into the culture medium was assessed by measur-
ing enzymatic activity of GBA in collected medium at pH 5.0 follow-
ing published protocols (Steet et al., 2006). Briefly, COS-7 cells were 
seeded on 100-mm dishes at a density of 4 × 105 cells/dish and 
treated with appropriate siRNA oligos for 48 h, as described under 
Transfection procedures. On day 3, cells were transfected with HA-
GBA, together with HA-PI4KIIα wild-type, KD, or LL mutant for 24 h. 
The GBA secretion assay was performed on day 4. Cells were 
washed 3 times with PBS and incubated for 6 h in DMEM containing 
10% FBS with or without 100 nM PIK93. Medium was then collected 
and centrifuged at 4000 rpm for 5 min. In control experiments, the 
collected supernatant was incubated for 15 min with either 500 μM 
CondB or GlcCer, or the supernatant was immediately adjusted to 
pH 5.0 prior to addition of PFB-FDGlu (at the final concentration of 
375 ng/μl). The mixture was transferred to 96-well black microplates 
and assayed for PFB-F fluorescence in a Mithras LB940 plate reader 
(Berthold, Bad Wildbad, Germany) using the 485-nm excitation filter 
and emission at 530 nm. Recorded GBA activity was averaged for 
each sample and normalized to the fluorescence values of the 
medium collected from untransfected cells.

Cell culture, transfection procedures, 
and affinity purification
COS-7 cells grown on 25-mm glass coverslips were transfected 
with 0.5 μg of plasmid DNA with the Lipofectamine 2000 reagent 
(Invitrogen) according to the manufacturer's instructions. For siRNA 
studies, the double-stranded siRNA duplexes corresponding to 
nucleotides 656–676 of human LIMP-2 (NM_005506) were used. 
PI4KIIα siRNA duplexes were used as described previously (Balla 
et al., 2005), while control siRNA oligos (AllStars RNAi control) were 
obtained from Qiagen (Valencia, CA). COS-7 cells (105 cells in 2 ml) 
were plated in 35-mm culture dishes 1 d prior to transfection with 
20 μl of 20 μM siRNA using Oligofectamine (Invitrogen). After 6 h, 
the medium was replaced with DMEM containing 10% fetal bovine 
serum (FBS). Transfection with the siRNAs was repeated 1 d later, 
and live cells were studied by confocal microscopy on day 4. The 
efficacy of siRNA treatment on the PI4K expression levels was de-
termined from parallel dishes by Western blot analysis. Live cells 
were studied by confocal microscopy on day 4.

Transfection of HEK 293 cells and AP-MS were performed es-
sentially as previously described (Goudreault et al., 2009), using 
pools of HEK 293 cells stably expressing FLAG-PI4KIIIβ. Samples 
were analyzed on a Thermo-Finnigan LTQ, as described in the next 
section.

MS analysis
Acquired RAW files were converted to mgf format and searched with 
the Mascot search engine (Matrix Sciences, London, UK) against the 
human RefSeq database (release 37) with a precursor ion mass toler-
ance of 3.0 Da and a fragment ion mass tolerance of 0.6 Da. Methion-
ine oxidation was allowed as a variable modification, and trypsin 
specificity (with two missed cleavage sites allowed) was selected. The 
data were analyzed in the Analyst module of ProHits (Liu et al., 2010).

Data were exported into Excel files and manually curated. Bio-
logical duplicates of FLAG-PI4KIIIβ were analyzed. To generate lists 
of high-confidence specific interactors, proteins detected in any of 
the FLAG only samples (n = 8) were subtracted from the final list. In 
addition, proteins were checked against an internal Samuel Lunen-
feld Research Institute database of human FLAG interactors that 
contains >700 independent AP-MS experiments; those detected 
with >30% occurrence in the database were removed. (Note that 
many of the PI4KIIIβ interactors, including GBA and LIMP-2, were 
detected in the database with <2% occurrence. Only 14-3-3 pro-
teins, MRPL11 and MTA2 were detected in the database with >2% 
occurrence). Proteins that appeared in both PI4KIIIβ AP-MS runs are 
listed in Tables 1 and S1 and Figure S1 (n = 2). Proteins with a Mascot 
score of <80 were removed. Only those proteins that were detected 
with spectral counts >2 on both biological replicates are reported.

Confocal microscopy analysis
COS-7 cells were washed in modified Krebs-Ringer buffer (120 mM 
NaCl, 4.7 mM KCl, 1.2 mM CaCl2, 0.7 mM MgSO4, 10 mM glucose, 
10 mM Na-HEPES, pH 7.4), and coverslips were then mounted onto 
live-cell microscopy chambers. All live-cell experiments were per-
formed on a heated stage with the Krebs-Ringer medium tempera-
ture (and the objective) kept at 35°C using an inverted Zeiss LSM-
510 scanning-laser confocal microscope (Carl Zeiss, Thornwood, 
NY) and an objective heater (Bioptechs, Butler, PA).

For immunostaining, COS-7 cells were grown on coverslips and 
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; 
pH 7.4), for 10 min at room temperature. After three washes with 
PBS, fixed cells were incubated for 1 h with primary antibody (rabbit 
anti-PI4KIIα) using a staining solution (0.5% bovine serum albumin 
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