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The 5-phosphatase OCRL mediates retrograde
transport of the mannose 6-phosphate receptor
by regulating a Rac1-cofilin signalling module
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Mutations in the OCRL gene encoding the phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) 5-phosphatase
OCRL cause Lowe syndrome (LS), which is characterized by intellectual disability, cataracts and selective
proximal tubulopathy. OCRL localizes membrane-bound compartments and is implicated in intracellular
transport. Comprehensive analysis of clathrin-mediated endocytosis in fibroblasts of patients with LS did
not reveal any difference in trafficking of epidermal growth factor, low density lipoprotein or transferrin, com-
pared with normal fibroblasts. However, LS fibroblasts displayed reduced mannose 6-phosphate receptor
(MPR)-mediated re-uptake of the lysosomal enzyme arylsulfatase B. In addition, endosome-to-trans Golgi net-
work (TGN) transport of MPRs was decreased significantly, leading to higher levels of cell surface MPRs and
their enrichment in enlarged, retromer-positive endosomes in OCRL-depleted HeLa cells. In line with the
higher steady-state concentration of MPRs in the endosomal compartment in equilibrium with the cell sur-
face, anterograde transport of the lysosomal enzyme, cathepsin D was impaired. Wild-type OCRL counter-
acted accumulation of MPR in endosomes in an activity-dependent manner, suggesting that PI(4,5)P,
modulates the activity state of proteins regulated by this phosphoinositide. Indeed, we detected an increased
amount of the inactive, phosphorylated form of cofilin and lower levels of the active form of PAK3 upon OCRL
depletion. Levels of active Rac1 and RhoA were reduced or enhanced, respectively. Overexpression of Rac1
rescued both enhanced levels of phosphorylated cofilin and MPR accumulation in enlarged endosomes. Our
data suggest that PI(4,5)P, dephosphorylation through OCRL regulates a Rac1-cofilin signalling cascade
implicated in MPR trafficking from endosomes to the TGN.

INTRODUCTION

while the shorter isoform b, which lacks eight amino acids

The oculocerebrorenal syndrome of Lowe [or Lowe syndrome
(LS); MIM 309000] is a rare X-linked disease characterized by
intellectual disability, hypotonia, congenital cataract and se-
lective proximal tubulopathy (1—3). LS is caused by mutations
in the OCRL gene encoding the ubiquitously expressed, inosi-
tol polyphosphate 5-phosphatase OCRL (4). OCRL encodes
two isoforms; the longer isoform a is present in all tissues,

("’EDSFLEKE’"*) encoded by the alternative exon 18a, is
present in all tissues except the brain (5,6). OCRL preferential-
ly hydrolyzes the phosphoinositides phosphatidylinositol
4,5-bisphosphate (PI1(4,5)P,) and phosphatidylinositol 3.,4,5-
trisphosphate at the 5-position to phosphatidylinositol 4-phos-
phate and phosphatidylinositol 3,4-bisphosphate, respectively
(7,8).
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OCRL is a multidomain protein with an N-terminal PH
(pleckstrin homology) domain (9), a central 5-phosphatase
domain (IPPc: inositol polyphosphate phosphatase, catalytic),
an ASH (ASPM, SPD-2, Hydin) domain (10) and a catalytic-
ally inactive, RhoGAP-like domain at the C-terminus (11,12).
The intracellular localization of OCRL is mediated by its
interaction with a variety of proteins. Targeting of OCRL to
membranes requires binding to Rab GTPases via the ASH
domain (13). In particular, interaction of OCRL with Rab5
and Rab6 targets the 5-phosphatase to endosomes and the
trans Golgi network (TGN), respectively (13). The C-terminal
RhoGAP domain mediates interaction with the Rho GTPases
Racl and Cdc42 as well as Arfl and Arf6, two members of
the Arf family of small GTPases (12,14). In response to
growth factor stimulation, OCRL translocates to the plasma
membrane where it co-localizes with Racl (15). Interaction
of OCRL with Racl and Cdc42 and OCRL’s role in cell mi-
gration suggest that it is involved in regulating cellular actin
dynamics (16). Indeed, OCRL was found to control actin poly-
merization in a PI(4,5)P,-dependent manner during cytokin-
esis (17,18), in early steps of Listeria monocytogenes
infection (19), and at the interface of early endosomes (20).

OCRL binds to clathrin heavy chain and to the plasma
membrane adaptor AP2 that causes enrichment of OCRL in
clathrin-coated vesicles (9,21,22). A subpopulation of OCRL
can also be found on endocytic transport intermediates
(11,22). The Rab5 effector APPL1 is located together with
OCRL on this endocytic platform (11), and the recently iden-
tified new interaction partners of OCRL, IPIP27A and B (also
named Sesl and 2) turned out to be key regulators of endocy-
tic trafficking (23,24).

Patients with LS have a selective proximal tubulopathy
characterized by low molecular weight proteinuria and albu-
minuria (3), and in most of the patients, lysosomal enzymuria
was also elevated (3,25). The lysosomal enzymuria has recently
been linked to abnormal membrane trafficking of the
cation-independent mannose 6-phosphate receptor (CI-MPR)
or 300 kDa MPR (MPR300) (26). The two distinct MPRs,
MPR300, and the 46 kDa MPR [MPR46 or cation-dependent
MPR (CD-MPR)] are required for delivery of newly synthe-
sized lysosomal enzymes from the Golgi apparatus to the
endosomal and lysosomal compartment (27). Increased secre-
tion of the lysosomal hydrolases cathepsin D and N-acetyl-
B-p-glucosaminidase into the urine of patients with LS has
been found to be secondary to abnormal trafficking of
MPR300 to the apical membrane of proximal tubule cells
(26). These data are consistent with increased secretion of
cathepsin D and hexosaminidase in OCRL-depleted HK-2
and HeLa cells, respectively (20,28), as well as with partial re-
distribution of the MPR300 from the TGN to endosomal struc-
tures in HeLa and proximal tubule cells lacking OCRL
(20,22). These findings reinforced the idea that OCRL has a
role in membrane trafficking between the TGN and endosomes
and may also function at other stations of the endocytic
pathway. Consistent with this, OCRL has recently been
found to control trafficking through early endosomes of the
multi-ligand receptor megalin, transferrin receptor (TfR), epi-
dermal growth factor (EGF) receptor, and MPR (20), and
OCRL isoform a participates in Tf endocytosis (29).
However, other studies of megalin trafficking (28) and Tf

and EGF internalization in different cell lines depleted of
OCRL (16) failed to detect such defects.

Thus, we undertook a systematic approach to investigate
membrane trafficking of various clathrin-dependent receptors
in fibroblasts from LS-affected patients and OCRL-depleted
HeLa cells. We show here that depletion of OCRL does not
cause a general defect in clathrin-mediated endocytic mem-
brane traffic; however, it leads to a strong decrease in MPR
transport from endosomes to the TGN that in turn leads to
higher steady-state levels of MPR in enlarged early endosomes
in equilibrium with the cell surface. We show further that
OCRL’s 5-phosphatase activity is essential for retrograde
transport of MPRs and regulates the activity of the actin mod-
ulatory protein cofilin and the RhoGTPase Racl, both impli-
cated in F-actin dynamics. Our data highlight a tight
connection between the Racl-cofilin signalling pathway and
endosome-to-TGN trafficking paving the way to understand
the pathophysiology of LS.

RESULTS

Reduced MPR300-mediated internalization
of arylsulfatase B in LS fibroblasts

To elucidate the effect of OCRL deficiency on receptor-
mediated endocytosis, we took advantage of six dermal skin
fibroblast cell lines with OCRL mutations from patients with
LS (LS 1-LS 6, Fig. 1A). Five of the six cell lines tested
did not contain detectable levels of OCRL, which is detected
as a 105 kDa polypeptide in cells from healthy individuals
(Con 1— Con 3; Fig. 1A). In cell line LS 6, a truncated
OCRL variant of ~85 kDa was detected, in accordance with
the predicted molecular mass of the mutant protein
(Fig. 1A). Patient LS 6 has a microdeletion that includes
exons 16—18 leading to an in-frame deletion of 513 bp of
the OCRL coding region (Fig. 1A). The encoded OCRL
mutant protein lacks the amino acids from position 535—
705, including the last five amino acids of the IPPc domain,
the complete ASH domain and the first 27 amino acids of
the RhoGAP domain. Deletion of these 171 amino acids is
expected to abolish binding of OCRL to Rab proteins,
APPL1, and IPIP27A and B. However, impaired OCRL
folding leading to a more global disruption in protein function
cannot be excluded.

The MPR300-mediated uptake of purified, recombinant
human arylsulfatase B (ASB) was next tested. Cell cultures
were incubated with ['*I]labelled ASB in the presence or
absence of 10 mm mannose 6-phosphate (M6P), a competitive
inhibitor for the mannose 6-phosphate-binding site of
MPR300. After 3 h internalization, surface-bound ligand was
removed and intracellular radioactivity determined in
lysates. For all six LS cell lines, ['>’I]JASB uptake decreased
by 35-65% (P < 0.001) compared with control fibroblasts
(Fig. 1B). The uptake of ['*’IJASB was specific and was com-
pletely inhibited by M6P (data not shown). To determine
whether the reduced internalization of ['*’IJASB in LS fibro-
blasts was due to a generalized defect in clathrin-mediated
endocytosis, we analyzed the uptake of ['1TE, ["*1]low
density lipoprotein (LDL) and AlexaFluor488-EGF. Fibro-
blasts were incubated with either ['*I]Tf for 5, 10 or
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Figure 1. Dermal skin fibroblasts from patients with LS show reduced internalization of the lysosomal enzyme ASB. (A) Cell lysates of dermal skin fibroblasts
from six patients with LS (LS 1 to LS 6) and three healthy individuals (Con 1 to Con 3) were subjected to SDS—PAGE, and immunoblotting with an anti-OCRL
antibody was performed. Equal protein loading was confirmed by probing with an anti-GAPDH antibody. OCRL mutations in patients LS 1 to LS 6 were iden-
tified by routine genetic testing in our lab and are indicated for each cell line. (B) Control and LS fibroblasts were incubated with ['*>I]JASB for 3 h as described
in Materials and Methods. Intracellular radioactivity was determined in a y-counter and normalized to the protein content. The amount of internalized [125 IJASB
in LS fibroblasts is expressed as percentage of control cells. Each bar is the mean + SD of at least five independent experiments. ***P < 0.001 (two-tailed

Student’s #-test).

30 min, ['*’I]LDL for 4 h or with AlexaFluor488-EGF for 15
or 30 min at 37°C. Quantification of endocytosed ligands was
performed by determination of intracellular radioactivity for
Tf and LDL or intracellular fluorescence for EGF. We found
no differences in the amount of internalized Tf, LDL or
EGF between LS and control fibroblasts (Supplementary ma-
terial, Fig. S1). Similar results were obtained when the distri-
bution and the amount of intracellular AlexaFluor488-Tf and
-EGF was analyzed by immunofluorescence microscopy
(data not shown). Together, the data suggest no general in-
volvement of OCRL in clathrin-mediated endocytosis of
receptor-ligand complexes. However, the presence of OCRL
in clathrin-coated pits and its binding to AP2 may still indicate
a rate-limiting role of OCRL in clathrin-mediated trafficking
in some cell types, although not in HeLa or fibroblast cells.

Depletion of OCRL increases cell surface MPR300
and enhances its internalization

The reduced internalization of ['*’IJASB in LS fibroblasts
could be due to decreased levels of MPR300 at the cell
surface, a lower internalization rate of MPR300 or both.
Therefore, we used cell surface biotinylation to determine
the amount of MPR300 at the plasma membrane in OCRL-
depleted cells. HeLa cells were treated for 72 h with three dif-
ferent OCRL siRNAs. As a control, HeLa cells were treated
with GFP siRNA. As shown in Figure 2A, treatment of
HeLa cells with OCRL-specific siRNAs caused a >90%
depletion of endogenous OCRL. siRNA-treated HeLa cells
were biotinylated at 4°C with sulfo-NHS-SS-biotin. After
removal of unbound biotin, cells were lysed and biotinylated
proteins were precipitated with streptavidin agarose followed
by MPR300 immunoblotting.

Figure 2B shows an increased amount of MPR300 at the
cell surface in OCRL-depleted cells compared with control
cells. Densitometric evaluation of immunoblots revealed that
2% of total MPR300 was present at the plasma membrane in

GFP siRNA-treated cells, compared with 4—6% in OCRL-
depleted cells (P =0.003, Fig. 2C). Thus, the amount of
plasma membrane-localized MPR300 increased by 2.5-fold
in OCRL-depleted compared with control cells. Next, we mea-
sured MPR300 internalization rates. Cell surface proteins were
biotinylated at 4°C and cells were either harvested (Fig. 2D,
lanes 1 and 4) or were re-warmed for 2 or 5 min to 37°C to
permit endocytosis (Fig. 2D, lanes 2—3 and 5-6). Then,
cells were cooled to 4°C and bound biotin remaining at the
cell surface was removed by glutathione treatment. Cells
that were glutathione-treated directly after cell surface biotiny-
lation at 4°C showed loss of biotinylated MPR300 and were
used as control (Fig. 2D, lane 7). Following cell lysis, biotiny-
lated proteins were precipitated with streptavidin agarose and
MPR300 was detected by immunoblotting. Densitometric ana-
lysis of immunoblots revealed that after 2 min, 39 and 48%
and after 5Smin 61 and 68% of cell surface MPR300 were
internalized in control and OCRL-depleted cells, respectively
(Fig. 2D). The mean internalization rate of 13%/min in
control cells versus 15%/min in OCRL-depleted cells was cal-
culated (Fig. 2E). Thus, the internalization kinetics of
MPR300 are similar in OCRL-depleted and control cells.
However, when we determined the absolute amount of inter-
nalized MPR300 in OCRL-depleted cells relative to control
cells, a 2-fold (P = 0.04) increase in the amount of interna-
lized MPR300 after 2 min and a 3-fold (P = 0.02) increase
after 5 min was observed (Fig. 2F). These results indicate
that the increased amount of internalized MPR300 correlates
well with the 2.5-fold increase in the number of MPR300 at
the cell surface in OCRL-depleted cells.

The increase in cell surface-localized MPR300 in OCRL-
depleted cells could be the result of increased, total cellular
levels of MPR300 or instead, to an altered intracellular distri-
bution. Immunoblot analysis revealed that the total amount of
MPR300 is similar in OCRL-depleted and control cells (Sup-
plementary material, Fig. S2A and B). These results were con-
firmed by the determination of the MPR300 half-life in
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Figure 2. OCRL-depleted HeLa cells exhibit an increased plasma membrane level and internalization of MPR300. (A) HeLa cells were treated with OCRL-
specific siRNAs for 72 h. GFP-specific siRNA was used as a control. Depletion was monitored by immunoblotting with an anti-OCRL antibody, and an anti-
tubulin antibody was used as loading control. The blot shows a representative result obtained upon depletion with one of three different OCRL-specific siRNAs
applied in this work. Depletion efficiency of all siRNAs was comparable with >90% of OCRL depleted after 72 h. (B) GFP and OCRL siRNA-treated cells were
biotinylated at 4°C and subjected to streptavidin agarose as described in Materials and Methods. Aliquots of total cell lysates (2%; T) and precipitated cell surface
proteins (20%; CS) were analysed by MPR300 immunoblotting. A representative immunoblot of four independent experiments is shown. (C) Levels of MPR300
were quantified by scanning densitometry, and cell surface MPR300 was normalized to total MPR300. Each bar is the mean + SD of four independent experi-
ments. **P = 0.003 (two-tailed Student’s #-test). To exclude off-target effects, three different siRNAs against OCRL were independently applied. (D—F) GFP
and OCRL siRNA-treated cells were biotinylated at 4°C and either harvested (CS) or incubated for 2 (I12) or 5 (I5) min at 37°C. Remaining biotin at the cell
surface was removed using glutathione washes at 4°C, and the internalized biotinylated proteins were precipitated with streptavidin agarose followed by MPR300
immunoblotting. Levels of MPR300 were quantified by scanning densitometry and normalized to total MPR300. (D) A representative immunoblot is shown.
Internalized MPR300 is expressed as percentage of cell surface MPR300 + SD of six independent experiments. (E) Internalization rates were calculated as per-
centage of biotinylated cell surface receptors which are internalized per minute. Each bar is the mean + SD of six independent experiments. (F) Internalized
MPR300 in OCRL-depleted cells is expressed as percentage of control cells (white square GFP siRNA, black square OCRL siRNA). Each bar is the
mean + SD of at least six independent experiments. 12 (incubation for 2 min at 37°C): *P = 0.04; I5 (incubation for 5 min at 37°C): *P = 0.02 (two-tailed Stu-
dent’s z-test).

pulse-chase egisperiments. RNAi-treated HeLa cells were la- fibroblasts (Supplementary material, Fig. S3A—C). We there-

belled with [*°S]methionine/cysteine and chased for various
times. After cell lysis, MPR300 was immunoprecipitated, sub-
jected to SDS—PAGE and analyzed by autoradiography to de-
termine the degradation rate (Supplementary material,
Fig. S2C). In the absence of OCRL, the estimated half-life
of MPR300 was 20 h which was not significantly higher
than in control cells with 16 h (Supplementary material,
Fig. S2D). These results demonstrate that the cellular level
of MPR300 is not altered in OCRL-depleted cells.

We also followed MPR trafficking in fibroblasts from
healthy individuals and LS patients by determining (i) the
amount of radioactively labelled cell surface and cellular
MPR300 and (ii) the absolute amount of internalized
MPR300 after 2 and 5 min by cell surface biotinylation. We
did not detect a difference in the amounts of cell surface,
total and internalized MPR300 between control and LS

fore conclude that the increase in cell surface-localized
MPR300 in OCRL-depleted HeLa cells and the reduced in-
ternalization of ASB in LS fibroblasts are likely due to
altered distribution of intracellular MPR300.

We next analyzed whether RNAi-mediated depletion of
OCRL influences the distribution and/or internalization
kinetics of other clathrin-dependent receptors, such as the
TfR. We first determined the fraction of TfR located at the
plasma membrane at the steady-state level by cell surface bio-
tinylation experiments followed by immunoblotting. No sig-
nificant differences of cell surface-localized TfR were
detected when control and OCRL-depleted cells were com-
pared (15 versus 16%; Supplementary material, Fig. S4A).
In addition, the absolute amounts of internalized TfR after
2 and 5 min were similar in OCRL-depleted cells relative to
control cells (Supplementary material, Fig. S4B).
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Figure 3. MPR46 and MPR300 colocalize in enlarged endosomal vesicles in the perinuclear region in OCRL-depleted cells. (A—C) HeLa cells were treated with
OCRL- or GFP-specific siRNA for 72 h, labelled with antibodies (see below) and analyzed by confocal laser scanning microscopy. (A) RNAi-treated HeLa cells
were stained with an anti-MPR300 antibody, followed by an AlexaFluor488-conjugated secondary antibody (green), and an anti-MPR46 antibody, followed by
an AlexaFluor546-conjugated secondary antibody (red). Co-localization of the two MPRs is shown on the merged images. The nucleus was visualized with DAPI
(blue). Arrows point to enlarged MPR-positive vesicles. Scale bar = 10 wm. To exclude off-target effects, three different siRNAs against OCRL were independ-
ently applied. (B) RNAi-treated HeLa cells were stained with an anti-MPR300 antibody, followed by an AlexaFluor488- (green) or AlexaFluor546- (red) con-
jugated secondary antibody, and an anti-TGN46 antibody, followed by an AlexaFluor488-conjugated secondary antibody (green) or an anti-EEA1 antibody,
followed by an AlexaFluor546-conjugated antibody (red). Co-localization is shown on the merged images. Scale bar = 10 pm. (C) Quantification of
MPR300-positive vesicles of various sizes was performed by the Metamorph software. To enable direct comparison, all images were taken under the same mag-
nification and laser intensity settings. Sizes of MPR300-positive structures are given in arbitrary units (AU). The number of MPR300-decorated vesicles per AU
(<40, 41-60, 6180 and >81) is given as percentage of the number of vesicles counted in total. Results are from three independent experiments with a total of
20 cells per condition counted, and are shown as the mean + SD (white square GFP siRNA, black square OCRL siRNA). ***P < 0.001 (two-tailed Student’s

t-test).

Furthermore, the average internalization rate of 19%/min of
plasma membrane-localized TfR in control cells was similar
to 20%/min in cells lacking OCRL (Supplementary material,
Fig. S4C). These data indicate that in contrast to MPR300,
there are no significant differences in the distribution and in-
ternalization rates of TfR between control cells and cells
depleted of OCRL.

Enrichment of MPRs in enlarged retromer-positive
endosomes in OCRL-depleted cells

To examine whether increased amounts of MPR300 at the cell
surface are due to an intracellular redistribution, we analyzed
the localization of endogenous MPR300 and MPR46 by con-
focal laser scanning microscopy. In control cells, MPR300
and MPR46 were clustered in small vesicular structures in
the perinuclear region (Fig. 3A). Upon OCRL depletion,
MPR46 and MPR300 were still distributed to the perinuclear
Golgi region, but there they colocalized in enlarged endosomal
vesicles (Fig. 3A). Double labelling with the TGN marker
TGN46 and the endosomal marker EEA1 did not reveal any
difference in co-localization with MPR300 in OCRL-depleted

and control cells and further confirmed enrichment of
MPR300 in enlarged endosomes in the perinuclear region of
OCRL-depleted HeLa cells (Fig. 3B). We estimated the size
of MPR300-positive vesicular structures, subdivided them
into four groups and quantified them. As shown in
Figure 3C, cells depleted of OCRL contained significantly
more (P < 0.001) large MPR300-positive structures than
control cells. The identity of the enlarged MPR-containing
vesicles in OCRL-depleted cells was determined using endo-
somal marker proteins. Enlarged MPR300-positive vesicles
co-localized with both Rab5 and TfR, identifying them as
clusters of early endosomes (Fig. 4i and ii). SNX1, a compo-
nent of the retromer machinery, also decorated MPR300-
positive early endosomes (Fig. 4iii). In contrast, Rab7, a late
endosomal marker, showed only partial co-localization with
MPR300 (Fig. 4iv).

We also investigated the intracellular localization of en-
dogenous MPR300 in LS and control fibroblasts. The
MPR300 was found to redistribute to the cell periphery and
was increasingly associated with endosomal vesicles that
also contained EEA1 in the perinuclear region in fibroblasts
from patients with LS, when compared with control fibroblasts
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OCRL siRNA

Rab7-GFP

Figure 4. MPR300 localizes in enlarged retromer-positive early endosomes in
OCRL-depleted cells. OCRL-depleted cells were labelled with an
anti-MPR300 antibody [followed by an AlexaFluor488-conjugated secondary
antibody (green in i—iii) or an AlexaFluor546-conjugated secondary antibody
(red in iv)] and an anti-Rab5 (i, early endosome), anti-TfR (ii, early and recyc-
ling endosome) or anti-SNX1 antibody (iii, component of retromer complex),
followed by an AlexaFluor546-conjugated antibody (red). To label the late
endosomal compartment, OCRL-depleted cells were transfected with a con-
struct expressing Rab7-GFP (iv, green). Co-localization is shown on the
merged images. Scale bar = 10 pm.

(Supplementary material, Fig. S3D). Together, the data dem-
onstrate an altered MPR distribution upon loss of OCRL: in
OCRL-depleted HeLa cells, MPRs are present in enlarged
retromer-positive early endosomes in the perinuclear region,
while in LS fibroblasts, MPRs are more scattered and localize
to peripheral endosomal structures in addition to the peri-
nuclear region.

OCRL depletion impairs retrograde transport of MPR46
to the TGN

To examine whether OCRL is implicated in regulating trans-
port from endosomes to the Golgi, we performed a quantita-
tive analysis of the endosome-to-TGN transport of MPRs
in vivo using HEK-293 cells stably expressing a modified
version of MPR46 (HMY-MPR46). This variant contains an
N-terminal histidine tag and a tyrosine sulfation site derived
from the cholecystokinin precursor (30). The in vivo assay
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Figure 5. Endosome-to-TGN transport of MPR46 is impaired in OCRL-
depleted HeLa cells. (A) HEK-293 cells stably expressing HMY-MPR46
were treated with OCRL- or GFP-specific siRNA for 72 h and cultivated in
sulfate-free media containing chlorate. Depletion was monitored by immuno-
blotting with an anti-OCRL antibody, and an anti-guanine nucleotide dissoci-
ation inhibitor (GDI) antibody was used as loading control. (B)
Cyclohexamide was added to the sulfate-free media containing chlorate
prior to the experiment. Chlorate was substituted by [>°S]sulfate to measure
retrograde transport of MPR46 to the TGN. The amount of sulfated MPR46
was determined by Ni-NTA precipitation and scintillation counting and was
normalized to the protein content. For more details, see the Materials and
Methods section. The amount of sulfated MPR46 in OCRL-depleted cells is
expressed as percentage of control cells. Each bar is the mean + SD of two
independent experiments, each performed in duplicate. **P = 0.01 (two-tailed
Student’s #-test).

takes advantage of tyrosine sulfotransferase that is exclusively
located in the TGN and catalyzes tyrosine sulfation of
HMY-MPR46 when it is transported from endosomes to the
TGN. [**S]3'-phosphoadenosine 5'-phosphosulfate can be
used as the sulfate donor by metabolic labelling of cells
with [**S]sulfate. Cells were treated with OCRL- or GFP-
specific siRNA and incubated in sulfate-free media containing
20 mm sodium chlorate to prevent sulfation of newly synthe-
sized proteins including HMY-MPR46. HMY-MPR46 was
chased to its steady-state localization by addition of cyclohex-
imide to cells prior to the experiment. Retrograde transport of
HMY-MPR46 from endosomes to the TGN was then mea-
sured by substituting chlorate with [>*S]sulfate and incubating
cells for 2 h. The amount of **S-labelled HMY-MPR46 was
quantified by Ni-NTA precipitation and scintillation counting.

As shown in Figure 5A, OCRL was almost completely
depleted in HMY-MPR46-expressing HEK-293 cells after
RNAi-mediated depletion of OCRL. [**S]sulfate incorporation
into HMY-MPR46 was significantly reduced in cells depleted
of OCRL, displaying an ~50% (P = 0.01) inhibition when
compared with control cells (Fig. 5B). These data show that
transport of MPR46 from endosomes to the TGN is strongly
reduced in OCRL-depleted cells, resulting in higher
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Figure 6. The 5-phosphatase activity of OCRL is required for proper localization of MPR300. (A) Schematic view of the OCRL domain structure of isoforms a
and b. The position of the siRNA-resistant rescue sequence is indicated by an arrow below the domain structure. The eight additional amino acids encoded by
exon 18a in isoform a and amino acid substitutions for producing the 5-phosphatase-inactive OCRL variants are indicated above the domain structure. The first
and last amino acid residues of OCRL isoforms a and b are given. PH, pleckstrin homology; IPPc, inositol polyphosphate phosphatase, catalytic; ASH, ASPM,
SPD-2, hydin; RhoGAP, Rho GTPase activating protein. (B—D) HeLa cells were treated with siRNA against OCRL for 72 h, followed by transfection with
siRNA-resistant constructs expressing HA-tagged wild-type OCRL isoform a or b (HA-OCRL a, HA-OCRL b) or 5-phosphatase-inactive OCRL isoform a
or b (HA-OCRLR4P3ARST 5 "l A_OQCRLR4SARIOT by “prior to cell lysis or fixation for immunofluorescence analysis. (B) After cell lysis, siRNA-resistant
OCRL variants were detected by immunoblotting using an anti-HA-HRP antibody. Depletion was monitored by immunoblotting with an anti-OCRL antibody,
and an anti-tubulin antibody was used as loading control. The blot shows a representative result obtained upon expression of wild-type and 5--
phosphatase-deficient OCRL isoform a. The same results were obtained after expression of both OCRL isoform b variants (data not shown). (C) siRNA-resistant
OCRL variants were detected by staining cells with an anti-HA antibody, followed by an AlexaFluor546-conjugated secondary antibody (red). MPR300 local-
ization was visualized by using an anti-MPR300 antibody, followed by an AlexaFluor488-conjugated secondary antibody (green). * indicates cells transfected
with an siRNA-resistant OCRL construct. The nucleus was visualized using DAPI (blue). Scale bar = 20 pm. (D) Quantification of MPR300-positive vesicles of
various sizes was performed by the Metamorph software. To enable direct comparison, all images were taken under the same magnification and laser intensity
settings. Sizes of MPR300-positive structures are given in arbitrary units (AU). The number of MPR300-positive vesicles per AU (<40, 41-60, 61—-80 and >81)
is given as percentage of the number of vesicles counted in total. Results are from three independent experiments with a total of 20 cells per condition counted
and are shown as the mean + SD (black square OCRL siRNA, white square OCRL siRNA+HA-OCRL a, gray square OCRL siRNA+HA-OCRL b, square with
cross lines OCRL siRNA+HA-OCRLR43ARS0T 'y shaded square with cross lines OCRL siRNA+HA-QCRLR4P3ARSOT 1) +p — 0 025; ***P < 0.001 (two-
tailed Student’s f-test).

steady-state levels of MPR46 in enlarged early endosomes that
cycle in equilibrium with the cell surface.

may influence this trafficking step. To examine the role of
the 5-phosphatase domain of OCRL in endosome-to-TGN
transport, we generated several siRNA-resistant OCRL con-

OCRL’s 5-phosphatase activity is essential for its role structs, such as HA-tagged wild-type OCRL isoforms a and

in MPR retrograde transport

We have shown that depletion of OCRL prevents MPR trans-
port from endosomes to the TGN. Thus, we next tested
whether PI(4,5)P, metabolism has a role in this process. The
PI(4,5)P, 5-phosphatase activity of the yeast synaptojanin-like
protein, Inp53p, is required for delivery of proteins from the
TGN to endosomes (31), suggesting that PI(4,5)P, levels

b (HA-OCRL a and b; Fig. 6A). The amino acid residues
Argd93 and Arg500 were substituted by Ala and Thr, respect-
ively, both in OCRL isoforms a and b (HA-OCRLR4¥3A/RS00T 5
and b; Fig. 6A). Arg residues at positions 493 and 500 are
highly conserved in PI(4,5)P, 5-phosphatases, such as synap-
tojanin 2, and their substitution abolishes the 5-phosphatase
activity (32). OCRL was depleted in HeLa cells followed
by transient expression of the OCRL variants in these cells.
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Figure 7. The activation status of the RhoGTPases Racl and RhoA is altered upon OCRL depletion in HeLa cells. (A) RNAi-treated HeLa cells were harvested
and GTP-bound Racl was pulled down from protein lysates using the GST-PAK[PBD] fusion protein as described in Materials and Methods. Precipitated
(active) and total amounts (active and inactive) of Racl were detected by immunoblotting using an anti-Racl antibody (representative immunoblots—two
top panels). OCRL depletion was monitored with an anti-OCRL antibody, and an anti-tubulin antibody was used as loading control (two lower panels). (B)
Activity levels of Racl were determined by scanning densitometry and normalization of active Racl to total Racl. Racl activity in OCRL-depleted cells is
expressed as percentage of control cells. Each bar is the mean + SD of six independent experiments. **P = 0.002 (two-tailed Student’s #-test). To exclude off-
target effects, three different siRNAs against OCRL were independently applied. (C) RNAi-treated HeLa cells were stimulated with 0.1 mg/ml calpeptin for
40 min, harvested and GTP-bound RhoA was pulled down from protein lysates using GST-Rhotekin[RBD]. Precipitated (active) and total amounts (active
and inactive) of RhoA were detected by immunoblotting using an anti-RhoA antibody (representative immunoblots—two top panels). OCRL depletion was mon-
itored with an anti-OCRL antibody, and an anti-tubulin antibody was used as loading control (two lower panels). (D) Activity levels of RhoA were determined by
scanning densitometry and normalization of active RhoA to total RhoA. RhoA activity in OCRL-depleted cells is expressed as percentage of control cells. Each
bar is the mean + SD of seven independent experiments. **P = 0.005 (two-tailed Student’s #-test). To exclude off-target effects, three different siRNAs against
OCRL were independently applied.

We observed equal expression of siRNA-resistant HA-
tagged wild-type OCRL and the 5-phosphatase-deficient
OCRLRPBAROT yytant in OCRL-depleted cells, both for
isoforms a (Fig. 6B) and b (data not shown). All OCRL var-
iants showed a perinuclear staining and punctate vesicular dis-
tribution (Fig. 6C), typical of endogenous and overexpressed
OCRL (21,22,29,33,34). In OCRL-depleted cells not expres-
sing either of the four OCRL proteins, MPR300 was localized
to enlarged endosomal structures (compare Fig. 3A and B with
Fig. 6C), which was rescued by re-expression of wild-type
OCRL isoform a or b (Fig. 6C, asterisks). Determination of
the size of MPR300-positive vesicles and their quantification
revealed that cells expressing wild-type OCRL isoform a
or b contained significantly lower numbers of large
MPR300-positive vesicles (P < 0.001), while those expres-
sing one of the two 5-phosphatase-deficient mutants (HA-
OCRLRAPARI0T 5 1 1) were characterized by large vesicular
clusters decorated with MPR300 that were comparable with
those calculated in OCRL-depleted cells (Fig. 6D). Thus,

OCRL variants with a non-functional 5-phosphatase domain
were unable to rescue enlarged MPR300-positive vesicles,
whereas both OCRL isoforms a and b induced distribution
of the receptor in small vesicles in the perinuclear region, sug-
gesting that OCRL-mediated hydrolysis of P1(4,5)P, is needed
for retrograde transport of MPR300.

OCRL depletion decreases active Racl and increases
active RhoA

The catalytic activity of OCRL is necessary for PI(4,5)P,
dephosphorylation as elevated PI(4,5)P, levels have been
detected in different LS cell types (35) and OCRL-depleted
MDCK cells (28). Although we were not able to detect any
gross difference in the amount and subcellular distribution of
PI(4,5)P, between OCRL-depleted and control HeLa cells by
using the PH domain of the PLC-delta protein (PLC3-PH)
which specifically binds PI(4,5)P, (36) (Supplementary
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Figure 8. OCRL depletion in HeLa cells leads to enhanced phosphorylation of cofilin, while phosphorylation of PAK3 is diminished. (A) HeLa cells were treated
with OCRL- or GFP-specific siRNA, stimulated with 10 ng/ml EGF for 20 min, harvested and analysed by immunoblotting using an anti-phospho-cofilin or an
anti-cofilin antibody (representative immunoblots—two upper panels). OCRL depletion was monitored with an anti-OCRL antibody, and an anti-tubulin anti-
body was used as loading control (two lower panels). (B) The phosphorylation state of cofilin was determined by scanning densitometry and normalization of
phospho-cofilin to total cofilin. The phosphorylation level of cofilin in OCRL-depleted cells is expressed as percentage of control cells. Each bar is the mean +
SD of five independent experiments. *P = 0.02 (two-tailed Student’s #-test). To exclude off-target effects, three different siRNAs against OCRL were independ-
ently applied. (C) RNAi-treated HeLa cells were stimulated with 10 ng/ml EGF for 20 min, harvested and analyzed by immunoblotting using an
anti-phospho-PAK3 or an anti-PAK3 antibody (representative immunoblots—two upper panels). OCRL depletion was monitored with an anti-OCRL antibody,
and an anti-tubulin antibody was used as loading control (two lower panels). (D) The phosphorylation state of PAK3 was determined by scanning densitometry
and normalization of phosphorylated PAK3 to total PAK3. The phosphorylation level of PAK3 in OCRL-depleted cells is expressed as percentage of control
cells. Each bar is the mean + SD of six independent experiments. ***P < 0.001 (two-tailed Student’s #-test). To exclude off-target effects, three different siRNAs

against OCRL were independently applied.

material, Fig. S5), a local increase in PI(4,5)P, on endosomal
membranes has been described in OCRL-depleted HeLa cells
(20). Because the 5-phosphatase domain of OCRL is required
for sorting and retrograde transport of MPRs, we explored how
higher levels of PI(4,5P, may affect MPR trafficking.
PI(4,5)P, influences the organization of the actin cytoskeleton
by modulating the activity of actin regulatory proteins such as
N-WASP, cofilin and gelsolin (37). The actin cytoskeleton,
however, is also regulated by small GTPases of the Rho
family, such as RhoA and Racl. Importantly, Racl is one of
several OCRL interaction partners (11,12,14). Therefore, we
determined the amount of endogenous, GTP-bound Racl
and RhoA in OCRL-depleted and control cells by GTPase ac-
tivation assays. Immunoblot quantitation revealed that the
levels of activated, GTP-bound Racl were significantly
reduced to 60% (P =0.002) (Fig. 7A and B), while the
amount of active GTP-bound RhoA was 2.7-fold (P =
0.005) increased in OCRL-depleted versus control cells
(Fig. 7C and D). Although similar studies in fibroblasts
could not confirm reduced levels of active Racl in LS cells

(Supplementary material, Fig. S6A and B), our data indicate
a role of OCRL in regulating the activity state of Racl and
RhoA, at least in certain cell types.

Elevated phospho-cofilin and reduced phospho-PAK3
in OCRL-depleted cells

As levels of active Racl are decreased and active RhoA
increased in OCRL-depleted cells, we examined the phosphor-
ylation status of cofilin and the serine/threonine kinase
p21-activated kinase 3 (PAK3), two downstream effector pro-
teins of these Rho GTPases (38—40). Lysates of both OCRL-
depleted and control cells were subjected to western blotting
to analyze levels of the total and phosphorylated form of
cofilin and PAK3 (Fig. 8A and C). By densitometric evalu-
ation followed by statistical analysis, we identified a 1.5-fold
increase (P = 0.02) in the amount of phosphorylated cofilin
(phospho-cofilin, Fig. 8B), while PAK3 phosphorylation
levels were significantly lowered to 60% (P < 0.001,
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Figure 9. OCRL’s 5-phosphatase activity regulates phosphorylation of cofilin. (A) HeLa cells were transfected with OCRL- or GFP-specific siRNA, stimulated
with 10 ng/ml EGF for 20 min, fixed and analyzed by confocal laser scanning microscopy. Cells were stained with an anti-phospho-cofilin antibody, followed by
an AlexaFluor488-conjugated secondary antibody (green). Scale bar = 10 wm. To exclude off-target effects, three different sSiRNAs against OCRL were inde-
pendently applied. (B) Quantification of the mean fluorescence of cells stained for phospho-cofilin was performed by the Metamorph software. To enable direct
comparison, all images were taken under the same magnification and laser intensity settings. The fluorescence intensity of OCRL-depleted cells is expressed as
percentage of control cells. Results are from three independent experiments with 10 sections per experiment evaluated, and are shown as the mean + SD. ***P <
0.001 (two-tailed Student’s #-test). (C) HeLa cells were treated with siRNA against OCRL, followed by transfection with siRNA-resistant constructs expressing
HA-tagged wild-type OCRL isoform a (HA-OCRL a) or the 5-phosphatase-inactive OCRL isoform a (HA-OCRLR4934RS0T 4y ‘prior to stimulation with 10 ng/
ml EGF for 20 min, fixation and immunofluorescence analysis. OCRL variants were detected by staining cells with an anti-HA antibody, followed by an
AlexaFluor546-conjugated secondary antibody (red). Phospho-cofilin was visualized using an anti-phospho-cofilin antibody, followed by an AlexaFluor488-
conjugated secondary antibody (green). * indicates cells transfected with an siRNA-resistant OCRL construct. Scale bar = 10 wm. (D) Quantification of the
mean fluorescence of phospho-cofilin-stained cells was performed by the Metamorph software. To enable direct comparison, all images were taken under
the same magnification and laser intensity settings. The fluorescence intensity of OCRL-depleted cells expressing either HA-OCRL a or HA-OCRLR4%*#

R500T

shown as the mean + SD. ***P < 0.001 (two-tailed Student’s -test).

Fig. 8D) in OCRL-depleted cells compared with control cells.
Quantification of indirect immunofluorescence microscopy
data confirmed a 1.8-fold increase (P < 0.001) in phospho-
cofilin fluorescence intensity in OCRL-depleted versus
control cells (Fig. 9A and B). The increase in fluorescence in-
tensity could be normalized to control levels by overexpres-
sion of siRNA-resistant OCRL wild-type but not the
5-phosphatase-deficient OCRLR*R3T ‘mytant in OCRL-
depleted HeLa cells (Fig. 9C and D). Moreover, we observed
elevated levels of phospho-cofilin in LS compared with
control fibroblasts (Supplementary material, Fig. S6C), indi-
cating a generality in actin cytoskeletal-related defects in
cells deficient of OCRL. Together, our results suggest that
OCRL depletion alters the activation state of RhoGTPases
and thereby reduces PAK3 phosphorylation. In addition, the
observation that increased phospho-cofilin levels in OCRL-
depleted cells can be counteracted by OCRL’s 5-phosphatase
activity reveals a direct role of OCRL in regulating the activity
state of the actin-depolymerizing factor cofilin.

a is expressed as percentage of cells depleted of OCRL without OCRL re-expression. Results are from 10 different sections per condition, and are

Active Racl rescues enhanced cofilin phosphorylation
in OCRL-depleted cells

We reasoned that if the increase in phospho-cofilin is a conse-
quence of lower levels of active Racl, then overexpression of
Racl should reset phospho-cofilin to normal levels. To
achieve this possible rescue, we expressed myc-tagged wild-
type Racl or a dominant-negative Racl with amino acid sub-
stitution Thr17Asn (RacN17) in OCRL-depleted and control
HeLa cells, followed by immunostaining of phospho-cofilin
and Racl. Overexpression of wild-type Racl drastically
decreased the levels of phospho-cofilin in the vast majority
of OCRL-depleted cells (Fig. 10A). In contrast, we found no
significant difference in the fluorescence intensity of phospho-
cofilin in cells depleted of OCRL and overexpressing RacN17
compared with OCRL-depleted cells alone (Fig. 10A). These
observations were confirmed by quantitative measurement of
the fluorescence intensity: a lowered level of phospho-cofilin
to 60% (P =0.003) was observed in OCRL-depleted cells
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Figure 10. Expression of wild-type Racl in OCRL-depleted cells rescues
enhanced phosphorylation levels of cofilin. (A) HeLa cells were treated with
siRNA against OCRL, followed by transfection with constructs expressing
myc-tagged Rac-wt or RacN17, prior to stimulation with 10 ng/ml EGF for
20 min, fixation and immunofluorescence analysis. Racl variants were
detected by staining cells with an anti-myc antibody, followed by an
AlexaFluor546-conjugated secondary antibody (red). Phospho-cofilin was
visualized using an anti-phospho-cofilin antibody, followed by an
AlexaFluor488-conjugated secondary antibody (green). * indicates cells trans-
fected with a Racl expression vector. Scale bar = 10 pm. To exclude off-
target effects, three different siRNAs against OCRL were independently
applied. (B) Quantification of the mean fluorescence of phospho-cofilin-
stained cells was performed by the Metamorph software. To enable direct
comparison, all images were taken under the same magnification and laser in-
tensity settings. The fluorescence intensity of OCRL-depleted cells expressing
either Rac-wt or RacN17 is expressed as percentage of cells depleted of OCRL
without Racl re-expression. Results are from three independent experiments
with 10 sections per condition of each experiment evaluated and are shown
as the mean + SD. **P = 0.003 (two-tailed Student’s r-test).

expressing wild-type Racl compared with cells depleted of
OCRL (Fig. 10B). This level of phospho-cofilin corresponds
well to that found in cells treated with GFP siRNA
(Fig. 9B). Our results demonstrate that increased phosphoryl-
ation of cofilin is a consequence of reduced Racl activation
upon OCRL depletion.

Active Racl acts downstream of OCRL in MPR sorting

We next asked whether impaired endosome-to-Golgi transport
and enhanced levels of phospho-cofilin are causally linked in
OCRL-depleted cells. If so, then expression of Racl should
not only rescue high levels of phospho-cofilin but also accu-
mulation of MPR in enlarged perinuclear endosomes in
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Figure 11. Wild-type Racl counteracts accumulation of MPR300 in enlarged
endosomal vesicles. (A) HeLa cells were treated with OCRL-specific siRNA,
followed by transfection with constructs expressing myc-tagged Rac-wt or
RacN17, prior to fixation and immunofluorescence analysis. Racl variants
were detected by staining cells with an anti-myc antibody, followed by an
AlexaFluor546-conjugated secondary antibody (red). MPR300 localization
was visualized by using an anti-MPR300 antibody, followed by an
AlexaFluor488-conjugated secondary antibody (green). * indicates cells trans-
fected with a Racl expression vector. The nucleus was visualized using DAPI
(blue). Scale bar = 10 wm. (B) Quantification of MPR300-positive vesicles of
various sizes was performed by the Metamorph software. To enable direct
comparison, all images were taken under the same magnification and laser in-
tensity settings. Sizes of MPR300-positive structures are given in arbitrary
units (AU). The number of MPR300-positive vesicles per AU (<50,
51-100, 101-150 and >151) is given as percentage of the number of
vesicles counted in total. Results are from three independent experiments
with 10 sections per condition of each experiment evaluated, and are
shown as the mean + SD (black square OCRL siRNA, white square OCRL
siRNA+Rac-wt, gray square OCRL siRNA+RacN17). **P = 0.008; ***P <
0.001 (two-tailed Student’s #-test).

OCRL-depleted cells. We reasoned that OCRL may function
in endosome-to-TGN trafficking of MPR, at least to a
certain extent, by regulating the activity state of Racl. We
thus expressed myc-tagged wild-type or dominant-negative
Racl in OCRL-depleted HeLa cells, followed by immunos-
taining of MPR300 and Racl. Cells depleted of OCRL and
expressing wild-type Racl regained the perinuclear MPR dis-
tribution in small vesicles, as seen in control cells (compare
Fig. 3A and B with Fig. 11A), while MPR300 was enriched
in enlarged vesicular structures in OCRL-depleted cells
expressing RacN17 or no Racl variant (compare Fig. 3A
and B, Fig. 6C and Fig. 11A). Determination of the size of
MPR300-positive vesicles and their quantification revealed a
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Figure 12. Depletion of OCRL results in increased amounts of the cathepsin D intermediate form and the lysosomal protein Lamp1. (A) RNAi-treated HeLa cells
were harvested and analyzed by immunoblotting using an anti-cathepsin D (catD) antibody (representative immunoblot—top panel). OCRL depletion was mon-
itored by immunoblotting with an anti-OCRL antibody (middle panel), and an anti-tubulin antibody was used as loading control (lower panel). (B) Amounts of
pro-cathepsin D (52 kDa), cathepsin D intermediate (48 kDa) and mature cathepsin D (34 kDa) were determined by scanning densitometry and normalization to
tubulin. The amount of each cathepsin D form in OCRL-depleted cells is expressed as percentage of control cells (white square GFP siRNA, black square OCRL
siRNA). Each bar is the mean + SD of four independent experiments. *P = 0.024 (two-tailed Student’s #-test). (C) HeLa cells were treated with OCRL- or
GFP-specific siRNA, fixed and analyzed by confocal laser scanning microscopy. Cells were stained with an anti-Lampl antibody, followed by an
AlexaFluor488-conjugated secondary antibody (green). The nucleus was visualized with DAPI (blue). Scale bar = 10 um. (D) RNAi-treated HeLa cells
were harvested and analyzed by immunoblotting using an anti-Lamp! antibody (representative immunoblot—top panel). Depletion of OCRL was monitored
by immunoblotting with an anti-OCRL antibody (middle panel), and an anti-tubulin antibody was used as loading control (lower panel). (E) The Lampl
amount was determined by scanning densitometry and normalization to tubulin. The amount of Lampl in OCRL-depleted cells is expressed as percentage
of control cells. Each bar is the mean + SD of seven independent experiments. *P = 0.025 (two-tailed Student’s #-test).

Tubulin

significant decrease in the number of large MPR300-positive  pro-cathepsin D is processed into an intermediate form
vesicles in OCRL-depleted cells that received the wild-type (48 kDa) and finally into mature cathepsin D (34 kDa) in the
Racl plasmid (**P = 0.008; ***P < 0.001) in comparison lysosome (41). To follow cathepsin D maturation, lysates of
with OCRL-depleted cells (Fig. 11B). In contrast, expression OCRL-depleted and control cells were subjected to western
of dominant-negative Racl was accompanied by the same blotting and incubated with an anti-cathepsin D antibody to
number of large vesicular clusters decorated with MPR300 detect the three forms of cathepsin D. In control cells, the
compared with cells depleted of OCRL alone (Fig. 11B). intermediate cathepsin D 48 kDa band was barely visible on
These results suggest that (i) Racl acts downstream of blot, whereas this form was very abundant in OCRL-depleted
OCRL and (ii) the amount of active Racl is critical for cells (Fig. 12A). A similar trend was observed for the pro-
proper MPR trafficking. cathepsin D 52kDa band in cells depleted of OCRL
(Fig. 12A). Densitometric evaluation revealed a 2-fold in-
crease (P = 0.024) in the amount of the 48 kDa form of cathe-
psin D in OCRL-depleted cells, and the 52 kDa form was
about 1.5-fold more abundant (Fig. 12B). Although the
We have shown that OCRL is needed for retrograde trafficking levels of mature cathepsin D were the same in OCRL-depleted
of MPRs from endosomes to the TGN, likely via a pathway and control cells, the total amount of cathepsin D was higher
that depends on GTP-bound Racl. We hypothesized that en- in cells depleted of OCRL compared with control cells
richment of MPRs in large perinuclear endosomal structures  (Fig. 12B). In summary, upon depletion of OCRL, the relative
in OCRL-depleted cells could interfere with anterograde amount of the two immature cathepsin D forms was increased,
transport of lysosomal enzymes from the TGN to endosomes. and the total amount was higher than in control cells. These
The lysosomal enzyme cathepsin D is synthesized as data show that depletion of OCRL impairs cathepsin D matur-
pre-pro-cathepsin D, which is converted into inactive ation, suggesting that the transport of cathepsin D from endo-
pro-cathepsin D after removal of the signal peptide in the somes to lysosomes is altered.

endoplasmic reticulum. Pro-cathepsin D (52 kDa) is then Disturbance of the anterograde transport of lysosomal
transported to endosomes. In the late endosomal compartment, enzymes may cause a delay in lysosome-dependent protein

OCRL depletion impairs cathepsin D maturation
and increases Lampl levels



degradation in OCRL-depleted cells. Indeed, impaired EGF
degradation and enlarged Lampl-positive lysosomes have
been found in cells depleted of IPIP27A or IPIP27B, two
OCRL interaction partners implicated in endocytic trafficking
(23). To analyze if lysosomal morphology is affected by
OCRL depletion, we immunostained for Lampl in control
and OCRL-depleted cells. Confocal laser scanning microscopy
revealed a very similar distribution of Lampl in OCRL-
depleted and control cells (Fig. 12C); however, the intensity
of Lampl fluorescence was drastically increased in OCRL-
depleted HelLa cells (Fig. 12C). In addition, lysosomes
appeared much larger in cells depleted of OCRL than in
GFP-treated cells (Fig. 12C). We confirmed a 2-fold increase
(P =10.025) in the amount of Lampl in cells depleted of
OCRL by immunoblotting and densitometric evaluation
(Fig. 12D and E). Upregulation of soluble and membrane-
bound lysosomal enzymes, and defects in lysosomal enzyme
processing have been previously seen in cells which are de-
fective in retrograde transport of MPRs (42).

DISCUSSION

Interaction of OCRL with proteins that participate in endocy-
tic membrane trafficking and OCRL’s localization to different
compartments of the endocytic pathway have implied a pos-
sible role for OCRL in receptor-mediated endocytosis
(9,11,29). We undertook a systematic approach to study
clathrin-mediated endocytosis in fibroblasts of patients with
LS and OCRL-depleted HeLa cells. INPP5B, an inositol poly-
phosphate 5-phosphatase homologous to OCRL, is present in
low levels in HeLa cells (data not shown and 16,20,43) and
can compensate for loss of OCRL (44). However, how this
compensation occurs is unclear, and our data suggest that
INPP5B is involved in trafficking routes distinct from those
in which OCRL participates in HeLa cells. We found that
Tf, LDL and EGF uptake was normal in LS fibroblasts. In add-
ition, cell surface levels and the rate of internalization of Tf
receptors were similar in OCRL-depleted and control cells.
Our study provides evidence for a specific function of
OCRL in membrane trafficking of MPRs. First, MPR-
mediated uptake of the lysosomal enzyme ASB was signifi-
cantly decreased in LS fibroblasts. Second, in OCRL-depleted
HeLa cells, we detected dramatically increased levels of MPR
at the cell surface, accompanied by an increase in MPR intern-
alization. These effects were not due to changes in the total
cellular content of MPRs or their half-life. MPRs located at
the cell surface are in equilibrium with intracellular receptors
localizing to the TGN and endosomes (45). We showed that
higher levels of MPR at the cell surface in OCRL-depleted
HeLa cells and reduced ASB internalization in LS fibroblasts
are likely the consequence of altered intracellular MPR
sorting. Indeed, MPRs accumulate in the early endosomal
compartment in HeLa cells depleted of OCRL and redistribute
to peripheral endosomes in cells of LS-affected patients (our
data and 20). We extended this finding by (i) demonstrating
MPR enrichment in enlarged, perinuclear early endosomes
containing Rab5, the Tf receptor and the retromer component
SNX1 and (ii) identifying a 50% reduction in endosome-
to-TGN transport of MPRs in OCRL-depleted cells. Our
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failure to find a general defect in receptor-mediated endocyto-
sis suggests that disturbed trafficking of MPR from the endo-
somal compartment to the TGN is the likely primary defect
caused by OCRL depletion. Impaired retrograde transport
has been shown to be compensated by higher levels of
MPRs at the cell surface (46) and an increase in their intern-
alization rate (47). We propose that the cellular equilibrium
of MPRs shifts to enhanced plasma membrane-to-endosome
trafficking upon OCRL depletion in HeLa cells, most likely
due to disturbed MPR recycling back to the TGN. Although
the decrease in ASB re-uptake and redistribution of MPRs to
more scattered perinuclear and peripheral endosomes in LS
fibroblasts were not found to be associated with any detectable
alteration of cell surface, internalized and cellular MPR levels,
the data suggest that recycling of the MPR from the endo-
somes to the Golgi complex is also impaired in LS fibroblasts,
as has been described in renal proximal tubule cells of patients
with LS (20). Nevertheless, the cellular consequences of de-
fective MPR trafficking in cells of LS patients seem to be
far more complex and difficult to uncover.

Others have reported reduced HA-antibody internalization
via a megalin receptor variant in proximal tubule and
MDCK cells lacking OCRL and decreased Tf uptake in
OCRL-depleted HeLa cells (20). Vicinanza et al. (20) fol-
lowed internalization of an antibody or ligand by immuno-
fluorescence to quantify the amount of the internalized
receptor. In contrast, we used radioactive-labelling methods,
FACS and biotinylation assays to obtain quantitative deter-
mination of internalized ligands and receptors. In our biotiny-
lation experiments, the receptor itself is quantified, which
provides a precise measurement of the internalized amount
of receptors. We detected reduced internalization of ASB
and an enhanced amount of cell surface MPRs, demonstrating
that data from ligand and receptor internalization assays must
be evaluated with great care. Consistent with our findings,
Coon et al. (16) also found no evidence of altered clathrin-
mediated endocytosis in LS fibroblasts, and OCRL depletion
did not affect megalin trafficking in MDCK and proximal
tubule cells (28). Our data and previously published work to-
gether suggest that the endocytic subpopulation of OCRL does
not play a major role in modulating clathrin-mediated receptor
endocytosis, at least not in certain cell types.

Reduced uptake of lysosomal enzymes and slightly
impaired anterograde trafficking of cathepsin D to lysosomes
may result in lower levels of hydrolases in lysosomes. In
line with this possibility, we observed increased staining and
a higher cellular amount of the lysosomal membrane protein
Lampl in OCRL-depleted cells. Together with reduced EGF
receptor degradation upon OCRL depletion (20), these data
suggest impaired lysosomal protein degradation in OCRL-
depleted cells. Increased lysosomal hydrolase secretion in
patients with LS and cells depleted of OCRL (3,20,25,26,28)
is often a consequence of a block in retrograde trafficking
(46,48,49).

We have shown that only catalytically active OCRL can
counteract accumulation of MPR in enlarged vesicular struc-
tures induced by OCRL depletion. These data suggest that
increased cellular PI(4,5)P, levels are detrimental to early
endosome function and local PI(4,5)P, dephosphorylation
seems to be an important trigger for MPR trafficking along
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the endosome-to-TGN transport route. Indeed, in the absence
of OCRL, certain cellular pools of PI(4,5)P, increase (17—
20). PI(4,5)P, is an important regulator of actin dynamics by
modulating the activation status of a variety of actin cytoskel-
etal components (37). OCRL deficiency has previously been
associated with changes in the organization of the actin cyto-
skeleton (50), enhanced formation of actin comets (28,51,52),
decreased levels of actin stress fibres (20,50) and altered re-
modelling of F-actin during the last step of cell division
(18). This leads to the question whether OCRL acts in regulat-
ing F-actin dynamics through modulation of PI(4,5)P, levels.
The finding of increased subcellular PI(4,5)P, pools that are
accompanied by enhanced F-actin levels strongly supports
this conclusion (18-20). The actin-depolymerizing protein
cofilin is a likely candidate to be regulated by local
PI(4,5)P, amounts and mediating F-actin dynamics upon
PI(4,5)P, dephosphorylation. Indeed, its actin-severing activ-
ity is inhibited by binding to membrane-associated PI1(4,5)P,
or by phosphorylation (53,54). We have shown here that
cofilin phosphorylation is dramatically increased in OCRL-
depleted HeLa cells and LS fibroblasts, suggesting that
cofilin activity is negatively regulated by both high PI(4,5)P,
levels and enhanced phosphorylation upon loss of OCRL.
Indeed, we found OCRL’s 5-phosphatase activity to be
required for resetting enhanced levels of phospho-cofilin to
control levels, and expression of the constitutively active
form of cofilin caused a reduction in the PI(4,5)P,-dependent
increase in actin polymerization on early endosomes (20).
These data suggest that OCRL controls cofilin activation,
both by balancing PI(4,5)P, levels and regulating its phosphor-
ylation status.

How could OCRL affect cofilin phosphorylation? We have
demonstrated here that Rho GTPases which interact with
OCRL (11,14) and are key regulators of the actin cytoskeleton
are broadly dysregulated when OCRL is downregulated: while
the amount of active, GTP-bound RhoA is increased, that of
Racl is drastically decreased. Active RhoA mediates cofilin
phosphorylation via the ROCK-LIM kinase pathway (38),
and GTP-bound Racl is required for cofilin Ser3 dephosphor-
ylation in certain cell types (40,55,56). These findings suggest
that both elevated levels of active RhoA and decreased levels
of active Racl account for enhanced cofilin phosphorylation
upon OCRL depletion. Our observation that overexpressed
wild-type Racl but not the dominant-negative form has the
ability to reduce the amount of phosphorylated cofilin in
OCRL-depleted cells to control levels corroborates this con-
clusion. Furthermore, elevated levels of phosphorylated
cofilin were accompanied by defects in cell migration and
wound healing (40) that have also been described in LS fibro-
blasts (16). How OCRL regulates the activity of RhoA and
Racl remains to be determined. Although OCRL possesses a
Rho GAP domain, it is catalytically inactive (11,12).
However, OCRL is able to bind both Racl and Cdc42 (14)
and may modulate their activity. Alternatively, enhanced
levels of PI(4,5)P, induced by OCRL depletion could alter re-
cruitment and activation of GTPase activating proteins and/or
guanine nucleotide exchange factors to membranes, leading to
changes in the amount of GTP- versus GDP-bound forms of
RhoGTPases (57—59). In addition, the activity states of Rho
GTPases themselves can be regulated by the availability of

PI(4,5)P, (60,61), and PI(4,5)P, also promotes recruitment
of Rho GTPases to the plasma membrane (62). Thus,
whether deficient interaction of OCRL with Rho GTPases
and/or altered activation or membrane recruitment of these
small GTPases or their modulators due to high PI(4,5)P,
levels trigger changes in their activity state in cells depleted
of OCRL needs to be clarified in the future.

We have shown here that expression of wild-type Racl, but
not its dominant-negative form, can rescue the accumulation
of MPRs in enlarged endosomal vesicles in OCRL-depleted
cells. This study makes Racl a likely candidate to act as down-
stream factor of OCRL in retrograde transport, probably by
mediating cofilin-dependent actin turnover. Indeed, a
Racl-cofilin-actin signalling module has been linked to retro-
grade transport in NGF-stimulated sympathetic neurons (56).
Here, Racl localizes to TrkA-positive endosomes, where it
recruits and probably activates cofilin. Active cofilin in turn
mediates actin depolymerisation to allow retrograde transport
(56). The authors conclude that NGF/TrkA endosomes use a
signalling pathway composed of Racl and cofilin to promote
the maturation of retrograde-competent endosomes. Thus,
F-actin breakdown on endosomes through actin modulatory
proteins such as cofilin or other actin-binding and -severing
proteins is important for retrograde transport (56). PAK3, a
downstream effector of Racl (39,63), has recently been
shown to regulate the F-actin binding capacity of the actin
nucleation-promoting factor cortactin by phosphorylation
(64). Our finding of reduced levels of phosphorylated PAK3
in OCRL-depleted cells suggests that the activity of cortactin
and/or other actin-modulatory proteins may be altered upon
OCRL depletion leading to changes in F-actin severing and
polymerization activities essential for endosome-to-TGN traf-
ficking. The relevance of actin remodelling for endosomal
trafficking processes, such as protein trafficking at the TGN,
mobilization and translocation of secretory vesicles to the
plasma membrane, and early-to-late endosome transport has
recently been demonstrated (65—67). Furthermore, the actin-
severing activity of cofilin plays a key role in regulating
actin patches which serve as secretory cargo sorting domains
at the TGN (68—70). Which of these molecular processes
are regulated by the OCRL-dependent Racl-cofilin cascade
will be important to determine. Nevertheless, our data estab-
lish a functional link between the Racl-cofilin signalling
module and endosome-to-TGN trafficking through the
control of the 5-phosphatase OCRL and sheds important
new light on the pathophysiological defects in LS.

MATERIALS AND METHODS
Plasmids

Human Rab7 cDNA in pGreen Lantern-1 was a kind gift from
Stefan Linder (University Medical Center Hamburg-
Eppendorf, Hamburg, Germany). Human Racl (Rac-wt) and
dominant negative Racl (RacN17) cDNA in pRKS5-myc was
a kind gift from Alan Hall (Memorial Sloan-Kettering
Cancer Center, New York, NY, USA). Human PLC3-PH
cDNA in pEGFP_N1 was a kind gift from Tamas Balla
(NICHD, National Institutes of Health, Bethesda, MD,
USA). We amplified the coding region of wild-type OCRL



for the generation of an expression construct by using OCRL-
specific PCR primers and OCRL cDNAs [transcript variant 1
encoding isoform a (Genbank accession no. NM_000276)
and transcript variant 2 encoding isoform b (Genbank acces-
sion no. NM_001587)] as templates. OCRL cDNA inserts
with mutations resulting in amino acid substitutions R493A
and R500T were established by PCR-mediated mutagenesis
(71). Purified PCR products were cloned into pENTR3C (Invi-
trogen, Karlsruhe, Germany) via restriction and ligation
according to the protocol provided. Constructs were sequenced
for integrity and used for cloning wild-type and mutated
OCRL coding regions into plasmid pMT2SM-HA-DEST
(N-terminal HA epitope) via left—right reaction following
the manufacturer’s instructions. Conversion of plasmid
pMT2SM-HA into the GATEWAY compatible vector
pMT2SM-HA-DEST has been described elsewhere (72).
siRNA-resistant wild-type and mutated OCRL cDNA con-
structs were established by site-directed mutagenesis using a
QuikChange® kit (Stratagene, Agilent Technologies, Wald-
bronn, Germany) according to the manufacturer’s instructions.

Cell culture and transfection

Skin biopsies from six patients with LS (LS 1-6) were obtained
with informed consent from their legal guardians. Mutations in
the OCRL gene in the six patients with LS were identified by se-
quencing the 24 coding exons and adjacent intronic regions
(Genbank accession no. NM_000276). Control fibroblasts
were derived from one healthy child (Con 1) and two healthy
adult individuals (Con 2 and Con 3). Primary cells were culti-
vated in Dulbecco’s modified Eagle medium (DMEM; Invitro-
gen) supplemented with 10% (v/v) fetal bovine serum (FBS;
PAA Laboratories, Colbe, Germany) and penicillin—strepto-
mycin (P/S; 100 U/ml and 100 pg/ml, respectively; Invitrogen)
and incubated at 37°C in a humidified atmosphere with 5% CO,.
All experiments were performed between cell passages 3 and
10. HeLa and HEK-293 cells stably expressing a modified
MPR46 were cultured in 10 cm dishes at 37°C and 5% CO, in
DMEM supplemented with 7.5% (v/v) FBS plus 1% (v/v) P/S
and a-MEM (Invitrogen) supplemented with 7.5% (v/v) FBS,
1% (v/v) P/S and 250 pg/ml G418 (Invitrogen). For plasmid
transfections, cells grown on 12-well plates were transfected
with pMT2SM-HA-DEST-OCRL a and b, pMT2SM-HA-
DEST-OCRLR4BARSOT 3 and b, and pRKS5-myc-Rac-wt,
pRKS5-myc-RacN17, pEGFP-N1-PLC3-PH and pGreen
Lantern-1-Rab7, respectively, using Lipofectamine 2000
Reagent (Invitrogen) according to the manufacturer’s protocol
and incubated overnight.

RNA interference was applied for down-regulation of
OCRL expression. We used three different OCRL-specific
siRNAs to exclude off-target effects (target sequences:
5-GGGTGAAGGTTGTGGATGA-3; 5-TGGCAAAGCGAG
AGAAAGATT-3; 5-GGGCAATATGAGTTAATAATT-3;
Dharmacon, Thermo Scientific, Lafayette, CO, USA). Cells
were transfected on 10 cm dishes using 35 wl Lipofectamine
2000 Reagent and 700 pmol OCRL-specific siRNA (for
HeLa cells) or 40 pl Lipofectamine 2000 Reagent and 900
pmol OCRL-specific siRNA (for modified HEK-293 cells)
and cultured for 72 h. GFP Duplex I (Dharmacon) was used
as a negative control.
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Immunoblotting

For immunoblots, cells were washed with ice-cold 1x PBS
72 h after siRNA transfection and harvested in modified
RIPA buffer [150 mm NaCl, 50 mm Tris—HCI, pH 8.0, 0.5%
sodium desoxycholate (w/v), 1% NP-40 (v/v), 0.1% sodium
dodecyl sulfate (w/v)] containing protease inhibitor cocktail
(Roche, Mannheim, Germany) and if applicable phosphatase
inhibitor cocktail (Roche) for 10 min at 4°C. For EGF stimu-
lation, cells were serum-starved overnight and stimulated with
10 ng/ml EGF (Sigma-Aldrich, Taufkirchen, Germany) for
20 min. After harvesting cells, cell debris was sedimented by
centrifugation at 14.000 rpm for 10 min at 4°C. Proteins
from each sample were separated on SDS—polyacrylamide
gels and analyzed by immunoblotting. As primary antibodies,
goat anti-cathepsin D antibody (1:200 dilution, Santa Cruz
Biotechnology, Heidelberg, Germany), goat anti-PAK3 anti-
body (1:200 dilution, Santa Cruz Biotechnology), mouse
anti-Lamp1 antibody (H4A3) (1:500 dilution, developed by
J. Thomas August and James E. K. Hildreth, Johns Hopkins
University School of Medicine, Baltimore, MD, USA;
obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained
by the University of Iowa, Department of Biology, lowa
City, IA, USA), mouse anti-OCRL antibody (1:1000 dilution,
a kind gift from Robert L. Nussbaum, University of California
San Francisco School of Medicine, San Francisco, CA, USA),
mouse anti-Racl antibody (1:2000 dilution; Millipore,
Schwalbach, Germany), mouse anti-RhoA antibody (1:90 dilu-
tion; Santa Cruz Biotechnology), mouse anti-TfR antibody
(1:500 dilution, Invitrogen), rabbit anti-Cofilin antibody
(1:500 dilution, Cytoskeleton, Offenbach, Germany), rabbit
anti-phospho-cofilin antibody (1:200 dilution, Santa Cruz Bio-
technology), rabbit anti-Lampl antibody (1:900 dilution,
Abcam, Cambridge, UK), rabbit anti-MPR300 antibody
(1:2000 dilution, a kind gift from Stefan Hoéning, University
of Cologne, Cologne, Germany) and rabbit anti-pPAK3 anti-
body (1:500 dilution, Abcam) were used. As loading controls,
mouse anti-GAPDH (1:10 000 dilution, Abcam), mouse anti-
tubulin antibody (1:7500 dilution, Sigma-Aldrich) and rabbit
anti-GDI-B antibody (1:1000 dilution, a kind gift from
Suzanne R. Pfeffer) were used. The following secondary anti-
bodies were used: horseradish peroxidase-conjugated (HRP)
anti-mouse or anti-rabbit antibodies (1:5000—1:30 000 dilu-
tion, GE Healthcare, Munich, Germany), HRP-conjugated
anti-goat antibody (1:25 000 dilution; Santa Cruz Biotechnol-
ogy) and HRP-conjugated anti-HA antibody (1:4000 dilution;
Roche). Immunoreactive proteins were visualized using the
Immobilon Western Chemiluminescent HRP Substrate (Milli-
pore). Scanning densitometry was performed using the Imagel
software.

Immunofluorescence

Cells grown on cover slips were washed with 1x PBS™™"
(0.9 mm CaCl,, 0.52mm MgCl,, 0.16 mm MgSO, in 1x
PBS), followed by fixation with 4% (w/v in 1 x PBS™'T) paraf-
ormaldehyde at room temperature for 10—15 min. For EGF
stimulation, cells were serum-starved overnight and stimulated
with 10 ng/ml EGF (Sigma-Aldrich) for 20 min prior to
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fixation. After washing three times with 1 x PBS™ for 10 min,
cells were incubated in blocking solution [2% bovine serum
albumin (BSA) (w/v), 3% goat serum (v/v), 0.5% NP-40 (v/v)
in 1x PBS™*] for 45 min. Subsequently, cells were covered
with 50 pl antibody solution [3% goat serum (v/v), 0.1%
NP-40 (v/v) in 1 x PBS™™] containing diluted primary anti-
bodies on parafilm for 2 h at room temperature. The following
primary antibodies were used: mouse anti-EEA1 (1:500 dilu-
tion, Becton Dickinson Biosciences, Heidelberg, Germany),
mouse anti-HA antibody (1:1000 dilution, Covance, Munich,
Germany), mouse anti-Lampl antibody (H4A3) (1:150 dilu-
tion, DSHB), mouse anti-MPR46 antibody (22d4) (1:150 dilu-
tion, developed by Donald Messner, Bastyr University,
Kenmore, WA, USA; DSHB), mouse anti-myc antibody
(1:100 dilution, Sigma-Aldrich), mouse anti-Rab5 antibody
(1:500 dilution, Becton Dickinson Biosciences), mouse
anti-SNX1 antibody (1:100 dilution, Becton Dickinson Bios-
ciences), mouse anti-TfR antibody (1:500 dilution, Invitrogen),
rabbit anti-phospho-cofilin antibody (1:100 dilution, Santa Cruz
Biotechnology), rabbit anti-MPR300 antibody (1:200 dilution,
akind gift from Stefan Honing) and sheep anti-TGN46 antibody
(1:100 dilution, AbD Serotec, Diisseldorf, Germany). Cells
were washed twice with 1x PBS™™ containing 0.5 M NaCl
and twice with 1x PBS™" for 10min. Cells were
then covered with 50 ul antibody solution containing
AlexaFluor488- and/or AlexaFluor546-conjugated anti-mouse,
anti-rabbit and anti-sheep secondary antibodies (1:1000 dilu-
tion, Invitrogen) and 4',6-diamidino-2-phenylindole (DAPI,
1 pg/ml, Serva, Heidelberg, Germany) (in some experiments)
on parafilm. After an incubation for 1 h at room temperature,
cells were washed three times with 1x PBS™™ for 10 min at
room temperature, mounted in Mowiol 4—88 (Merck, Darm-
stadt, Germany) and allowed to dry overnight at 4°C. Images
were acquired on a Leica DMIRE2 digital scanning confocal
microscope and processed using Corel Paint Shop ProX soft-
ware. Quantification of vesicle sizes was performed using Meta-
Morph™ software.

Internalization assays

Internalization of radioactively labelled ligands

Recombinant human ASB was kindly provided by Dr
M. Vellard (BIOMARIN, Novato, CA, USA) and iodinated
with Todination Reagent (Pierce, Thermo Fisher Scientific,
Bonn, Germany) and sodium ['*1] (Hartmann Analytic,
Braunschweig, Germany) to a specific activity of 6 wCi/pg
as described previously (73). Human holo-Tf (AppliChem
GmbH, Darmstadt, Germany) was iodinated with Iodination
Beads (Pierce) and sodium ['?°I] (Hartmann Analytic) to a
specific activity of 1.1 wCi/pg as described previously (74).
LDL was labelled with sodium ['*I] (Hartmann Analytic)
by the iodine monochloride method (75) to a specific activity
of 0.05 wCi/pg as described previously (76). Equal numbers
of dermal skin fibroblasts were grown on 35 mm dishes
(ASB) or 12-well plates (Tf, LDL) for 3—4 days prior to the
experiment. Cells were washed with 1x PBS and pre-
incubated in starvation medium (DMEM containing 1% P/S
and 0.1% BSA) for 1 h (ASB) or overnight (Tf, LDL) at
37°C. For ASB internalization, 0.14 p.Ci ['*>IJASB in 700 pl
starvation medium was added and cells were incubated in

the presence or absence of 10 mm M6P for 3h at 37°C.
Cells were transferred on ice, washed five times with
ice-cold 1x PBS, two times with ice-cold 1 x PBS containing
2 mM M6P and additional three times with ice-cold 1x PBS.
Cells were harvested in 1x PBS, counted and analyzed by
SDS—PAGE and autoradiography. To determine the amount
of internalized ASB, intracellular radioactivity was normal-
ized to protein content which was determined by the procedure
of Bradford (77). For Tf and LDL internalization, 28 wCi
['*I]Tf in 500 wl starvation medium was added to the cells
for 5, 10 or 30 min at 37°C and 1.3 wCi ['**IILDL in 500 .l
starvation medium was added for 4 h, respectively. Cells
were transferred on ice and washed with ice-cold 1x PBS.
For Tf internalization, cells were washed with ice-cold acid
wash (0.5 m NaCl, 0.2 m acetic acid, pH 2.5). For LDL intern-
alization, cells were washed two times with 1x PBS +
heparin (100 U/ml). Then, cells were washed with ice-cold
1 x PBS and lysed in 0.1 M NaOH for 30 min on ice. Interna-
lized Tf or LDL was determined by gamma counting and nor-
malization to protein content which was quantitated by the
procedure of Lowry (78).

Internalization of fluorescently labelled EGF

Equal numbers of dermal skin fibroblasts were grown on
six-well plates for 2—3 days prior to the experiment. Cells
were washed with 1x PBS and pre-incubated in starvation
medium overnight at 37°C. One microgram per millilitre
AlexaFluor488-labelled EGF (Invitrogen) in 700 wl starvation
medium was added and cells were incubated for 1 h at 4°C to
saturate surface receptors. Cells were then shifted to 37°C and
incubated for 15 or 30 min. After transferring plates on ice,
cells were washed twice with ice-cold acid wash for 5 min
and three times with ice-cold 1x PBS. To detach cells from
plates, TripLE™ Express (Invitrogen) was added. After
5 min, cells were taken up in 1x PBS, washed three times
with 1x PBS and analyzed by FACS (FACS Calibur, BD,
Heidelberg, Germany) with the CellQuest® Pro software.

Determination of radioactively labelled cell surface
and cellular MPR300

The monoclonal antibody 2C2 against human liver MPR was
prepared and iodinated as described previously (79). Equal
numbers of dermal skin fibroblasts were grown on 35 mm
dishes for 3—4 days prior to the experiment. Cells were
washed three times with 1x PBS and pre-incubated in starva-
tion medium (DMEM containing 1% P/S and 0.1% BSA) for
1 h at 37°C. For detection of cell surface MPR300, cells were
washed three times with ice-cold 1x PBS and 0.14 pCi
['*I]2C2 in 700 pl starvation medium containing 20 mm
HEPES, pH 7.4 was added. After incubation for 4 h at 4°C,
cells were washed five times with ice-cold 1 x PBS. To deter-
mine the amount of MPR300-bound 2C2, cells were washed
three times for 5 min with ice-cold acid wash (0.5 M NaCl,
0.2 M acetic acid, pH 2.5) and the collected radioactivity was
determined by gamma counting. Then, the cells were addition-
ally washed two times with 1x PBS, harvested in I ml 1 m
NaOH and cell-associated radioactivity was determined by
gamma counting. Cell surface MPR300 was calculated by nor-
malization of the detected radioactivity to protein content



which was quantitated by the procedure of Bradford (77). To
determine cellular MPR300, cells were pre-incubated in star-
vation medium containing 20 mm HEPES, pH 7.4 and 0.1%
saponin (w/v) for 45 min at 4°C, prior to incubation with
0.14 wCi ['*I]2C2 in 700 pul starvation medium containing
20 mm HEPES, pH 7.4 and 0.1% saponin (w/v) for 2 h at
4°C. Cells were washed five times with 1 x PBS containing
0.1% saponin (w/v) and harvested in 1 ml 1 m NaOH. Cellular
MPR300 was calculated by gamma counting and normaliza-
tion to protein content which was quantitated by the procedure
of Bradford (77).

In vivo endosome-to-TGN transport assay

The assay was modified from that described previously (80).
Human embryonic kidney (HEK-293) cells stably expressing
a modified MPR46 containing an N-terminal His tag and a
tyrosine sulfation site (30) were employed. Cells were trans-
fected with the indicated siRNA on 10 cm dishes 72 h prior
to the assay and cultured in a-MEM supplemented with
7.5% FBS and 20 mm sodium chlorate 6 h after transfection.
Culture medium was replaced daily. Prior to labelling,
10 pg/ml cycloheximide was added. After 2 h incubation,
medium was replaced by a-MEM containing FBS, cyclohex-
imide and 400 mCi sodium [*°S]sulfate (Perkin Elmer,
Rodgau, Germany) for 2 h. Cells were transferred on ice,
washed three times with ice-cold 1x PBS and lysed in 1 ml
ice-cold RIPA buffer plus protease inhibitors for 15 min.
After centrifugation at 55 000 rpm for 15 min at 4°C, superna-
tants were mixed with 20 pl RIPA-washed Ni-NTA agarose
beads for 45 min at room temperature, followed by centrifuga-
tion at 6000 rpm for 1 min. Supernatants were kept to deter-
mine protein concentrations and depletion levels. The beads
were washed three times in RIPA and incubated with 125 wl
RIPA containing 25 mm EDTA for 5 min at room temperature
to elute MPRs from beads. [*°S] incorporation was quantified
by scintillation counting and normalization to protein content.

Metabolic labelling and immunoprecipitation of MPR300

HeLa cells were transfected with the indicated siRNA and
equal numbers of cells were split into six-well plates after
24 h. Metabolic labelling was started 48 h after siRNA trans-
fection and performed as described (81). Briefly, cells were
washed twice with TD buffer (137 mm NaCl, 5 mm KCI,
0.7 mm Na,HPO,, 25 mm Tris—HCL, pH 7.4) and incubated
for 30 min in medium lacking methionine and cysteine plus
7.5% dialyzed FBS. One hundred wCi of Tran[*’S]-label
(MP Biomedicals, Solon, OH, USA) were added and cells
were incubated for 1h at 37°C, washed twice with growth
medium (DMEM plus 7.5% FBS and P/S) containing methio-
nine and cysteine and chased for the indicated times with the
same medium. Cells were washed three times with ice-cold
1 xPBS on ice, followed by cell lysis in 500 wl RIPA buffer
plus protease inhibitors for 10 min. After centrifugation at
55000 rpm for 15 min at 4°C, supernatants were incubated
with 20 pl RIPA-washed protein A-agarose for 15 min at
room temperature, followed by centrifugation at 12 000 rpm
for 1 min. MPR300 was immunoprecipitated from pre-cleared
supernatants by incubation with 1 wl rabbit anti-MPR300
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antibody (a kind gift of Suzanne R. Pfeffer) for 1.5h at
room temperature. To isolate immune complexes, 20 .l RIPA-
washed protein A-agarose was added, followed by incubation
for 30 min at room temperature and centrifugation at
12 000 rpm for 1 min. Pellets were washed four times in
RIPA and resuspended in SDS-sample buffer. Samples were
subjected to non-reducing SDS—PAGE. The SDS gel was
dried and analyzed by Phosphorlmager. Visualized radiola-
belled MPR300 was subjected to scanning densitometry for
quantification.

GTPase activation assay

GST-PAK[PBD] and GST-Rhotekin[RBD] fusion proteins
were isolated from Escherichia coli strain BL21 transformed
with  pGEX-2TK-PAK[PBD] and pGEX-2TK-Rhote-
kin[RBD], respectively, by snap freezing in liquid nitrogen.
Lysis was achieved by incubation in 20 ml lysis buffer compo-
nent 1 (50 mm Tris—HCI, pH 8.0; 40 mm EDTA; 25% [w/V]
sucrose plus protease inhibitors) for 10 min at 4°C, followed
by addition of 8 ml lysis buffer component 2 (50 mm Tris—
HCI, pH 8.0; 100 mm MgCl,; 0.2% Triton X-100 plus protease
inhibitors) and incubation for 10 min at 4°C. After sonifica-
tion, cell debris was sedimented by centrifugation at
10 000 rpm for 60 min. Subsequently, fusion proteins were
coupled with glutathione-bound agarose beads by incubation
with 1 ml bead solution (Novagen, Darmstadt, Germany) for
1 h at 4°C, washed four times in wash buffer (50 mm Tris—
HCIL, pH 8.0; 50 mm NaCl; 5 mm MgCl,) and finally diluted
to 65% slurry with wash buffer/glycerol. For cell lysis, equal
numbers of HeLa cells transfected with the indicated siRNA
and cultivated for 72 h or dermal skin fibroblasts from LS
patients and healthy individuals were washed with PBS, and
lysed in ice-cold lysis buffer (50 mm Tris—HCI, pH 8.0;
150 mm NaCl; 1% NP-40 plus protease inhibitors). For detec-
tion of RhoA activity, HeLa cells were serum-starved over-
night and stimulated with 0.1 mg/ml calpeptin (Merck) for
40 min prior to cell lysis. After lysates were cleared by centri-
fugation at 14 000 rpm for 10 min at 4°C, 75 .l samples were
withdrawn to assess total GTPase levels. The remaining
lysates were incubated with 20-30 pl of the GST-fusion
protein solution for 45 min at 4°C to trap the active form of
Racl or RhoA. Beads were precipitated by centrifugation at
2500 rpm and 4°C and washed three times with lysis buffer.
Total cell lysates and precipitates were separated on SDS—
polyacrylamide gels, transferred to PVDF membranes and
subjected to immunodetection.

Biotinylation assays

Cell surface biotinylation

Biotinylation experiments were modified from those described
previously (47). Briefly, HeLa cells transfected with the indi-
cated siRNA for 60 h or fibroblasts from LS patients and con-
trols were serum-starved overnight, transferred on ice and
washed three times with ice-cold HBSS (Invitrogen). Subse-
quently, cells were incubated with 0.5 mg/ml sulfo-NHS-SS
biotin (Pierce, Thermo Scientific, Bonn, Germany) in HBSS
for 20 min (HeLa cells) or 30 min (fibroblasts) at 4°C.
Unbound biotin was removed by washing with ice-cold
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HBSS containing 5 mm Tris—HCl (pH 7.4) followed by
rinsing with HBSS.

Detection of cell surface receptors

Subsequent to biotinylation, cells were harvested in ice-cold
RIPA buffer containing protease inhibitor cocktail. After the
cell debris was removed by centrifugation, protein concentra-
tions were determined using the BCA Protein Assay Kit
(Pierce, Thermo Scientific) and matched by adding RIPA
buffer. Aliquots of the total cell lysates were kept for immuno-
blotting and the remaining supernatants were subjected to pre-
cipitation with streptavidin agarose (Sigma-Aldrich) overnight
at 4°C. Probes were centrifuged for 1 min at 8700 rpm at 4°C,
and agarose pellets were washed with the RIPA buffer. Preci-
pitates and total cell lysates were separated on SDS—poly-
acrylamide gels, transferred to PVDF membranes and
subjected to immunodetection. For detection of MPR300, non-
reducing SDS-sample buffer was used.

Internalization assay

After surface biotinylation, cells were incubated with pre-
warmed DMEM containing 10% FBS and P/S for 2 or 5 min
at 37°C to induce receptor internalization. As a control, a par-
allel culture was left untreated. To stop endocytosis and
remove remaining cell surface-bound biotin, cells were trans-
ferred on ice and immediately covered and washed with
ice-cold glutathione-containing buffer [50 mm glutathione,
1 mm EDTA, 75 mm NaCl, 10% FBS (v/v), 75 mm NaOH].
Cells were scraped off in modified RIPA buffer and biotiny-
lated proteins were precipitated using streptavidin-conjugated
agarose beads. After washing precipitates with the RIPA
buffer, both total cell lysates and precipitates were separated
by SDS—PAGE and subjected to immunoblotting. For quanti-
fication, levels of MPR300 and TfR in the biotin-streptavidin
precipitates were normalized relative to the levels of total
MPR300 and TfR, respectively.

Statistical analysis

Two-tailed unpaired Student’s ¢-test was used to determine the
statistical significance. Values are presented as the mean +
standard deviation (SD) and were considered significant at P
(P-value) < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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