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Isoform 5 of PIPKIy regulates the endosomal trafficking and

degradation of E-cadherin

Nicholas J. Schill'*, Andrew C. Hedman'*, Suyong Choi? and Richard A. Anderson'*

ABSTRACT

Phosphatidylinositol phosphate kinases (PIPKs) have distinct cellular
targeting, allowing for site-specific synthesis of phosphatidylinositol
4,5-bisphosphate [PI(4,5)P,] to activate specific signaling cascades
required for cellular processes. Several C-terminal splice variants of
PIPKIy (also known as PIP5K1C) exist, and have been implicated in
a multitude of cellular roles. PI(4,5)P, serves as a fundamental
regulator of E-cadherin transport, and PI(4,5)P,-generating enzymes
are important signaling relays in these pathways. We present
evidence that the isoform 5 splice variant of PIPKIly (PIPKIlyi5)
associates with E-cadherin and promotes its lysosomal degradation.
Additionally, we show that the endosomal trafficking proteins SNX5
and SNX6 associate with PIPKIyi5 and inhibit PIPKIyi5-mediated E-
cadherin degradation. Following HGF stimulation, activated Src
directly phosphorylates PIPKIyi5. Phosphorylation of the PIPKIyi5 C-
terminus regulates its association with SNX5 and, consequently, E-
cadherin degradation. Additionally, this PIPKIlyi5-mediated pathway
requires Rab7 to promote degradation of internalized E-cadherin.
Taken together, the data indicate that PIPKIyi5 and SNX5 are crucial
regulators of E-cadherin sorting and degradation. PIPKIlyi5, SNX
and phosphoinositide regulation of lysosomal sorting represent
a novel area of PI(4,5)P, signaling and research. PIPKIyi5
regulation of E-cadherin sorting for degradation might have broad
implications in development and tissue maintenance, and enhanced
PIPKIyi5 function might have pathogenic consequences due to
downregulation of E-cadherin.
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INTRODUCTION

Type-1 phosphatidylinositol 4-phosphate 5-kinases (PIPKIs) are a
family of enzymes that synthesize phosphatidylinositol 4,5-
bisphosphate [PI1(4,5)P,]. The unique intracellular targeting of
each member allows for the spatial and temporal control of the
synthesis of PI(4,5)P,, thereby regulating specific processes, such
as endocytosis, actin assembly, formation of cell-cell contacts
and adhesion to the extracellular matrix (Doughman et al., 2003;
Heck et al., 2007; Ling et al., 2006; Schill and Anderson, 2009a).
PI(4,5)P, influences physiological processes by binding to
proteins containing domains such as the pleckstrin-homology
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(PH) domain, phox-homology (PX) domain, band 4.1 ezrin
radixin moesin homology (FERM) domain or the Bin/
Amphiphysin/Rvs (BAR) domain to modulate their activities
(Betson et al., 2002; Harlan et al., 1994; Lemmon et al., 2002;
Toker, 2002; Yoon et al., 2012). In particular, PI(4,5)P, regulates
various components of the endocytic and endosomal trafficking
pathways, including epsin, AP180, dynamin, sorting nexins
(SNXs), ARFs and clathrin adaptor protein complexes (Carlton
et al., 2005; Carlton and Cullen, 2005; Martin, 2001; Schill and
Anderson, 2009a; Seet and Hong, 2006). Collectively, P1(4,5)P,
is a potent regulatory molecule in diverse cellular signaling
pathways, with broad effects on cellular function.

The three PIPKI isoforms (o, B and y) have a high level of
sequence divergence at the C-terminus, which allows for their
distinct localization and function (Heck et al., 2007). Additionally,
several C-terminal splice variants of PIPKIy (PIPKIyil, i2, i4 and
i5) have been identified in mammalian cells, and these splice
variants have specific functions (Bairstow et al., 2006; Di Paolo
et al., 2002; Giudici et al., 2004; Ling et al., 2007; Ling et al.,
2002; Schill and Anderson, 2009b; Sun et al., 2007; Xia et al.,
2011). PIPKIyil consists of 640 amino acids and is localized to the
plasma membrane and cytoplasm. The i1 N-terminal sequence is
conserved in PIPKIyi2, i4 and i5. These three isoforms each
contain a unique peptide sequence at the C-terminal end, which
mediates specific localization and function of each isoform (Schill
and Anderson, 2009b). With the recent discovery of PIPKIyil-i6
in mammalian cells, here, we use the HUGO nomenclature for
splice variants (PIPKIy87 or PIPKIy640 is referred to as PIPKIyil,
PIPKIY90 or PIPKIy668 is referred to as PIPKIyi2) (Schill and
Anderson, 2009b; Xia et al., 2011). Specific isoforms have distinct
functions. For example, PIPKIyi2 regulates focal adhesion
dynamics and vesicle trafficking (Di Paolo et al., 2002;
Kahlfeldt et al., 2010; Ling et al., 2002). In epithelial cells,
PIPKIyi2 regulates the formation of cell-cell contacts through its
association with the adhesion molecule E-cadherin and a specific
interaction with the epithelial-specific AP1B clathrin adaptor
complex (Ling et al., 2007). Additionally, PIPKIyi2 functionally
links N-cadherin cell—cell junctions to regulated actin assembly
(El Sayegh et al., 2007). These findings position PIPKIy as a
crucial regulator of the assembly of cell-cell contacts and the
intracellular transport of components of these complexes.
Recently, PIPKIyi5 was found to localize to endosomes and
interact with the P1(4,5)P, effector SNX5 to regulate the lysosomal
degradation of the epidermal growth factor receptor (EGFR)
(Schill and Anderson, 2009b; Sun et al., 2013). Because E-
cadherin binds to the conserved region that is present in PIPKIyil,
i2, 14 and 15, here, we examined the role of PIPKIyi5 in the
lysosomal degradation of E-cadherin.

E-cadherin assembles into adherens junctions that maintain
cell—cell adhesion (Guillemot et al., 2008; Hartsock and Nelson,
2008). The trafficking of E-cadherin regulates the formation,
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stability and disassembly of these complexes. PI(4,5)P, controls
multiple aspects of E-cadherin transport; thus, PI(4,5)P,-
generating enzymes are essential signaling relays in these
pathways (Schill and Anderson, 2009a). Recently, much work
has focused on defining the cellular pathways that remove E-
cadherin from the cell surface and promote its degradation in
the lysosome, as this process is a direct contributor to the loss
of cellular polarization observed during the epithelial-to-
mesenchymal transition (EMT) (Giehl and Menke, 2008;
Guarino et al., 2007). Multiple trafficking pathways control E-
cadherin levels at the cell surface, including clathrin-dependent
endocytosis (Ivanov et al., 2004) and macropinocytosis (Bryant
et al., 2007). However, signals from the cellular microenvironment
influence whether internalized E-cadherin is recycled or degraded
(Giehl and Menke, 2008). The E-cadherin degradation pathway
requires many components, including the ubiquitin ligase Hakai
(also known as CBLL1) (Fujita et al., 2002; Pece and Gutkind,
2002), Rab GTPases, Hrs (also known as HGS) (Palacios et al.,
2005; Toyoshima et al., 2007), growth factor receptors (Delva and
Kowalczyk, 2009; Fujita et al., 2002; Orian-Rousseau and Ponta,
2008; Toyoshima et al., 2007) and Src kinase (Palacios et al., 2005;
Shen et al., 2008). However, much remains to be discovered about
the signals that sort E-cadherin for degradation.

SNXs are membrane-associated cytoplasmic proteins involved
in multiple trafficking pathways. At early endosomes, SNXs often
sort proteins for recycling to the cell surface and trans-Golgi
network or for trafficking to the lysosome (Worby and Dixon,
2002). All SNXs contain a PX domain, and some also contain a
BAR domain (Lemmon, 2003; Worby and Dixon, 2002). SNX5
directly interacts with PIPKIvyi5 through its PX domain and binds
to phosphoinositides, including PI(4,5)P,, through its PX and
BAR domains (Koharudin et al., 2009; Sun et al., 2013). At least
one SNX is involved in the regulation of E-cadherin trafficking,
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as SNX1 was found to promote the recycling of E-cadherin upon
EGF-induced E-cadherin internalization (Bryant et al., 2007).
Here, we present evidence that PIPKIyi5 associates with E-
cadherin and promotes E-cadherin lysosomal degradation. However,
SNXS5 acts antagonistically to PIPKIyi5, preventing E-cadherin
degradation. Importantly, PIPKIyiS appears to function as part of a
defined E-cadherin degradation pathway. Furthermore, tyrosine
phosphorylation of PIPKIyi5 regulates its interaction with SNX5
and its function in E-cadherin degradation, suggesting that these
proteins might regulate one another to control the fate of E-cadherin.

RESULTS
PIPKIyi5 associates with E-cadherin in vivo and promotes E-
cadherin degradation
PIPKIyi2 regulates E-cadherin trafficking in vivo (Akiyama et al.,
2005; Ling et al., 2007). Because E-cadherin associates with the
conserved kinase domain of PIPKIy, this potentially allows for
multiple PIPKIy variants to regulate E-cadherin biology. To
explore this, endogenous E-cadherin immunoprecipitates were
western blotted with antibodies against specific PIPKIy splice
variants. PIPKIvyi2 and PIPKIyi5, but not PIPKIyi4, were detected
in E-cadherin immunoprecipitates from MCF10A mammary
epithelial cells (Fig. 1A), T47D mammary ductal carcinoma
cells and Mardin-Darby canine kidney (MDCK) cells (data not
shown). To determine whether PIPKIyi5 colocalized with E-
cadherin, HA-PIPKIyi5 was inducibly expressed in stably
transfected MDCK cell lines, and the cells were processed for
immunofluorescence microscopy. As shown in Fig. 1B, PIPKIyi5
colocalized with E-cadherin at cell-cell contacts and intracellular
compartments. The association and localization of PIPKIyi5 with
E-cadherin suggested that it might regulate E-cadherin biology.
Previously, PIPKIyi5 was shown to regulate the lysosomal
degradation of EGFR (Sun et al., 2013). To determine whether

Fig. 1. Multiple PIPKIy splice variants
associate with E-cadherin. (A) Endogenous
E-cadherin (ECD) and PIPKIy (pan-ly) were
immunoprecipitated (IP) from MCF10A cell
lysates, and the immunocomplexes and cell
lysates were western blotted (IB) with
antibodies against each PIPKIly splice variant
or E-cadherin. Non-specific mouse or rabbit
IgG was incubated with the cell lysate as a
control. (B) TET-inducible MDCK cells were
grown on coverslips and allowed to express
HA-PIPKIyi5 for 72 h. Cells were then fixed
and stained for HA-PIPKIyi5 (red) and E-
cadherin (green), and analyzed as described
in Materials and Methods. Colocalization of the
two proteins in the overlay is indicated in
yellow. Inset panel is 300% magnification of
the outlined area. Arrows, colocalization of E-
cadherin with HA—PIPKIlyi5 within an
intracellular compartment. Scale bar: 10 um.
(C) TET-inducible MDCK cells were grown for
72 h with (+) or without (—) doxycycline. After
serum starvation, cells were treated with

50 ng/ml HGF for intervals up to 8 h, and E-
cadherin levels were examined by western

PIPKIYi5

X blotting. The western blot is representative of
three independent experiments.
- Dox (D) Quantification of E-cadherin levels from C.

Data show the mean+s.e.m.
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PIPKIyi5 controls the lysosomal sorting of E-cadherin, MDCKs
grown in the presence or absence of doxycycline (to control
PIPKIyi5 expression) were treated with hepatocyte growth factor
(HGF), which induces the disassembly of adherens junctions and
the lysosomal degradation of E-cadherin. E-cadherin protein
content was measured by western blotting. Interestingly, cells
with induced expression of PIPKIyi5 displayed an enhanced rate of
E-cadherin degradation in response to HGF treatment (Fig. 1C,D).
Furthermore, the expression of PIPKIyil, PIPKIyi2 or a kinase-
dead D316A mutant of PIPKIyiS did not affect E-cadherin
degradation (supplementary material Fig. SIA-C). MDCK cells
treated with HGF were also examined by immunofluorescence
microscopy. In the absence of HGF, E-cadherin was present at cell—
cell contacts, where it colocalized with PIPKIyi5 (supplementary
material Fig. S1D). After HGF stimulation in doxycycline-treated
cells, the majority of E-cadherin was observed near the cell—cell
contacts, with a small amount of E-cadherin detectable at late
endosomes or lysosomes, as indicated by its colocalization with
LysoTracker (supplementary material Fig. S1D). Following HGF
treatment of PIPKIyi5-expressing cells, E-cadherin was observed
at cell—cell contacts, but there was increased intracellular staining
for E-cadherin, both at late endosomes and with PIPKIyi5 at
distinct intracellular compartments and enlarged vesicles. These
data suggest that PIPKIyi5 might enhance the targeting of E-
cadherin to intracellular compartments upon stimulation with HGF
and that E-cadherin might be sorted through PIPKIyi5-positive
compartments prior to its degradation.

PIPKIyi5 and SNX5 play opposing roles in E-cadherin stability
SNXS5 and PIPKIyiS colocalize at endosomes and both are
required for EGFR degradation (Sun et al., 2013). Therefore,
further studies focused on how these two proteins might regulate
the sorting of E-cadherin for degradation. In polarized epithelial
cells, the majority of E-cadherin localizes at cell-cell contacts,
with the exception of the fraction of E-cadherin that is actively
undergoing intracellular trafficking (Bryant et al., 2007; Bryant
and Stow, 2004; D’Souza-Schorey, 2005; Ling et al., 2007; Schill
and Anderson, 2009a; Yap et al., 2007). To focus our study on E-
cadherin that was undergoing trafficking, rather than the total
cellular complement thereof, we chose HeLa cells, which do
not normally express E-cadherin and do not form polarized
monolayers. This model has been used previously to characterize
E-cadherin trafficking and degradation (Houghton et al., 2012;
Lock and Stow, 2005; Yang et al., 2006).

Using this system, E-cadherin was expressed with PIPKIyi5 or
SNXS5, and the E-cadherin protein content in cells was quantified.
In these experiments, PIPKIyi5 expression correlated with a
reduction of ~40% in the amount of E-cadherin (Fig. 2A,B). By
contrast, the expression of SNXS5 increased E-cadherin content by
~80% (Fig. 2A,B). However, coexpression of E-cadherin, SNX5
and PIPKIyi5 reduced E-cadherin content by 25% compared with
control cells, indicating that PIPKIyi5 counteracts the increase in
the amount of E-cadherin observed upon SNX5 expression. To
confirm that the loss of E-cadherin observed upon PIPKIyi5
expression was due to lysosomal degradation, HeLa cells
expressing E-cadherin and PIPKIyi5 were treated for 16 hours
with increasing concentrations of chloroquine, which inhibits
lysosomal degradation. As shown in Fig. 2A,B and supplementary
material Fig. S2A, chloroquine effectively inhibited the
degradation of E-cadherin in a dose-dependent manner, and the
level of E-cadherin in chloroquine-treated cells expressing PIPKIyi5
and SNX5 was similar to the levels observed when PIPKIyi5 was

absent (Fig. 2A,B). Furthermore, the levels of endogenous N-
cadherin and transferrin receptor (TfnR) were unaffected by the
expression of either SNX5 or PIPKIyi5, indicating that a general
change in protein degradation was not occurring in these cells. To
determine whether these observations were due to changes in E-
cadherin transcription, E-cadherin mRNA content was analyzed by
quantitative (qQ)PCR (supplementary material Fig. S2B). The data
indicated that there was no significant difference in E-cadherin
mRNA levels upon expression of PIPKIyi5 or SNX5.

To determine whether the generation of PI(4,5)P, was required
for PIPKIyi5 to destabilize E-cadherin, wild-type or kinase-dead
PIPKIyi5 were expressed and the cellular levels of E-cadherin were
assayed. As shown in Fig. 2C,D, kinase-dead PIPKIyiS has a
decreased effect on E-cadherin compared with the wild-type form,
reducing E-cadherin levels by ~20% as compared with control cells.
A similar trend was observed when SNX5 was coexpressed with
kinase-dead PIPKIyi5, which was less effective at counteracting the
E-cadherin-stabilizing effect of SNX5 (Fig. 2C,E). This is consistent
with our observations that kinase-inactive PIPKIyi5 is unable to
regulate EGFR degradation or to associate as strongly with SNX5
(Sun et al., 2013), and it suggests that either the generation of
PI(4,5)P, by PIPKIyi5 or the binding of PIPKIyi5 to SNXS inhibits
the effect of the latter on E-cadherin stability.

SNX5 and SNX6 regulate E-cadherin turnover

Based on the amino acid sequences of SNX proteins, SNXS5 is most
similar to SNX6 (Worby and Dixon, 2002). The functional
redundancy of SNX5 and SNX6 in endosomal trafficking is not
well characterized, although both proteins function as part of the
mammalian retromer (Wassmer et al., 2007). Immunoprecipitation
experiments indicated that PIPKIvyi5, but not other PIPKIy splice
variants, associate with SNX6 (supplementary material Fig. S2C)
and that this interaction is direct (supplementary material Fig.
S2D). Owing to the homology between SNX5 and SNX6 and the
direct association of SNX6 with PIPKIyi5, it is likely that SNX6 is
subject to regulation by PIPKIyi5, similar to SNXS5. Expression of
SNX6 also significantly enhanced E-cadherin stability by ~1.4-
fold (Fig. 2F,G). SNXI regulates the recycling of E-cadherin
(Bryant et al., 2007). In contrast to SNX5 and SNX6, the
expression of SNX1 had no effect on E-cadherin, TfnR or N-
cadherin levels (Fig. 2F,G), suggesting that SNX1 functions in E-
cadherin recycling through a distinct pathway.

To determine whether the expression of SNX6 or SNXI
could counteract PIPKIyi5-induced E-cadherin degradation, we
coexpressed PIPKIyiS with E-cadherin and the indicated SNX
proteins. As shown in Fig. 2F,H, both SNX5 and SNX6 partially
offset the loss of E-cadherin that was observed upon expression of
PIPKIyi5, again suggesting that SNX5 and SNX6 promote E-
cadherin stability, which is counteracted by PIPKIyiS. However,
coexpression of PIPKIyi5 and SNX1 resulted in a ~25% decrease
in E-cadherin levels. As the expression of SNX1 alone did not
appear to affect E-cadherin, the combined results suggest that
PIPKIyi5 might indirectly regulate SNX1 activity. As SNXI1 has
been shown to promote the recycling of internalized E-cadherin
(Bryant et al., 2007), PIPKIyi5 potentially indirectly inhibits
SNX1-mediated recycling of E-cadherin.

PIPKIyi5 promotes the targeting of E-cadherin to the
lysosome

Both intra- and extracellular signals can initiate the dissolution of
cell-cell contacts in epithelial cells, resulting in E-cadherin
internalization (D’Souza-Schorey, 2005; Schill and Anderson,
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2009a; Yap et al., 2007). Subsequently, E-cadherin is trafficked proteasome (Yang et al., 2006). Immunofluorescence microscopy
into sorting endosomes, where its fate is determined by signaling was used to investigate the localization of intracellular E-cadherin.
pathways. Once targeted for degradation, E-cadherin proceeds to HA-PIPKIyi5 and Myc—SNXS were coexpressed in HeLa cells,
the lysosome through a trafficking pathway involving Rab and the cells were labeled for EEA1 (a marker of early endosomes)
GTPases, ubiquitin ligases and the ubiquitin adaptor protein Hrs and LAMP-1 (a marker of lysosomes). When expressed alone, E-
(Fujita et al., 2002; Palacios et al., 2005). There is also evidence cadherin was localized throughout the cell in a vesicular-like
that E-cadherin might be targeted for degradation at the staining pattern that overlapped with that of EEA1 (Fig. 3A). A
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Fig. 3. PIPKIyi5 promotes the lysosomal targeting of E-cadherin.

(A) HelLa cells plated on glass coverslips were transfected with E-cadherin
(ECD) for 16 h before fixation. Coverslips were then stained with antibodies
against EEA1 (green) and ECD (red). (B) HelLa cells plated on glass
coverslips were transfected with E-cadherin, Myc—SNX5 and/or PIPKIyi5 for
16 h before fixation. Coverslips were then stained with antibodies against
HA-PIPKIyi5, Myc—SNX5 (blue), LAMP-1 (green) and ECD (red). Inset
panel, 200% enlargement of the outlined area. (C) HelLa cells plated on glass
coverslips were transfected with E-cadherin, Myc—-SNX5 and PIPKIyi5 for
16 h before fixation. Coverslips were then stained with antibodies against
HA-PIPKIyi5, Myc—SNX5 (blue), GM-130 (green) and ECD (red). Inset,
200% enlargement of the outlined area. (D) HelLa cells were transfected in
the absence or presence of 40 uM chloroquine and processed for
immunofluorescence as described in B. Inset, 200% enlargement of the
outlined area. Arrows, regions of colocalization between PIPKIyi5, E-
cadherin and LAMP-1. Scale bars: 10 um.

subset of E-cadherin was localized to punctate compartments in
proximity to the plasma membrane. However, some E-cadherin
colocalized with LAMP-1, suggesting that active degradation of E-
cadherin occurs in these cells (Fig. 3B). Upon coexpression of E-
cadherin and SNXS5, there was no apparent colocalization of
E-cadherin with LAMP-1 and minimal colocalization of SNX5
with E-cadherin (Fig. 3B). By contrast, upon expression of
PIPKIyi5, E-cadherin staining was mainly limited to the
perinuclear region, where it partially colocalized with LAMP-1
(Fig. 3B). Collectively, the data suggest that the E-cadherin
loss observed upon PIPKIyi5 expression is due to enhanced
targeting of E-cadherin to lysosomes after it enters the endosomal
system. By contrast, SNX5 appears to promote the trafficking of E-
cadherin away from the lysosome, but this activity can be
counteracted by PIPKIyi5. The compact perinuclear E-cadherin
distribution observed when PIPKIyi5 was expressed also partially
overlapped with that of the cis-Golgi marker GM130, which
suggests that this pool might be newly synthesized E-cadherin or
E-cadherin targeted for recycling (Fig. 3C). Additionally, in
chloroquine-treated cells, E-cadherin was found in endosomal-
like structures that partially colocalized with both LAMP-1 and
PIPKIyi5 (Fig. 3D).

We also tested whether E-cadherin degradation could be
mediated by the proteasome. Cells expressing PIPKIyi5, SNX5
and E-cadherin were treated with the proteasome inhibitor MG-
132 or the protease inhibitor leupeptin, and then analyzed for
E-cadherin expression (supplementary material Fig. S3A).
Treatment of cells with leupeptin appeared to have no effect on
E-cadherin loss. By contrast, treatment of cells with MG-132
prevented E-cadherin loss. As these results were conflicting, we
further examined MG-132-treated cells by immunofluorescence.
MG-132 treatment resulted in aberrant localization of PIPKIyi5
and SNXS5 into large cytoplasmic clusters (supplementary
material Fig. S3B), suggesting that MG-132 interferes with
PIPKIyi5 targeting. Therefore, the lack of PIPKIyi5-mediated E-
cadherin degradation might be an artifact due to the mis-targeting
of PIPKIyi$5 rather than inhibition of the proteasomal degradation
of E-cadherin. Given this evidence, it is likely that the majority of
E-cadherin loss in cells expressing PIPKIyiS is mediated by the
lysosome.

PIPKIyi5 interacts with SNX5

Our previous work identified a specific interaction between the
unique C-terminal sequence of PIPKIyi5 and SNXS5, which
required lipid kinase activity for a strong interaction (Sun et al.,
2013). Endogenous SNX5 immunoprecipitates from HeLa cells
were western blotted with anti-PIPKIyi5 antibody. As shown in
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Fig. 4A, PIPKIyiS was detected in the SNXS immunoprecipitates.
To confirm that SNX35 associates with the unique portion of the
PIPKIyi5 C-terminus, an HA-tagged version of each PIPKIy
splice variant was coexpressed with Myc—SNXS5 in HeLa cells,
and Myc—SNX5 was immunoprecipitated from cell lysates. As
shown in Fig. 4B, only PIPKIyi5 associated with Myc—SNXS5. To
determine the region within the PIPKIyi5 C-terminus that
associates with SNX5, C-terminal truncation mutants of
PIPKIyi5 were created and coexpressed with Myc—SNXS in
HeLa cells (Fig. 4C,D). Although deletion of residues 675-707
(A675) of PIPKIyi5 did not inhibit its association with SNXS5,
truncation at residue 659 (A659) abolished binding to SNXS5
(Fig. 4D). The combined data confirms that the C-terminus of
PIPKIyi5 mediates the association with SNX5, and narrows the
binding region to residues 640—675 of PIPKIyi5.

Tyrosine phosphorylation regulates PIPKIyi5 and its
association with SNX5
The tyrosine kinase Src is known to phosphorylate PIPKIyi2 to
regulate its association with talin (Bairstow et al., 2005; de Pereda
et al., 2005; Lee et al., 2005; Ling et al., 2003). PIPKIyi2 is also
regulated by tyrosine phosphorylation downstream of growth factor
receptors (Sun et al., 2007). The unique C-terminus of PIPKIyi5
contains a tyrosine motif similar to the Src phosphorylation site in
PIPKIyi2 (Schill and Anderson, 2009b) (Fig. 4C). Therefore, we
investigated whether PIPKIyi5 is phosphorylated downstream of
Src and, consequently, whether the association of PIPKIyi5 and
SNXS5 could be regulated by tyrosine phosphorylation. To
determine whether PIPKIyi5 was tyrosine phosphorylated, the
phosphorylation status of PIPKIy splice variants in HeLa cells
cultured in 10% FBS was examined by immunoprecipitation of
overexpressed PIPKIy and western blotting with an anti-
phosphotyrosine antibody. Fig. SA illustrates that the PIPKIy
splice variants are tyrosine phosphorylated to varying degrees.
Interestingly, these results also suggest that PIPKIyi5 is more
strongly phosphorylated than other PIPKIy splice variants under
these conditions. Moreover, when MDCK cells expressing
PIPKIyi5 were stimulated with HGF, tyrosine phosphorylation of
PIPKIyi5 was enhanced (Fig. 5B). These data suggest that PIPKIyi5
is also regulated by phosphorylation downstream of HGF signaling.
Because Src is commonly activated downstream of growth factor
signaling, we investigated whether Src activity induces tyrosine
phosphorylation of PIPKIyi5. To explore this, PIPKIyi5 was
coexpressed with c-Src or a vector control, immunoprecipitated
and assayed for phosphorylation and association with Src. As shown
in Fig. 5C, wild-type but not kinase-dead PIPKIyi5 was robustly
phosphorylated upon c-Src coexpression. Kinase-inactive PIPKIyi5
might be a poor substrate for Src, or the activity of the protein
tyrosine phosphatase SHP-1 (also known as PTPN6) that associates
with PIPKIy might be inhibited by PI1(4,5)P, (Bairstow et al., 2005).
When overexpressed PIPKIyi5 is immunoprecipitated, c-Src
physically associates with PIPKIyi5 (Fig. 5C). To confirm the
association of PIPKIyi5 with Src, endogenous Src was
immunoprecipitated from HeLa cells expressing Myc—PIPKIyi5
and assayed by western blotting. The results in Fig. 5D illustrate that
endogenous Src associates with PIPKIyiS. To determine whether
Src activity regulates the association between PIPKIyi5 and SNXS,
c-Src was coexpressed with HA-PIPKIyi5 and Myc—SNX5 in HeLa
cells and HA—PIPKIyi5 was immunoprecipitated from cell lysates.
Expression of wild-type c-Src corresponded with a substantial
increase in PIPKIyi5 tyrosine phosphorylation and coincident loss of
SNXS5 association, whereas kinase-dead Src did not affect PIPKIyi5
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phosphorylation or inhibit SNX5 co-immunoprecipitation (Fig. SE).
Thus, tyrosine phosphorylation likely serves as a negative regulator
of the PIPKIyi5—SNX5 complex. Interestingly, kinase-dead
PIPKIyi5 has a weaker interaction with SNXS than wild-type
PIPKIyi5, as shown by co-immunoprecipitation (supplementary
material Fig. S4A) (Sun et al., 2013). Because kinase-dead PIPKIyi5
is weakly phosphorylated downstream of Src, it is unlikely that the
reduced association of SNXS5 with kinase-dead PIPKIyi5 is due to
inhibition of the association by phosphorylation.

Tyrosine phosphorylation of SNX5 was not detected upon
expression of wild-type c-Src, indicating that SNX5 is not a
regulatory target of Src (supplementary material Fig. S4B).
Additionally, wild-type and kinase-dead Src associated with
PIPKIyi5 equally (supplementary material Fig. S4C), suggesting
that expression of wild-type Src inhibits the PIPKIyi5S—SNX5
association by phosphorylation and not by the physical
displacement of SNX5 from PIPKIyi5 by Src binding. Taken
together, the data indicate that tyrosine phosphorylation of
PIPKIyi5 is a negative regulator of the PIPKIyi5—SNXS5 interaction.

sequence of the unique C-terminus of
PIPKIyi2, i4, i5 and i5 truncation mutants.
Tyrosine 646 in PIPKIyi5 and tyrosine 649
in PIPKIvyi2 and i5 are underlined. WT, wild
type. (D) PIPKIyi5 C-terminal truncation
mutants were coexpressed with Myc—
SNX5 in Hela cells and
immunoprecipitated. The HA
immunocomplexes and corresponding cell
lysates were western blotted with anti-HA
and anti-Myc antibodies.

There are three tyrosine residues in the C-terminus of PIPKIyi5
within the proposed SNX5-binding region. To determine whether
these residues are targets of Src phosphorylation, the tyrosines
present in the PIPKIyi5 C-terminus were each mutated to
phenylalanine and subjected to an in vitro Src kinase assay. As
shown in Fig. 5F,G, the Y646F mutation of PIPKIyiS diminished
Src phosphorylation of the C-terminus, whereas Y639F and Y649F
mutations showed no change in phosphorylation by Src. Next, we
investigated whether these mutations affected the PIPKIyi5—SNX5
interaction. These mutants were expressed from an HA-PIPKIyi5
construct in cells and were assayed for their ability to
immunoprecipitate SNX5. The Y646F mutation, which prevents
phosphorylation by Src, increased the association of PIPKIyi5 with
SNX35, whereas the Y649F mutation decreased this interaction
(Fig. SH). Mutation of both Y646F and Y649F also resulted in a
decrease in SNX5 association with PIPKIyi5. These data suggest
that phosphorylation of Y646 inhibits the association with SNX5.
Alternatively, Y649 is not regulated by Src phosphorylation, but is
partially required for the PIPKIyi5—SNXS5 interaction.
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Fig. 5. The association between PIPKIyi5 and SNX5 is regulated downstream of Src. (A) Myc—PIPKIly splice variants were immunoprecipitated (IP) from
Hela cells cultured in DMEM plus 10% FBS, and their phosphorylation status was assayed by western blotting (IB) with an anti-phosphotyrosine (pY) antibody.
Total cell lysates were western blotted for Myc—PIPKIly as a control. (B) MDCK cells were induced to express HA—PIPKIyi5 for 48 h and were then plated in
DMEM plus 0.1% FBS for 16 h. Cells were incubated with (+) or without (—) 50 ng/ml HGF for 5 min, collected and lysed for immunoprecipitation with anti-HA
antibody or mouse IgG. The immune complexes and cell lysate controls were then western blotted with the indicated antibodies. (C) Wild-type (WT) or kinase-
dead (KD, D316A) PIPKIyi5 was coexpressed with c-Src, immunoprecipitated from HeLa cells as before, and western blotted to assay for tyrosine
phosphorylation. Cell lysates were western blotted with the indicated antibodies as controls. (D) Myc—PIPKIyi5 was expressed in HelLa cells, and endogenous
Src was immunoprecipitated from cell lysates. The immune complexes and control lysates were then western blotted with anti-Myc and anti-Src antibodies.
(E) HA—-PIPKIyi5 was coexpressed with Myc—SNX5 and either wild-type or kinase-dead c-Src, and HA-PIPKIyi5 was immunoprecipitated from the cell lysates.
Western blotting of the immune complexes and their corresponding lysate controls was then performed with the indicated antibodies. (F) Wild-type or mutant
6His—PIPKIyi5 C-terminus (CT) was incubated with recombinant Src and v-[*?P]-ATP for 15 min at 30°C, and reactions were separated by SDS-PAGE and
exposed to autoradiography film for ~12 h. Equivalent amounts of PIPKIyi5 C-terminus substrate proteins were run on a second SDS-PAGE in parallel and
stained with Coomassie Blue as an input control. (G) Quantification of the phosphorylation panel shown in F. Autoradiography images were quantified as
described in Materials and Methods. Data from four independent experiments was normalized to wild-type PIPKIyi5 C-terminus+Src. (H) HA-PIPKIlyi5 point
mutants were coexpressed with Myc—SNX5 in HeLa cells. Immunoprecipitation using an anti-HA antibody was then performed as described above. Western
blotting of the immunocomplexes and lysates was performed with the indicated antibodies. (I) HA-PIPKIyi5 (lyi5) point mutants and/or E-cadherin (ECD) were
expressed in Hela cells for 16 h, and total cell lysates were western blotted for the indicated proteins as in Fig. 2. The western blot is representative of 14
independent experiments. (J) Quantification of the western blot depicted in I. Data show the mean*s.e.m.

Src phosphorylation of PIPKIyi5 might affect E-cadherin
protein content. Coexpression of PIPKIyi5 with Src did not
further enhance E-cadherin loss (supplementary material Fig.
S4D,E). This might be due to high basal levels of PIPKIyi5
phosphorylation, and the amount of free PIPKIyi5 in this system
might demonstrate a maximal effect. However, coexpression of Src
with SNX5 reduced the magnitude of the increase in E-cadherin
(supplementary material Fig. S4F,G). One explanation for this
observation might be that the PIPKIyi5-mediated degradation
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pathway is constantly activated in cells ectopically expressing Src.
In this scenario, endogenous PIPKIyi5 maintains phosphorylation
at Y646, which would inhibit its association with SNX5, promoting
E-cadherin loss.

To examine how the identified truncation and point mutations
of PIPKIyi5 affect E-cadherin degradation, E-cadherin was
expressed with PIPKIyi5 Y646F, Y649F and A659 mutations.
As shown in Fig. 5L], the Y646F, Y649F and A659 mutations
had a diminished ability to induce E-cadherin degradation
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compared with wild-type PIPKIyi5, and were less effective than
kinase-dead PIPKIyi5. In addition to affecting phosphorylation
and interaction with SNXS5, these mutations might have additional
consequences on PIPKIvyi5 targeting, kinase activity or protein—
protein interactions that impact on the regulation of E-cadherin. It
is doubtful that these mutations affect the interaction of PIPKIvyi5
with E-cadherin, because the conserved kinase domain in PIPKIy
mediates this interaction (Ling et al., 2007).

PIPKIyi5 and SNX5 function within the defined E-cadherin
lysosomal-targeting pathway

Multiple studies have examined the degradation of E-cadherin, as
reduced E-cadherin expression correlates with cancer progression
(Fujita et al., 2002; Janda et al., 2006; Miyashita and Ozawa, 2007;
Palacios et al., 2005; Shen et al., 2008; Toyoshima et al., 2007,
Yang et al., 2006). Previously, the trafficking of EGFR from early
to late endosomes was found to require PIPKIyi5 prior to
lysosomal degradation of the receptor. Therefore, to assess the
step in which PIPKIyi5 functions to promote E-cadherin loss, an
siRNA screen of known components required for E-cadherin
degradation was performed. As E-cadherin in subconfluent cells
was found at early endosomes (Fig. 3A), the screen focused on
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post-endocytic trafficking pathways. The Rab GTPases regulate
specific trafficking steps, with Rab5 functioning in endocytosis and
early endosomal trafficking, whereas Rab7 regulates trafficking to
late endosomes and plays a role in sorting intraluminal vesicles to
the lysosome for degradation (Huotari and Helenius, 2011;
Hutagalung and Novick, 2011; Vanlandingham and Ceresa,
2009). E-cadherin that has been targeted for degradation is
transported through Rab5- and Rab7-positive compartments, and
the expression of Rab5 or Rab7 mutants delays E-cadherin
degradation (Palacios et al., 2005). To assess the role of Rab
GTPases in PIPKIyi5 function, siRNAs were used to knock down
Rab5a or Rab7 protein expression in HeLa cells. The cells were
then transfected with E-cadherin with or without PIPKIyiS. When
E-cadherin was expressed alone in control, Rab5a- or Rab7-
knockdown cells, there was no significant change in E-cadherin
expression. Expression of PIPKIyi5 in control or Rab5a-
knockdown cells resulted in a reduction in E-cadherin protein
levels (Fig. 6A,B). However, knockdown of Rab7 inhibited the
effect of PIPKIyi5 on E-cadherin expression. Rab7 appears to be
required to mediate E-cadherin loss. This is not surprising, as Rab7
is known to regulate lysosomal trafficking of transmembrane
proteins (Palacios et al., 2005). To further assess changes in

*
I I

Fig. 6. PIPKIlyi5-mediated E-
cadherin degradation is Rab7
dependent. (A) HelLa cells were
transfected with siRNA pools
targeting Rab5a or Rab7 for 48 h,
and were then transfected a second
time with E-cadherin and HA—
PIPKIyi5 constructs for 16 h. Non-
targeting siRNA (Scr) was also
transfected as a control. Cells were
lysed directly into 5x protein loading
buffer, separated by SDS-PAGE and
western blotted (IB) with the indicated

. 0.2
% antibodies. B-tubulin was used as a
- = = Rabba . N . loading control. The western blot is
. - Ctrl ! Ctrl i5 Ctrl i5 representative of five independent
35- SIENA: el Rab5 T OZRab? experiments. (B) Quantification of the
Rab7 P blot shown in A. Error bars show the

ECD + Iyi5

siRNA
Rab5 Scramble

Rab7

mean=*s.e.m. (C) Following Rab5a or
Rab7 knockdown as in A, HelLa cells
were transfected with E-cadherin
alone or with the HA-PIPKIyi5
construct. Coverslips were prepared
as in Fig. 3, and stained with the
indicated antibodies. Scale bar:

10 um.
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phenotype, the Rab5a- and Rab7-knockdown cells were also
examined by immunofluorescence microscopy to examine whether
E-cadherin localization was affected. When E-cadherin was
expressed alone in control, Rab5a- or Rab7-knockdown cells, it
maintained a punctate localization throughout the cell (Fig. 6C).
However, following expression of PIPKIyi5, E-cadherin shifted to
a compact perinuclear localization in control and Rab5a-
knockdown cells, whereas expression of PIPKIyi5 in Rab7-
knockdown cells results in punctate cytoplasmic localization for
E-cadherin, similar to when E-cadherin is expressed alone. This
further suggests that PIPKIyi5 requires a Rab7-dependent pathway
for E-cadherin trafficking and degradation.

In addition to endosomal trafficking, the sorting of E-cadherin
to the lysosome is dependent on its ubiquitylation (Fujita et al.,
2002; Palacios et al., 2005). During endosome-to-lysosome
trafficking, ubiquitylated E-cadherin is eventually sorted into
intraluminal vesicles for degradation. This process is initiated by
the ESCRT-0 complex protein Hrs, which interacts with
ubiquitylated cargo and recruits additional ESCRT proteins to
mediate intraluminal sorting (Henne et al., 2011). Hrs is an
important regulator of E-cadherin degradation and is also
required for PIPKIyi5-mediated degradation of EGFR (Palacios
et al., 2005; Sun et al., 2013; Toyoshima et al., 2007). To assess
the role of Hrs in PIPKIyi5-mediated lysosomal degradation of E-
cadherin, siRNA was used to knock down endogenous Hrs. The
knockdown of Hrs greatly enhanced the expression of E-cadherin.
However, PIPKIyi5 expression reduced E-cadherin levels in Hrs-
knockdown cells, although not as completely as in control cells
(Fig. 7A,B). PIPKIyi5 appears to mediate a rate-limiting step
under basal conditions, and its overexpression greatly enhances
the sorting of E-cadherin for degradation. Additionally, PIPKIyi5
can directly interact with E-cadherin and this might allow for the
degradation of E-cadherin protein in the absence of Hrs.

Of the known functions of SNXS5, the best characterized is in
the mammalian retromer complex, which regulates the recycling
of transmembrane proteins between endosomes and the trans-
Golgi network (TGN) (Wassmer et al., 2007; Wassmer et al.,
2009), and the retromer has been shown to regulate E-cadherin
trafficking to the TGN (Lohia et al., 2012). This pathway consists
of the Vps heterotrimer and a SNX dimer (Bonifacino and
Hurley, 2008). The knockdown of any component affects
trafficking between the TGN and endosomes. As Vps35 is the
main subunit of the retromer, siRNA was used to knock down
Vps35 to assess its function in the regulation of E-cadherin.
Surprisingly, knockdown of Vps35 resulted in a significant
increase in E-cadherin protein content. This might be due to
defects in the trafficking of lysosomal enzymes or other proteins.
However, PIPKIyi5 expression in Vps35-knockdown cells
reduced E-cadherin content to a level similar to that of control
cells, suggesting enhanced function of this complex or a strong
role for PIPKIyi5 in promoting E-cadherin loss, which is
independent of Vps35 (Fig. 7C,D). The overexpression of the
retromer components SNX5 and SNX6 might affect protein—
protein interactions that are necessary for retromer function. To
further assess how the retromer, PIPKIyi5, SNX5 and SNX6
might function together to regulate E-cadherin degradation,
siRNA studies were also performed to knock down SNX5 and
SNX6 individually or together. Although overexpression of these
molecules resulted in a significant increase in E-cadherin
expression, their knockdown appeared to have no effect on E-
cadherin protein levels compared with levels in control cells
(Fig. 7E,F). There are multiple possible explanations for this
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observation. SNX5 and 6 could function in stabilizing E-cadherin
by sequestering PIPKIyi5 or otherwise rendering it unable to push
E-cadherin towards a degradation pathway. In support of this
hypothesis, PIPKIyiS overexpression continues to promote E-
cadherin degradation after knockdown of SNX5 and SNX6
(Fig. 7E,F). The ability of PIPKIyi5 to promote E-cadherin
degradation in the absence of Vps35, SNXS5 and SNX6 indicates a
retromer-independent pathway that is regulated by PIPKIyiS5.
However, PIPKIyi5 counteracts the stabilizing effect of SNXS5
and SNX6 on E-cadherin.

DISCUSSION

The eventual loss of cell-surface E-cadherin and its subsequent
degradation is a principal aspect of EMT. Here, we have identified
PIPKIyiS and SNXS5 as regulators of E-cadherin. In this pathway,
SNXS5 inhibits the lysosomal targeting of E-cadherin. By contrast,
PIPKIyi5 promotes E-cadherin degradation within the known
lysosomal-degradation pathway, because chloroquine treatment or
knockdown of Rab7 can inhibit PIPKIyi5 in this process.
Additionally, knockdown of Hrs limits the effect of PIPKIyi5 on
E-cadherin, which might be compensated for by additional ESCRT
components to promote E-cadherin degradation in the absence of
Hrs. These findings add a layer of complexity to the regulation of
E-cadherin degradation through PIPKIyi5-generated PI(4,5)P, and
phosphorylation of PIPKIyi5. These points have been summarized
as a model depicted in Fig. 8. Generally, SNX5 and PIPKIyi5
associate at endosomal compartments. Stimulation with HGF
results in the disassembly of adherens junctions and E-cadherin
endocytosis. Src activation downstream of HGF phosphorylates
PIPKIyi$, inhibiting the interaction of SNX5 with PIPKIyi5. When
SNXS5 is absent from the PIPKIyi5-E-cadherin complex, E-
cadherin is transported to the lysosome. In this model, PIPKIyi5
promotes E-cadherin degradation, which would facilitate EMT,
whereas SNXS5 inhibits PIPKIyiS. However, the specific functions
of SNX5 alone or in complex with PIPKIyi5 have not been
thoroughly examined. There is the potential for SNXS to regulate
E-cadherin recycling while in complex with PIPKIyi5, which could
regulate recycling and the biosynthetic trafficking of E-cadherin to
the plasma membrane in a manner similar to the interaction
between PIPKIyi2 and APIB (Ling et al., 2007). Consequently,
signaling pathways that regulate the association between PIPKIyi5
and SNXS5 would have serious implications in tumorigenesis and
the metastasis of tumor cells.

Tyrosine phosphorylation of PIPKIy is a well-documented
mechanism to modulate both PIPKIy activity and protein—protein
interactions (Bairstow et al., 2005; Itoh et al., 2000; Lee et al.,
2005; Ling et al., 2003; Park et al., 2001; Sun et al., 2007). HGF
is known to induce Src activation and E-cadherin endocytosis,
ubiquitylation and degradation, leading to the characteristic
depolarization and scattering of epithelial cells that is indicative
of EMT (Cutrupi et al., 2000; Fujita et al., 2002; Giehl and
Menke, 2008; Guarino et al., 2007; Matteucci et al., 2006;
Palacios et al., 2005; Shelly and Herrera, 2002; Shen et al., 2008).
Our data indicate that Y646 and Y649 in PIPKIyi5 are crucial for
regulating its association with SNX5. Mutation of either Y646F
or Y649F increased or decreased the association of PIPKIyi5 with
SNXS, respectively. Surprisingly, both mutations inhibited the
effect of PIPKIyi5 on E-cadherin degradation. This might be due
to changes in PIPKIyi5 localization, post-translational modifications
or protein—protein interactions. This result confounds the
exact mechanism that regulates the association between PIPKIyiS
and SNXS5, and further characterization of the PIPKIyi5—SNXS5
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Fig. 7. PIPKIlyi5 depends on known
degradation pathways, but is
retromer independent. (A) HeLa
cells were transfected with siRNA
pools (si) targeting Hrs for 48 h, and
were then transfected a second time

# with E-cadherin and HA-PIPKIyi5
constructs for 16 h. Non-targeting
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#=p <05 . .
independent experiments.
(B) Quantification of the blot shown in
si: Vps35: _ -+ o+ D A. (C) Hela cells were prepared as in
e = = % : ¢ # Lystes were then analyzed by
ECKE: e e IB: western blotting. The western blot is
. w 4 representative of four independent
130- P -
- z ECD g experiments. (D) Quantification of the
6 3 blot shown in C. (E) HeLa cells were
= prepared as in A, using siRNA to
HA-lyi5 2 knock down SNX5 or SNXG6,
100- .- - [a] % individually and together. Lysates
100~ i i — were then analyzed by western
— blotting. The western blot is
Vps35 representative of four independent
° ctrl i5 cirl is experiments. (F) Quantification of the
v SIRNA: Scr Vps35 blot shown in E. Data show
55~ (- — " |p-tubulin ;::g:ggz the mean=*s.e.m.
E SIRNA: scr  SNX5 SNX6 SNX5+6 F
HA-lyi5: - + - + - + - + . N .
ECD: + + + + + + + + M —_
kDa IB: 12l
130-| 8 s = ——wm— ECD
& .
£
55- [ ————— 3-tUbulin o os
- £ o6+
95- e o
- - ' W HA-Iyi5 S o
55 1
e - SNX5 ol
Ctrl i5 Ctrl i5 Ctrl i5 Ctrl i5
5- S ~ SNX6 SiRNA:  Scr SNX5 SNX6  SNX5+6
*p<0.05

interaction is required to fully understand the regulatory mechanisms
at work in this pathway.

Both PIPKIyi2 and PIPKIYyi5 interact with E-cadherin and
synthesize PI(4,5)P,, but these isoforms have contrasting effects
on E-cadherin function. PIPKIyi2 regulates the trafficking and
assembly of E-cadherin, whereas PIPKIyiS regulates the
lysosomal degradation of E-cadherin. This distinct effect is
likely due to the unique protein—protein interactions and
intracellular targeting for each splice variant. PIPKIyi2 and
PIPKIyiS are expressed in the majority of epithelial and non-
epithelial cell lines, where they have unique functions. PIPKIyi2
regulates the trafficking of several proteins to and from the plasma
membrane (Bairstow et al., 2006; Kahlfeldt et al., 2010; Ling et al.,

2007). The function of PIPKIyi5 is still emerging. We determined
previously that PIPKIyi5 regulates the endosomal and intraluminal
sorting of EGFR for degradation, through a complex containing
Hrs and SNX5 (Sun et al., 2013). Here, we present additional data
suggesting that PIPKIyi5 can sort E-cadherin for degradation.
However, it should be noted that PIPKIyi5 is relatively low in
abundance compared with total PIPKIy expression; thus, using an
overexpression system to examine PIPKIyi5 function is a current
limitation for examining endogenous PIPKIyi5 function. It will be
interesting to investigate the effects of PIPKIyi5 knockdown, and
the development of antibodies that can detect the endogenous
protein in epithelial cells will further our understanding of the
endogenous localization and function of PIPKIyi5 in E-cadherin
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trafficking. The development of improved siRNA and antibodies
will be crucial to future studies of this pathway.

We also investigated the role of SNX function in this E-
cadherin degradation pathway. Expression of SNXS5, or the
similar SNX6, resulted in an increase in E-cadherin stability,
whereas SNX5 or SNX6 knockdown had no clear effect on E-
cadherin and could not prevent PIPKIyiS-mediated E-cadherin
loss. The potential for SNX1 regulation by PIPKIyi5 is illustrated
by the fact that coexpression of PIPKIy and SNXI, but not
expression of SNX1 alone, resulted in a decrease in E-cadherin
levels. As the phosphoinositide-binding preference of SNX1 is for
phosphatidylinositol 3-phosphate and phosphatidylinositol 3,5-
bisphosphate, it is likely that PIPKIyi5 indirectly regulates SNX1
activity through its association with SNX5 and SNX6. SNX1 was
previously shown to promote the recycling of internalized E-
cadherin (Bryant et al., 2007); PIPKIyi5 could potentially
indirectly inhibit SNXI-mediated recycling of E-cadherin in
polarized cells.

PIPKIyi5 regulates both EGFR and E-cadherin lysosomal sorting,
with some specificity for these proteins (Sun et al., 2013). Many of
the proteins required for endocytosis and lysosomal sorting are
shared between EGFR and E-cadherin. At the plasma membrane,
EGFR and E-cadherin interact, and this inhibits EGFR activity
(Hoschuetzky et al., 1994; Mateus et al., 2007; Pece and Gutkind,
2000; Takahashi and Suzuki, 1996). Following stimulation, both are
endocytosed and are found together at intracellular compartments
(Bryant et al., 2007; Schill and Anderson, 2009a; Sorkin and Goh,
2008). At endosomes, both proteins are sorted through Rab5- and
Rab7-positive compartments, until their eventual intraluminal
sorting and lysosomal degradation (Chen et al., 2009; Dinneen
and Ceresa, 2004; Palacios et al.,, 2005; Spinosa et al., 2008;
Vanlandingham and Ceresa, 2009). E-cadherin and EGFR are
ubiquitylated (Fujita et al., 2002; Levkowitz et al., 1998), and this
signal is recognized by the ESCRT proteins (with Hrs recognizing
ubiquitylated E-cadherin or EGFR) and is essential for their
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Fig. 8. PIPKIlyi5 and SNX5 regulate E-
cadherin targeting. A model depicting the
proposed functions of PIPKIyi5 and SNX5 in
regulating the lysosomal targeting of E-
cadherin. HGF stimulation initiates the
disassembly of adherens junctions and
eventual degradation of E-cadherin.
Additionally, HGF activation might also
promote Src phosphorylation of PIPKIyi5 on
Y646. Following phosphorylation, the
interaction of PIPKIyi5 with SNX5 is inhibited,
and PIPKIyi5 functions in a pathway to
promote the degradation of E-cadherin in a
Rab7-dependent manner. Hrs also appears to
function in this pathway, but is not an absolute
! requirement for PIPKIyi5-mediated E-cadherin
degradation. This E-cadherin degradation
process also appears to require the lipid kinase
activity of PIPKIyi5. The role of SNX5 in this
pathway appears to be to inhibit the lysosomal
rd targeting of E-cadherin and is potentially

- mediated by direct inhibition of PIPKIyi5 and
other proteins necessary for degradation.
Alternatively, it is possible that SNX5, alone or
in complex with PIPKIyi5 and E-cadherin,
could enhance E-cadherin recycling. However,
additional studies are required to define the
exact roles for SNX5 in E-cadherin trafficking.

degradation (Chin et al., 2001; Lloyd et al., 2002; Palacios et al.,
2005; Raiborg et al., 2001). Therefore, any of these shared steps
might be regulated by PIPKIyi5. siRNA-mediated knockdown of
Rab7, but not Rab5, inhibited PIPKIyiS-induced E-cadherin
degradation, suggesting that Rab7 is essential for the sorting of E-
cadherin from endosomes to lysosomes in response to PIPKIyi5. In
addition, Hrs knockdown substantially increased E-cadherin levels,
but PIPKIyi5-induced degradation was only marginally inhibited by
Hrs knockdown. This indicates that Hrs might not be required for
PIPKIyi5-regulated E-cadherin degradation, due to the presence of
alternative ubiquitin adaptors or the recruitment of additional
sorting machinery by PIPKIyi5. There might be several effectors for
PI(4,5)P, that contribute to this process. The best characterized
appears to be SNXS5, which can interact with PIPKIyi5 and the
ubiquitin adaptor Hrs. Because Hrs is not absolutely required for
PIPKIyi5 to exert its degradative effects on E-cadherin, there might
be additional ESCRT- and PI(4,5)P,-binding proteins present at
endosomes that assist in this process. Additionally, PI(4,5)P, has
been detected at endosomes, where proteins like clathrin, actin and
Rab GTPases (such as RAB10) have all been implicated in
endosomal PI(4,5)P, signaling pathways (Arneson et al., 1999;
Rong et al., 2012; Shi et al., 2012; Vicinanza et al., 2008; Vicinanza
et al., 2011; Watt et al., 2002).

One key difference between EGFR and E-cadherin is the
interaction of these proteins with PIPKIyiS and SNXS5. PIPKIyiS
can directly interact with E-cadherin through its kinase domain,
which might allow for direct PIPKIyi5-mediated control of the
lysosomal degradation of E-cadherin. By contrast, EGFR
degradation requires both PIPKIyi5 and SNX5 (Sun et al., 2013).
Therefore, PIPKIyi5 might regulate the function of SNXS5 through
the synthesis of PI(4,5)P, to promote the lysosomal sorting of EGFR.
Further study is necessary to identify the components in these sorting
pathways that are specifically required for EGFR and E-cadherin.

E-cadherin is well characterized as a tumor suppressor, and
loss of E-cadherin protein is associated with cancer initiation and
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progression (Mosesson et al., 2008; Wijnhoven et al., 2000).
There are also roles for PIPKIy and SNX5 in cancer biology.
Expression of PIPKIy in breast tumors was found to correlate
with poor patient prognosis (Sun et al., 2010), whereas variations
in SNX5 and SNX6 mRNA levels were observed in some cancers
(Liu et al., 2007; Shipitsin et al., 2007). Here, we have uncovered
new players in the governance of E-cadherin degradation. The
association between PIPKIyi5 and SNXS5 represents a decision
point, with SNX5 promoting the retention of E-cadherin, and
PIPKIyi5 promoting its loss. Upsetting the balance of this
signaling pathway by mutation or disease could theoretically lead
to degradation of the E-cadherin pool that is needed to maintain
adhesion. Because E-cadherin loss has implications in human
disease, this signaling pathway might prove to be a target for
therapeutic intervention. The expression of PIPKIyiS might have
a broad influence on cellular function by controlling the level of
certain proteins, such as E-cadherin and EGFR.

MATERIALS AND METHODS

Expression constructs

Human PIPKIy splice variants, SNX5, SNX6 and SNX1 were amplified by
PCR for insertion into the pPCMV-Myc and pPCMV-HA vectors (Clontech).
PIPKIy point mutations and truncation mutants were generated using PCR
primer overlap extension with primers containing the desired mutations.
The E-cadherin expression vector was generated by PCR amplification of
the human E-cadherin coding region and insertion into the pcDNA 3 vector
(Invitrogen). c-Src expression vectors were created as described previously
(Ling et al., 2003). Validated siRNA pools targeting SNXS5, SNX6, Hrs,
Vps35, Rab5a and Rab7, and non-targeting control oligo were obtained
from Santa Cruz Biotechnology.

Antibodies

Polyclonal antibodies towards PIPKIy splice variants were created as
described previously (Ling et al., 2002; Schill and Anderson, 2009b).
Commercially available antibodies were obtained as follows: mouse and
rabbit IgG, anti-phosphotyrosine (4G10), anti-Myc (4A6), anti-Src, anti-[3-
tubulin and anti-HA polyclonal antibody were from Upstate; unconjugated
and FITC- or Alexa-Fluor-647-conjugated anti-E-cadherin monoclonal
antibody (mAbD), anti-EEA 1, anti-GM-130, anti-N-cadherin and anti-TfnR
were from BD Biosciences; anti-SNX35, anti-SNX6, anti-Hrs, anti-SNX1,
anti-Rab5a and anti-Rab7 were from Santa Cruz Biotechnology; anti-HA
(HA.11) was from Covance; anti-LAMP-1 was from Abcam; Alexa-Fluor-
350-, Alexa-Fluor-488-, Alexa-Fluor-555-, Alexa-Fluor-647- and Pacific-
Blue-conjugated secondary antibodies were from Molecular Probes; and
HRP-conjugated secondary antibodies for western blotting were from
Jackson Immunoresearch.

Cell culture and transfection

PIPKIyi5 stable MDCK-TetOff cell lines (Clontech) were constructed
and cultured as described previously (Ling et al., 2007). Expression was
induced by a 72 h withdrawal of doxycycline. HeLa cells were plated at
5.5%x10° cells per 60 mm plate, 2x10° per six-well plate or 0.6x10° per
12-well plate in DMEM supplemented with 10% FBS overnight before
transfection with Lipofectamine 2000 or Oligofectamine (Invitrogen).
For immunofluorescence and E-cadherin degradation assays in HelLa
cells, cells were harvested for analysis ~16 h post-transfection. For
siRNA-mediated knockdown of SNXS5, SNX6, Vps35, Rab5a, Rab7 and
Hrs, cells were incubated for 72 h before analysis.

Indirect immunofluorescence microscopy

MDCK and HeLa cells were grown on glass coverslips placed inside six-
well plates until analysis. Coverslips were washed twice with PBS, fixed
with 4% paraformaldehyde, then permeabilized with 0.5% Triton X-100
in PBS. Next, cells were blocked with 3% bovine serum albumin (BSA).
Cells were treated with 1 uM LysoTracker Red DND-99 (Invitrogen) in
DMEM for 30 min prior to fixation. Incubation with the primary

antibody was performed at 37°C for 1 h or at 4°C overnight. Incubation
with fluorophore-conjugated secondary antibodies was performed at 37°C
for 30—45 min. Cells were washed between incubation steps with 0.1%
Triton X-100 in PBS. Indirect immunofluorescence microscopy was
performed using a 60x plan-fluor objective on a Nikon Eclipse TE2000U
with a Photometrics CoolSNAP ES CCD camera. Images were captured
using MetaMorph v6.3 (Molecular Devices) and processed with the ‘2D
deconvolution’ application. Images were exported to Photoshop CS2
(Adobe) for final processing and assembly.

Immunoprecipitation and immunoblotting

For immunoprecipitation of endogenous E-cadherin and PIPKIy, cells were
lysed in a solution containing 50 mM Tris-HCl pH 7.5, 150 mM NacCl, 0.5%
NP-40, 1 mM EDTA and 10% glycerol, supplemented with Roche Complete
Mini Protease Inhibitor tablets. Analysis of the immunoprecipitates were
performed as described previously (Ling et al., 2007). Immunoprecipitation
of PIPKIyi5 with SNXS was performed as described previously (Towler
et al., 2004), with modifications. Briefly, cells were lysed in a solution
containing 100 mM NaCl, 50 mM HEPES, 5 mM MgCl,, 0.5% NP-40 and
2mM Na3;VO,4, supplemented with protease inhibitors. Protein
concentrations were calculated using the bicinchoninic acid (BCA) assay
(Bio-Rad Laboratories), according to the manufacturer’s instructions.
PageRuler Prestained Protein Ladder (Fermentas) or Benchmark
Prestained Protein Ladder (Invitrogen) was used as the molecular mass
standard for western blotting. All immunoprecipitations were performed at
least three times, and the results shown are representative of all experiments.

Phosphorylation studies

For steady-state phosphorylation, HeLa cells were transfected with the
indicated constructs for 5 h in DMEM supplemented with 10% FBS, then
the medium was changed to fresh DMEM with 10% FBS for incubation
overnight. For growth factor stimulation studies, HeLa cells were
transfected for 5 h in DMEM with 10% FBS, then were washed in PBS
and replated with 0.1% FBS in DMEM overnight. For HGF stimulation,
doxycycline was withdrawn from the MDCK-PIPKIyi5 stable cell lines
for 48 h, then the cells were serum starved overnight. 50 ng/ml HGF
(Sigma-Aldrich) was added for the indicated times prior to cell lysis.
Cells were scraped into a solution containing 50 mM Tris-HCI pH 7.2,
1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 50 mM NaCl, 2 mM
EDTA, 2 mM Na3VO, and protease inhibitors, sonicated briefly and
lysed for 30 min at 4°C. Myc- or HA-tagged PIPKIy was
immunoprecipitated with 3 pg of anti-HA or anti-Myc mAb for 16 h at
4°C. Lysates were then incubated for 1 h with Protein-G—Sepharose-4B
(Amersham) to extract the immunocomplexes. The immunoprecipitates
were then western blotted with 0.1 ug/ml anti-phosphotyrosine (4G10)
mAD, as per the manufacturer’s instructions.

For the in vitro Src phosphorylation studies, 7 pg of wild-type or
mutant 6His-tagged PIPKIyi5 C-terminus (residues 485-707) was
combined with 10 uCi of v-[**P]-ATP and 1 unit of human
recombinant Src (Millipore) in 25 mM Tris-HCl pH 7.2, 30 mM
MgCls, 5 mM MnCl,, 500 uM EGTA, 500 uM DTT and 100 uM ATP
for 15 min at 30°C. Reactions were terminated by the addition of 2x
protein loading buffer (giving a final concentration of 12 mM Tris-HCl
pH 6.8, 5% glycerol, 0.4% SDS and 1.25% -mercaptoethanol) and
separated by SDS-PAGE. [*’P] signal intensity was quantified using
Quantity One (Bio-Rad), and statistical analysis of the data was
performed in Microsoft Excel. Error bars indicate the standard error of
the mean (s.e.m.) of each data set. Significance was calculated using
Student’s two-tailed #-test. All phosphorylation experiments were
performed at least three times, and the results shown are representative
of all experiments.

Quantification of E-cadherin degradation

HeLa cells were plated at 0.6x10° cells per well of a 12-well plate and
were transfected with Lipofectamine 2000 and DNA expression vectors
at ~32 h after plating. Cell confluency was ~60% at the time of
transfection. 40 uM chloroquine was included in the medium where
indicated. After 16 h, cells were lysed directly in 2x protein loading
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buffer, and cell lysates were then quantified by using a modified Bradford
absorbance assay. Protein samples were western blotted with the
indicated antibodies. After developing western blots, the film was
scanned using a transmitted-light scanner. Protein bands were quantified
using ImagelJ, and statistical analysis of the data was performed in
Microsoft Excel. E-cadherin expression was normalized to that of -
tubulin or GAPDH. Error bars indicate the s.e.m. of each data set.
Significance was calculated using Student’s two-tailed #-test.

qPCR analysis of E-cadherin mRNA

HeLa cells were plated at 2x10° per well of a six-well plate and
transfected as described above. Total cellular RNA was extracted using
the RNeasy Mini extraction kit (Qiagen), according to the manufacturer’s
directions. 1 ug of RNA was reverse transcribed using Transcriptor
(Roche), and the resulting cDNA was used for qPCR analysis on a Bio-
Rad iQ5 system. Primers for E-cadherin and GAPDH were as follows:
ECD R1 Fwd, 5'-AGGCCAAGCAGCAGTACATT-3"; ECD RI1 Rev, 5'-
AGGCCAAGCAGCAGTACATT-3"; ECD R2 Fwd, 5'-TGAGTGTCC-
CCCGGTATCTTC-3'; ECD R2 Rev, 5'-CAGTATCAGCCGCTTTC-
AGATTTT-3'; GAPDH Fwd, 5'-GAAGGTCGGAGTCAACGGATTT-
3’; GAPDH Rev, 5'-GAATTTGCCATGGGTGGAAT-3'. Data were
analyzed by the Pfaffl method, using GAPDH as the reference gene. The
data shown are the result of five independent experiments, with internal
duplicates for each experiment. Error bars indicate the s.e.m. of each data
set. Significance was calculated using Student’s two-tailed r-test.

Competing interests
The authors declare no competing interests.

Author contributions

N.J.S. performed immunoprecipitations, microscopy, E-cadherin degradation
experiments and PIPKIyi5 phosphorylation, and prepared the manuscript. A.C.H.
performed E-cadherin degradation experiments and microscopy, and prepared
the manuscript. S.C. performed HGF stimulation of MDCK cells and in vitro
phosphorylation. R.A.A. provided scientific rationale and project guidance.

Funding

This work was supported by the National Institutes of Health [grant numbers T32
HL007899-07, RO1 GM057549-14 and CA104708-05 to R.A.A.]; and by
American Heart Association Predoctoral Fellowships [grant numbers 06155327 to
N.J.S. and PRE2280534 to A.C.H.]. Deposited in PMC for release after 12
months.

Supplementary material
Supplementary material available online at
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.132423/-/DC1

References

Akiyama, C., Shinozaki-Narikawa, N., Kitazawa, T., Hamakubo, T., Kodama, T.
and Shibasaki, Y. (2005). Phosphatidylinositol-4-phosphate 5-kinase 7y is
associated with cell-cell junction in A431 epithelial cells. Cell Biol. Int. 29, 514-520.

Arneson, L. S., Kunz, J., Anderson, R. A. and Traub, L. M. (1999). Coupled
inositide phosphorylation and phospholipase D activation initiates clathrin-coat
assembly on lysosomes. J. Biol. Chem. 274, 17794-17805.

Bairstow, S. F., Ling, K. and Anderson, R. A. (2005). Phosphatidylinositol
phosphate kinase type Igamma directly associates with and regulates Shp-1
tyrosine phosphatase. J. Biol. Chem. 280, 23884-23891.

Bairstow, S. F,, Ling, K., Su, X., Firestone, A. J., Carbonara, C. and Anderson,
R. A. (2006). Type Ilgamma661 phosphatidylinositol phosphate kinase directly
interacts with AP2 and regulates endocytosis. J. Biol. Chem. 281, 20632-20642.

Betson, M., Lozano, E., Zhang, J. and Braga, V. M. (2002). Rac activation upon
cell-cell contact formation is dependent on signaling from the epidermal growth
factor receptor. J. Biol. Chem. 277, 36962-36969.

Bonifacino, J. S. and Hurley, J. H. (2008). Retromer. Curr. Opin. Cell Biol. 20, 427-436.

Bryant, D. M. and Stow, J. L. (2004). The ins and outs of E-cadherin trafficking.
Trends Cell Biol. 14, 427-434.

Bryant, D. M., Kerr, M. C., Hammond, L. A,, Joseph, S. R., Mostoyv, K. E.,
Teasdale, R. D. and Stow, J. L. (2007). EGF induces macropinocytosis and
SNX1-modulated recycling of E-cadherin. J. Cell Sci. 120, 1818-1828.

Carlton, J. G. and Cullen, P. J. (2005). Sorting nexins. Curr. Biol. 15, R819-R820.

Carlton, J., Bujny, M., Rutherford, A. and Cullen, P. (2005). Sorting nexins —
unifying trends and new perspectives. Traffic 6, 75-82.

Chen, P. |., Kong, C., Su, X. and Stahl, P. D. (2009). Rab5 isoforms differentially
regulate the trafficking and degradation of epidermal growth factor receptors.
J. Biol. Chem. 284, 30328-30338.

2202

Chin, L. S., Raynor, M. C., Wei, X., Chen, H. Q. and Li, L. (2001). Hrs interacts
with sorting nexin 1 and regulates degradation of epidermal growth factor
receptor. J. Biol. Chem. 276, 7069-7078.

Cutrupi, S., Baldanzi, G., Gramaglia, D., Maffe, A., Schaap, D., Giraudo, E.,
van Blitterswijk, W., Bussolino, F., Comoglio, P. M. and Graziani, A. (2000).
Src-mediated activation of alpha-diacylglycerol kinase is required for hepatocyte
growth factor-induced cell motility. EMBO J. 19, 4614-4622.

D’Souza-Schorey, C. (2005). Disassembling adherens junctions: breaking up is
hard to do. Trends Cell Biol. 15, 19-26.

de Pereda, J. M., Wegener, K. L., Santelli, E., Bate, N., Ginsberg, M. H.,
Critchley, D. R., Campbell, I. D. and Liddington, R. C. (2005). Structural basis
for phosphatidylinositol phosphate kinase type Igamma binding to talin at focal
adhesions. J. Biol. Chem. 280, 8381-8386.

Delva, E. and Kowalczyk, A. P. (2009). Regulation of cadherin trafficking. Traffic
10, 259-267.

Di Paolo, G., Pellegrini, L., Letinic, K., Cestra, G., Zoncu, R., Voronoyv, S.,
Chang, S., Guo, J., Wenk, M. R. and De Camilli, P. (2002). Recruitment and
regulation of phosphatidylinositol phosphate kinase type 1 y by the FERM
domain of talin. Nature 420, 85-89.

Dinneen, J. L. and Ceresa, B. P. (2004). Continual expression of Rab5(Q79L)
causes a ligand-independent EGFR internalization and diminishes EGFR
activity. Traffic 5, 606-615.

Doughman, R. L., Firestone, A. J. and Anderson, R. A. (2003). Phosphatidylinositol
phosphate kinases put PI4,5P(;) in its place. J. Membr. Biol. 194, 77-89.

El Sayegh, T. Y., Arora, P. D., Ling, K., Laschinger, C., Janmey, P. A,
Anderson, R. A. and McCulloch, C. A. (2007). Phosphatidylinositol-4,5
bisphosphate produced by PIP5Klgamma regulates gelsolin, actin assembly,
and adhesion strength of N-cadherin junctions. Mol. Biol. Cell 18, 3026-
3038.

Fujita, Y., Krause, G., Scheffner, M., Zechner, D., Leddy, H. E., Behrens, J.,
Sommer, T. and Birchmeier, W. (2002). Hakai, a c-Cbl-like protein, ubiquitinates
and induces endocytosis of the E-cadherin complex. Nat. Cell Biol. 4, 222-231.

Giehl, K. and Menke, A. (2008). Microenvironmental regulation of E-cadherin-
mediated adherens junctions. Front. Biosci. 13, 3975-3985.

Giudici, M. L., Emson, P. C. and Irvine, R. F. (2004). A novel neuronal-specific
splice variant of Type | phosphatidylinositol 4-phosphate 5-kinase isoform
gamma. Biochem. J. 379, 489-496.

Guarino, M., Rubino, B. and Ballabio, G. (2007). The role of epithelial-
mesenchymal transition in cancer pathology. Pathology 39, 305-318.

Guillemot, L., Paschoud, S., Pulimeno, P., Foglia, A. and Citi, S. (2008). The
cytoplasmic plaque of tight junctions: a scaffolding and signalling center.
Biochim. Biophys. Acta 1778, 601-613.

Harlan, J. E., Hajduk, P. J., Yoon, H. S. and Fesik, S. W. (1994). Pleckstrin homology
domains bind to phosphatidylinositol-4,5-bisphosphate. Nature 371, 168-170.

Hartsock, A. and Nelson, W. J. (2008). Adherens and tight junctions: structure,
function and connections to the actin cytoskeleton. Biochim. Biophys. Acta
1778, 660-669.

Heck, J. N., Mellman, D. L., Ling, K., Sun, Y., Wagoner, M. P., Schill, N. J. and
Anderson, R. A. (2007). A conspicuous connection: structure defines function
for the phosphatidylinositol-phosphate kinase family. Crit. Rev. Biochem. Mol.
Biol. 42, 15-39.

Henne, W. M., Buchkovich, N. J. and Emr, S. D. (2011). The ESCRT pathway.
Dev. Cell 21, 77-91.

Hoschuetzky, H., Aberle, H. and Kemler, R. (1994). Beta-catenin mediates the
interaction of the cadherin-catenin complex with epidermal growth factor
receptor. J. Cell Biol. 127, 1375-1380.

Houghton, F. J., Bellingham, S. A, Hill, A. F., Bourges, D., Ang, D. K., Gemetzis, T.,
Gasnereau, . and Gleeson, P. A. (2012). Arl5b is a Golgi-localised small G protein
involved in the regulation of retrograde transport. Exp. Cell Res. 318, 464-477.

Huotari, J. and Helenius, A. (2011). Endosome maturation. EMBO J. 30, 3481-
3500.

Hutagalung, A. H. and Novick, P. J. (2011). Role of Rab GTPases in membrane
traffic and cell physiology. Physiol. Rev. 91, 119-149.

Itoh, T., Ishihara, H., Shibasaki, Y., Oka, Y. and Takenawa, T. (2000).
Autophosphorylation of type | phosphatidylinositol phosphate kinase regulates
its lipid kinase activity. J. Biol. Chem. 275, 19389-19394.

Ivanov, A. I., Nusrat, A. and Parkos, C. A. (2004). Endocytosis of epithelial apical
junctional proteins by a clathrin-mediated pathway into a unique storage
compartment. Mol. Biol. Cell 15, 176-188.

Janda, E., Nevolo, M., Lehmann, K., Downward, J., Beug, H. and Grieco, M.
(2006). Raf plus TGFbeta-dependent EMT is initiated by endocytosis and
lysosomal degradation of E-cadherin. Oncogene 25, 7117-7130.

Kahlfeldt, N., Vahedi-Faridi, A., Koo, S. J., Schifer, J. G., Krainer, G., Keller,
S., Saenger, W., Krauss, M. and Haucke, V. (2010). Molecular basis for
association of PIPKI gamma-p90 with clathrin adaptor AP-2. J. Biol. Chem. 285,
2734-2749.

Koharudin, L. M., Furey, W., Liu, H,, Liu, Y. J. and Gronenborn, A. M. (2009).
The phox domain of sorting nexin 5 lacks phosphatidylinositol 3-phosphate
(PtdIns(3)P) specificity and preferentially binds to phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P2). J. Biol. Chem. 284, 23697-23707.

Lee, S. Y., Voronov, S., Letinic, K., Nairn, A. C., Di Paolo, G. and De Camilli, P.
(2005). Regulation of the interaction between PIPKI y and talin by proline-
directed protein kinases. J. Cell Biol. 168, 789-799.

Lemmon, M. A. (2003). Phosphoinositide recognition domains. Traffic 4, 201-
213.

(]
(&}
c
2
O
w
o
(@)
Y—
o
©
c
—
>
(©]
-



http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.132423/-/DC1
http://dx.doi.org/10.1016/j.cellbi.2005.02.010
http://dx.doi.org/10.1016/j.cellbi.2005.02.010
http://dx.doi.org/10.1016/j.cellbi.2005.02.010
http://dx.doi.org/10.1074/jbc.274.25.17794
http://dx.doi.org/10.1074/jbc.274.25.17794
http://dx.doi.org/10.1074/jbc.274.25.17794
http://dx.doi.org/10.1074/jbc.M500576200
http://dx.doi.org/10.1074/jbc.M500576200
http://dx.doi.org/10.1074/jbc.M500576200
http://dx.doi.org/10.1074/jbc.M601465200
http://dx.doi.org/10.1074/jbc.M601465200
http://dx.doi.org/10.1074/jbc.M601465200
http://dx.doi.org/10.1074/jbc.M207358200
http://dx.doi.org/10.1074/jbc.M207358200
http://dx.doi.org/10.1074/jbc.M207358200
http://dx.doi.org/10.1016/j.ceb.2008.03.009
http://dx.doi.org/10.1016/j.tcb.2004.07.007
http://dx.doi.org/10.1016/j.tcb.2004.07.007
http://dx.doi.org/10.1242/jcs.000653
http://dx.doi.org/10.1242/jcs.000653
http://dx.doi.org/10.1242/jcs.000653
http://dx.doi.org/10.1016/j.cub.2005.10.012
http://dx.doi.org/10.1111/j.1600-0854.2005.00260.x
http://dx.doi.org/10.1111/j.1600-0854.2005.00260.x
http://dx.doi.org/10.1074/jbc.M109.034546
http://dx.doi.org/10.1074/jbc.M109.034546
http://dx.doi.org/10.1074/jbc.M109.034546
http://dx.doi.org/10.1074/jbc.M004129200
http://dx.doi.org/10.1074/jbc.M004129200
http://dx.doi.org/10.1074/jbc.M004129200
http://dx.doi.org/10.1093/emboj/19.17.4614
http://dx.doi.org/10.1093/emboj/19.17.4614
http://dx.doi.org/10.1093/emboj/19.17.4614
http://dx.doi.org/10.1093/emboj/19.17.4614
http://dx.doi.org/10.1016/j.tcb.2004.11.002
http://dx.doi.org/10.1016/j.tcb.2004.11.002
http://dx.doi.org/10.1074/jbc.M413180200
http://dx.doi.org/10.1074/jbc.M413180200
http://dx.doi.org/10.1074/jbc.M413180200
http://dx.doi.org/10.1074/jbc.M413180200
http://dx.doi.org/10.1111/j.1600-0854.2008.00862.x
http://dx.doi.org/10.1111/j.1600-0854.2008.00862.x
http://dx.doi.org/10.1038/nature01147
http://dx.doi.org/10.1038/nature01147
http://dx.doi.org/10.1038/nature01147
http://dx.doi.org/10.1038/nature01147
http://dx.doi.org/10.1111/j.1398-9219.2004.00204.x
http://dx.doi.org/10.1111/j.1398-9219.2004.00204.x
http://dx.doi.org/10.1111/j.1398-9219.2004.00204.x
http://dx.doi.org/10.1007/s00232-003-2027-7
http://dx.doi.org/10.1007/s00232-003-2027-7
http://dx.doi.org/10.1007/s00232-003-2027-7
http://dx.doi.org/10.1091/mbc.E06-12-1159
http://dx.doi.org/10.1091/mbc.E06-12-1159
http://dx.doi.org/10.1091/mbc.E06-12-1159
http://dx.doi.org/10.1091/mbc.E06-12-1159
http://dx.doi.org/10.1091/mbc.E06-12-1159
http://dx.doi.org/10.1038/ncb758
http://dx.doi.org/10.1038/ncb758
http://dx.doi.org/10.1038/ncb758
http://dx.doi.org/10.2741/2985
http://dx.doi.org/10.2741/2985
http://dx.doi.org/10.1042/BJ20031394
http://dx.doi.org/10.1042/BJ20031394
http://dx.doi.org/10.1042/BJ20031394
http://dx.doi.org/10.1080/00313020701329914
http://dx.doi.org/10.1080/00313020701329914
http://dx.doi.org/10.1016/j.bbamem.2007.09.032
http://dx.doi.org/10.1016/j.bbamem.2007.09.032
http://dx.doi.org/10.1016/j.bbamem.2007.09.032
http://dx.doi.org/10.1038/371168a0
http://dx.doi.org/10.1038/371168a0
http://dx.doi.org/10.1016/j.bbamem.2007.07.012
http://dx.doi.org/10.1016/j.bbamem.2007.07.012
http://dx.doi.org/10.1016/j.bbamem.2007.07.012
http://dx.doi.org/10.1080/10409230601162752
http://dx.doi.org/10.1080/10409230601162752
http://dx.doi.org/10.1080/10409230601162752
http://dx.doi.org/10.1080/10409230601162752
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1083/jcb.127.5.1375
http://dx.doi.org/10.1083/jcb.127.5.1375
http://dx.doi.org/10.1083/jcb.127.5.1375
http://dx.doi.org/10.1016/j.yexcr.2011.12.023
http://dx.doi.org/10.1016/j.yexcr.2011.12.023
http://dx.doi.org/10.1016/j.yexcr.2011.12.023
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1152/physrev.00059.2009
http://dx.doi.org/10.1152/physrev.00059.2009
http://dx.doi.org/10.1074/jbc.M000426200
http://dx.doi.org/10.1074/jbc.M000426200
http://dx.doi.org/10.1074/jbc.M000426200
http://dx.doi.org/10.1091/mbc.E03-05-0319
http://dx.doi.org/10.1091/mbc.E03-05-0319
http://dx.doi.org/10.1091/mbc.E03-05-0319
http://dx.doi.org/10.1038/sj.onc.1209701
http://dx.doi.org/10.1038/sj.onc.1209701
http://dx.doi.org/10.1038/sj.onc.1209701
http://dx.doi.org/10.1074/jbc.M109.074906
http://dx.doi.org/10.1074/jbc.M109.074906
http://dx.doi.org/10.1074/jbc.M109.074906
http://dx.doi.org/10.1074/jbc.M109.074906
http://dx.doi.org/10.1074/jbc.M109.008995
http://dx.doi.org/10.1074/jbc.M109.008995
http://dx.doi.org/10.1074/jbc.M109.008995
http://dx.doi.org/10.1074/jbc.M109.008995
http://dx.doi.org/10.1083/jcb.200409028
http://dx.doi.org/10.1083/jcb.200409028
http://dx.doi.org/10.1083/jcb.200409028
http://dx.doi.org/10.1034/j.1600-0854.2004.00071.x
http://dx.doi.org/10.1034/j.1600-0854.2004.00071.x

RESEARCH ARTICLE

Journal of Cell Science (2014) 127, 2189-2203 doi:10.1242/jcs.132423

Lemmon, M. A., Ferguson, K. M. and Abrams, C. S. (2002). Pleckstrin
homology domains and the cytoskeleton. FEBS Lett. 513, 71-76.

Levkowitz, G., Waterman, H., Zamir, E., Kam, Z., Oved, S., Langdon, W. Y.,
Beguinot, L., Geiger, B. and Yarden, Y. (1998). c-Cbl/Sli-1 regulates endocytic
sorting and ubiquitination of the epidermal growth factor receptor. Genes Dev.
12, 3663-3674.

Ling, K., Doughman, R. L., Firestone, A. J., Bunce, M. W. and Anderson, R. A.
(2002). Type | vy phosphatidylinositol phosphate kinase targets and regulates
focal adhesions. Nature 420, 89-93.

Ling, K., Doughman, R. L., lyer, V. V., Firestone, A. J., Bairstow, S. F., Mosher,
D. F., Schaller, M. D. and Anderson, R. A. (2003). Tyrosine phosphorylation of
type Igamma phosphatidylinositol phosphate kinase by Src regulates an
integrin-talin switch. J. Cell Biol. 163, 1339-1349.

Ling, K., Schill, N. J., Wagoner, M. P., Sun, Y. and Anderson, R. A. (2006).
Movin’ on up: the role of Ptdins(4,5)P(2) in cell migration. Trends Cell Biol. 16,
276-284.

Ling, K., Bairstow, S. F., Carbonara, C., Turbin, D. A., Huntsman, D. G. and
Anderson, R. A. (2007). Type | gamma phosphatidylinositol phosphate kinase
modulates adherens junction and E-cadherin trafficking via a direct interaction
with mu 1B adaptin. J. Cell Biol. 176, 343-353.

Liu, R., Wang, X., Chen, G. Y., Dalerba, P., Gurney, A., Hoey, T., Sherlock, G.,
Lewicki, J., Shedden, K. and Clarke, M. F. (2007). The prognostic role of a gene
signature from tumorigenic breast-cancer cells. N. Engl. J. Med. 356, 217-226.

Lloyd, T. E., Atkinson, R., Wu, M. N., Zhou, Y., Pennetta, G. and Bellen, H. J.
(2002). Hrs regulates endosome membrane invagination and tyrosine kinase
receptor signaling in Drosophila. Cell 108, 261-269.

Lock, J. G. and Stow, J. L. (2005). Rab11 in recycling endosomes regulates the
sorting and basolateral transport of E-cadherin. Mol. Biol. Cell 16, 1744-
1755.

Lohia, M., Qin, Y. and Macara, I. G. (2012). The Scribble polarity protein stabilizes
E-cadherin/p120-catenin binding and blocks retrieval of E-cadherin to the Golgi.
PLoS ONE 7, €51130.

Martin, T. F. (2001). PI(4,5)P(2) regulation of surface membrane traffic. Curr. Opin.
Cell Biol. 13, 493-499.

Mateus, A. R., Seruca, R., Machado, J. C., Keller, G., Oliveira, M. J., Suriano,
G. and Luber, B. (2007). EGFR regulates RhoA-GTP dependent cell motility in
E-cadherin mutant cells. Hum. Mol. Genet. 16, 1639-1647.

Matteucci, E., Ridolfi, E. and Desiderio, M. A. (2006). Hepatocyte growth factor
differently influences Met-E-cadherin phosphorylation and downstream signaling
pathway in two models of breast cells. Cell. Mol. Life Sci. 63, 2016-2026.

Miyashita, Y. and Ozawa, M. (2007). A dileucine motif in its cytoplasmic domain directs
beta-catenin-uncoupled E-cadherin to the lysosome. J. Cell Sci. 120, 4395-4406.

Mosesson, Y., Mills, G. B. and Yarden, Y. (2008). Derailed endocytosis: an
emerging feature of cancer. Nat. Rev. Cancer 8, 835-850.

Orian-Rousseau, V. and Ponta, H. (2008). Adhesion proteins meet receptors: a
common theme? Adv. Cancer Res. 101, 63-92.

Palacios, F., Tushir, J. S., Fuijita, Y. and D’Souza-Schorey, C. (2005). Lysosomal
targeting of E-cadherin: a unique mechanism for the down-regulation of cell-cell
adhesion during epithelial to mesenchymal transitions. Mol. Cell. Biol. 25, 389-402.

Park, S. J., Itoh, T. and Takenawa, T. (2001). Phosphatidylinositol 4-phosphate 5-
kinase type | is regulated through phosphorylation response by extracellular
stimuli. J. Biol. Chem. 276, 4781-4787.

Pece, S. and Gutkind, J. S. (2000). Signaling from E-cadherins to the MAPK
pathway by the recruitment and activation of epidermal growth factor receptors
upon cell-cell contact formation. J. Biol. Chem. 275, 41227-41233.

Pece, S. and Gutkind, J. S. (2002). E-cadherin and Hakai: signalling, remodeling
or destruction? Nat. Cell Biol. 4, E72-E74.

Raiborg, C., Bremnes, B., Mehlum, A., Gillooly, D. J., D’Arrigo, A., Stang, E.
and Stenmark, H. (2001). FYVE and coiled-coil domains determine the specific
localisation of Hrs to early endosomes. J. Cell Sci. 114, 2255-2263.

Rong, Y., Liu, M., Ma, L., Du, W., Zhang, H., Tian, Y., Cao, Z,, Li, Y., Ren, H.,
Zhang, C. et al. (2012). Clathrin and phosphatidylinositol-4,5-bisphosphate
regulate autophagic lysosome reformation. Nat. Cell Biol. 14, 924-934.

Schill, N. J. and Anderson, R. A. (2009a). Out, in and back again:
Ptdins(4,5)P(2) regulates cadherin trafficking in epithelial morphogenesis.
Biochem. J. 418, 247-260.

Schill, N. J. and Anderson, R. A. (2009b). Two novel phosphatidylinositol-4-phosphate
5-kinase type Igamma splice variants expressed in human cells display distinctive
cellular targeting. Biochem. J. 422, 473-482.

Seet, L. F. and Hong, W. (2006). The Phox (PX) domain proteins and membrane
traffic. Biochim. Biophys. Acta 1761, 878-896.

Shelly, C. and Herrera, R. (2002). Activation of SGK1 by HGF, Rac1 and integrin-
mediated cell adhesion in MDCK cells: PI-3K-dependent and -independent
pathways. J. Cell Sci. 115, 1985-1993.

Shen, Y., Hirsch, D. S., Sasiela, C. A. and Wu, W. J. (2008). Cdc42 regulates E-
cadherin ubiquitination and degradation through an epidermal growth factor
receptor to Src-mediated pathway. J. Biol. Chem. 283, 5127-5137.

Shi, A, Liu, O., Koenig, S., Banerjee, R., Chen, C. C., Eimer, S. and Grant, B. D.
(2012). RAB-10-GTPase-mediated regulation of endosomal phosphatidylinositol-
4,5-bisphosphate. Proc. Natl. Acad. Sci. USA 109, E2306-E2315.

Shipitsin, M., Campbell, L. L., Argani, P., Weremowicz, S., Bloushtain-Qimron,
N., Yao, J., Nikolskaya, T., Serebryiskaya, T., Beroukhim, R., Hu, M. et al.
(2007). Molecular definition of breast tumor heterogeneity. Cancer Cell 11, 259-273.

Sorkin, A. and Goh, L. K. (2008). Endocytosis and intracellular trafficking of
ErbBs. Exp. Cell Res. 314, 3093-3106.

Spinosa, M. R, Progida, C., De Luca, A., Colucci, A. M., Alifano, P. and Bucci,
C. (2008). Functional characterization of Rab7 mutant proteins associated with
Charcot-Marie-Tooth type 2B disease. J. Neurosci. 28, 1640-1648.

Sun, Y, Ling, K., Wagoner, M. P. and Anderson, R. A. (2007). Type | gamma
phosphatidylinositol phosphate kinase is required for EGF-stimulated directional
cell migration. J. Cell Biol. 178, 297-308.

Sun, Y., Turbin, D. A,, Ling, K., Thapa, N., Leung, S., Huntsman, D. G. and
Anderson, R. A. (2010). Type | gamma phosphatidylinositol phosphate kinase
modulates invasion and proliferation and its expression correlates with poor
prognosis in breast cancer. Breast Cancer Res. 12, R6.

Sun, Y., Hedman, A. C., Tan, X,, Schill, N. J. and Anderson, R. A. (2013).
Endosomal type | PIP 5-kinase controls EGF receptor lysosomal sorting.
Developmental Cell

Takahashi, K. and Suzuki, K. (1996). Density-dependent inhibition of growth
involves prevention of EGF receptor activation by E-cadherin-mediated cell-cell
adhesion. Exp. Cell Res. 226, 214-222.

Toker, A. (2002). Phosphoinositides and signal transduction. Cell. Mol. Life Sci.
59, 761-779.

Towler, M. C., Gleeson, P. A, Hoshino, S., Rahkila, P., Manalo, V., Ohkoshi, N.,
Ordahl, C., Parton, R. G. and Brodsky, F. M. (2004). Clathrin isoform CHC22,
a component of neuromuscular and myotendinous junctions, binds sorting nexin
5 and has increased expression during myogenesis and muscle regeneration.
Mol. Biol. Cell 15, 3181-3195.

Toyoshima, M., Tanaka, N., Aoki, J., Tanaka, Y., Murata, K., Kyuuma, M.,
Kobayashi, H., Ishii, N., Yaegashi, N. and Sugamura, K. (2007). Inhibition of
tumor growth and metastasis by depletion of vesicular sorting protein Hrs:
its regulatory role on E-cadherin and beta-catenin. Cancer Res. 67, 5162-
5171.

Vanlandingham, P. A. and Ceresa, B. P. (2009). Rab7 regulates late endocytic
trafficking downstream of multivesicular body biogenesis and cargo
sequestration. J. Biol. Chem. 284, 12110-12124.

Vicinanza, M., D’Angelo, G., Di Campli, A. and De Matteis, M. A. (2008).
Function and dysfunction of the PI system in membrane trafficking. EMBO J. 27,
2457-2470.

Vicinanza, M., Di Campli, A., Polishchuk, E., Santoro, M., Di Tullio, G., Godi,
A., Levtchenko, E., De Leo, M. G., Polishchuk, R., Sandoval, L. et al. (2011).
OCRL controls trafficking through early endosomes via PtdIns4,5P,-dependent
regulation of endosomal actin. EMBO J. 30, 4970-4985.

Wassmer, T., Attar, N., Bujny, M. V., Oakley, J., Traer, C. J. and Cullen, P. J.
(2007). A loss-of-function screen reveals SNX5 and SNX6 as potential
components of the mammalian retromer. J. Cell Sci. 120, 45-54.

Wassmer, T., Attar, N., Harterink, M., van Weering, J. R., Traer, C. J., Oakley, J.,
Goud, B., Stephens, D. J., Verkade, P., Korswagen, H. C. et al. (2009). The
retromer coat complex coordinates endosomal sorting and dynein-mediated
transport, with carrier recognition by the trans-Golgi network. Dev. Cell 17, 110-122.

Watt, S. A, Kular, G., Fleming, I. N., Downes, C. P. and Lucocq, J. M. (2002).
Subcellular localization of phosphatidylinositol 4,5-bisphosphate using the
pleckstrin homology domain of phospholipase C 1. Biochem. J. 363, 657-666.

Wijnhoven, B. P., Dinjens, W. N. and Pignatelli, M. (2000). E-cadherin-catenin
cell-cell adhesion complex and human cancer. Br. J. Surg. 87, 992-1005.

Worby, C. A. and Dixon, J. E. (2002). Sorting out the cellular functions of sorting
nexins. Nat. Rev. Mol. Cell Biol. 3, 919-931.

Xia, Y., Irvine, R. F. and Giudici, M. L. (2011). Phosphatidylinositol 4-phosphate
5-kinase ly_v6, a new splice variant found in rodents and humans. Biochem.
Biophys. Res. Commun. 411, 416-420.

Yang, J. Y., Zong, C. S., Xia, W., Wei, Y., Ali-Seyed, M., Li, Z., Broglio, K., Berry,
D. A. and Hung, M. C. (2006). MDM2 promotes cell motility and invasiveness by
regulating E-cadherin degradation. Mol. Cell. Biol. 26, 7269-7282.

Yap, A. S., Crampton, M. S. and Hardin, J. (2007). Making and breaking contacts:
the cellular biology of cadherin regulation. Curr. Opin. Cell Biol. 19, 508-514.
Yoon, Y., Zhang, X. and Cho, W. (2012). Phosphatidylinositol 4,5-bisphosphate
(PtdIns(4,5)P2) specifically induces membrane penetration and deformation by

Bin/amphiphysin/Rvs (BAR) domains. J. Biol. Chem 287, 34078-34090.

2203

(]
(&}
c
2
O
w
o
(@)
Y—
o
©
c
—
>
(©]
-


http://dx.doi.org/10.1016/S0014-5793(01)03243-4
http://dx.doi.org/10.1016/S0014-5793(01)03243-4
http://dx.doi.org/10.1101/gad.12.23.3663
http://dx.doi.org/10.1101/gad.12.23.3663
http://dx.doi.org/10.1101/gad.12.23.3663
http://dx.doi.org/10.1101/gad.12.23.3663
http://dx.doi.org/10.1038/nature01082
http://dx.doi.org/10.1038/nature01082
http://dx.doi.org/10.1038/nature01082
http://dx.doi.org/10.1083/jcb.200310067
http://dx.doi.org/10.1083/jcb.200310067
http://dx.doi.org/10.1083/jcb.200310067
http://dx.doi.org/10.1083/jcb.200310067
http://dx.doi.org/10.1016/j.tcb.2006.03.007
http://dx.doi.org/10.1016/j.tcb.2006.03.007
http://dx.doi.org/10.1016/j.tcb.2006.03.007
http://dx.doi.org/10.1083/jcb.200606023
http://dx.doi.org/10.1083/jcb.200606023
http://dx.doi.org/10.1083/jcb.200606023
http://dx.doi.org/10.1083/jcb.200606023
http://dx.doi.org/10.1056/NEJMoa063994
http://dx.doi.org/10.1056/NEJMoa063994
http://dx.doi.org/10.1056/NEJMoa063994
http://dx.doi.org/10.1016/S0092-8674(02)00611-6
http://dx.doi.org/10.1016/S0092-8674(02)00611-6
http://dx.doi.org/10.1016/S0092-8674(02)00611-6
http://dx.doi.org/10.1091/mbc.E04-10-0867
http://dx.doi.org/10.1091/mbc.E04-10-0867
http://dx.doi.org/10.1091/mbc.E04-10-0867
http://dx.doi.org/10.1371/journal.pone.0051130
http://dx.doi.org/10.1371/journal.pone.0051130
http://dx.doi.org/10.1371/journal.pone.0051130
http://dx.doi.org/10.1016/S0955-0674(00)00241-6
http://dx.doi.org/10.1016/S0955-0674(00)00241-6
http://dx.doi.org/10.1093/hmg/ddm113
http://dx.doi.org/10.1093/hmg/ddm113
http://dx.doi.org/10.1093/hmg/ddm113
http://dx.doi.org/10.1007/s00018-006-6137-0
http://dx.doi.org/10.1007/s00018-006-6137-0
http://dx.doi.org/10.1007/s00018-006-6137-0
http://dx.doi.org/10.1242/jcs.03489
http://dx.doi.org/10.1242/jcs.03489
http://dx.doi.org/10.1038/nrc2521
http://dx.doi.org/10.1038/nrc2521
http://dx.doi.org/10.1016/S0065-230X(08)00404-1
http://dx.doi.org/10.1016/S0065-230X(08)00404-1
http://dx.doi.org/10.1128/MCB.25.1.389-402.2005
http://dx.doi.org/10.1128/MCB.25.1.389-402.2005
http://dx.doi.org/10.1128/MCB.25.1.389-402.2005
http://dx.doi.org/10.1074/jbc.M010177200
http://dx.doi.org/10.1074/jbc.M010177200
http://dx.doi.org/10.1074/jbc.M010177200
http://dx.doi.org/10.1074/jbc.M006578200
http://dx.doi.org/10.1074/jbc.M006578200
http://dx.doi.org/10.1074/jbc.M006578200
http://dx.doi.org/10.1038/ncb0402-e72
http://dx.doi.org/10.1038/ncb0402-e72
http://dx.doi.org/10.1038/ncb2557
http://dx.doi.org/10.1038/ncb2557
http://dx.doi.org/10.1038/ncb2557
http://dx.doi.org/10.1042/BJ20081844
http://dx.doi.org/10.1042/BJ20081844
http://dx.doi.org/10.1042/BJ20081844
http://dx.doi.org/10.1042/BJ20090638
http://dx.doi.org/10.1042/BJ20090638
http://dx.doi.org/10.1042/BJ20090638
http://dx.doi.org/10.1016/j.bbalip.2006.04.011
http://dx.doi.org/10.1016/j.bbalip.2006.04.011
http://dx.doi.org/10.1074/jbc.M703300200
http://dx.doi.org/10.1074/jbc.M703300200
http://dx.doi.org/10.1074/jbc.M703300200
http://dx.doi.org/10.1073/pnas.1205278109
http://dx.doi.org/10.1073/pnas.1205278109
http://dx.doi.org/10.1073/pnas.1205278109
http://dx.doi.org/10.1016/j.ccr.2007.01.013
http://dx.doi.org/10.1016/j.ccr.2007.01.013
http://dx.doi.org/10.1016/j.ccr.2007.01.013
http://dx.doi.org/10.1523/JNEUROSCI.3677-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.3677-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.3677-07.2008
http://dx.doi.org/10.1083/jcb.200701078
http://dx.doi.org/10.1083/jcb.200701078
http://dx.doi.org/10.1083/jcb.200701078
http://dx.doi.org/10.1186/bcr2471
http://dx.doi.org/10.1186/bcr2471
http://dx.doi.org/10.1186/bcr2471
http://dx.doi.org/10.1186/bcr2471
http://dx.doi.org/10.1006/excr.1996.0221
http://dx.doi.org/10.1006/excr.1996.0221
http://dx.doi.org/10.1006/excr.1996.0221
http://dx.doi.org/10.1007/s00018-002-8465-z
http://dx.doi.org/10.1007/s00018-002-8465-z
http://dx.doi.org/10.1091/mbc.E04-03-0249
http://dx.doi.org/10.1091/mbc.E04-03-0249
http://dx.doi.org/10.1091/mbc.E04-03-0249
http://dx.doi.org/10.1091/mbc.E04-03-0249
http://dx.doi.org/10.1091/mbc.E04-03-0249
http://dx.doi.org/10.1158/0008-5472.CAN-06-2756
http://dx.doi.org/10.1158/0008-5472.CAN-06-2756
http://dx.doi.org/10.1158/0008-5472.CAN-06-2756
http://dx.doi.org/10.1158/0008-5472.CAN-06-2756
http://dx.doi.org/10.1158/0008-5472.CAN-06-2756
http://dx.doi.org/10.1074/jbc.M809277200
http://dx.doi.org/10.1074/jbc.M809277200
http://dx.doi.org/10.1074/jbc.M809277200
http://dx.doi.org/10.1038/emboj.2008.169
http://dx.doi.org/10.1038/emboj.2008.169
http://dx.doi.org/10.1038/emboj.2008.169
http://dx.doi.org/10.1038/emboj.2011.354
http://dx.doi.org/10.1038/emboj.2011.354
http://dx.doi.org/10.1038/emboj.2011.354
http://dx.doi.org/10.1038/emboj.2011.354
http://dx.doi.org/10.1038/emboj.2011.354
http://dx.doi.org/10.1242/jcs.03302
http://dx.doi.org/10.1242/jcs.03302
http://dx.doi.org/10.1242/jcs.03302
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1042/0264-6021:3630657
http://dx.doi.org/10.1042/0264-6021:3630657
http://dx.doi.org/10.1042/0264-6021:3630657
http://dx.doi.org/10.1046/j.1365-2168.2000.01513.x
http://dx.doi.org/10.1046/j.1365-2168.2000.01513.x
http://dx.doi.org/10.1038/nrm974
http://dx.doi.org/10.1038/nrm974
http://dx.doi.org/10.1016/j.bbrc.2011.06.168
http://dx.doi.org/10.1016/j.bbrc.2011.06.168
http://dx.doi.org/10.1016/j.bbrc.2011.06.168
http://dx.doi.org/10.1128/MCB.00172-06
http://dx.doi.org/10.1128/MCB.00172-06
http://dx.doi.org/10.1128/MCB.00172-06

Fig. S1: Active PIPKIYiS specifically promotes E-cadherin loss

(A) Inducible MDCK cells expressing HA tagged PIPKIyil, i5 WT or i5 KD were treated
with HGF, and then examined for E-cadherin degradation by Western blot.

(B) Inducible MDCK cells expressing HA tagged PIPKIyi2 or PIPKIyi5 were treated with
HGF for 4 hours, and then examined for E-cadherin degradation by Western blot. Antibodies to
PIPKIy (all splice variants) or PIPKIyi5 demonstrate the level of overexpression in these cell
lines. GAPDH was Western blotted as a loading control. The Western blot panel is representative
of 4 independent experiments. Significance was calculated using the Student’s 2-tailed T-test to
p<0.05(*) where indicated.

(C) Quantification of (B). E-cadherin protein content was measured and normalized to
GAPDH loading control.

(D) Inducible MDCK cell lines were grown as in (B). Cells were treated with lysotracker
(red) 30 minutes prior to fixation. Cells were then fixed and stained for HA-PIPKIyi5 (blue) and

E-cadherin (green) and analyzed as described in the materials and methods. Scale = 10 um.



Fig. S2: Examination of chloroquine treatment, E-cadherin mRNA and PIPKIYyiS
interactions with SNX6

(A) HeLa cells were transfected with E-cadherin (ECD) and PIPKIyi5 in the absence or
presence of increasing concentrations of the lysosomal inhibitor chloroquine (Chlor). After 16 h,
the cells were lysed directly into 5X protein sample buffer and subjected to Western blotting
with the indicated antibodies. Blots were also probed with anti-B-tubulin antibody as a loading
control.

(B) qPCR analysis of E-cadherin mRNA content from HeLa cells transfected as
described in Figure 2 (A). “ECD R1” and “ECD R2” indicate two different sets of primers
targeting ECD mRNA. Statistical analysis of qPCR data was performed as listed in the materials
and methods (N = 5 independent experiments with internal duplicates). Error bars indicate the
s.e.m. of each data set. Significance was calculated using the Student’s 2-tailed T-test.

(C) HA-PIPKIyil or i5 was co-expressed with Myc-SNX6 in HeLa cells, and HA-PIPKIy
was immunoprecipitated from cell lysates. The immunocomplexes and their corresponding total
cell lysate controls were then Western blotted with anti-HA or anti-Myc antibodies.

(D) Recombinant GST-SNX6 and 6His-PIPKIyi5 were expressed and purified from E.

coli. Binding was examined by an in vitro binding assay and samples analyzed by Western blot.



Fig. S3: MG-132 induces mis-localization of PIPKIYi5 and SNX5

(A) HeLa cells were transfected with E-cadherin (ECD), SNX5 and PIPKIyi5 in the
absence or presence of the protease inhibitor leupeptin (100 pg/ml) or the proteasome inhibitor
MG-132 (200 uM). After 16 h, the cells were lysed directly into 5X protein sample buffer and
subjected to Western blotting with the indicated antibodies. Blots were also probed with anti-
GAPDH antibody as a loading control.

(B) HeLa cells grown on coverslips were transfected with E-cadherin (ECD) and
PIPKIyi5 in the absence or presence of the proteasome inhibitor MG-132. Slides were prepared

as in Figure 3, and stained with the indicated antibodies. Scale = 10 um.



Fig. S4: Src interacts with PIPKIYyiS and regulates E-cadherin degradation

(A) Myc-SNXS5 was co-expressed with HA-PIPKIyi5, WT or KD mutant forms (D253A,
D316A, or DDAA — (D253A + D316A)) and PIPKIyi5 was immunoprecipitated. Total cell
lysates were blotted for HA-PIPKIyi5 and Myc-SNX5 as a control.

(B) Myc-SNX5 was co-expressed with vector, WT or KD c¢-Src and SNX5was
immunoprecipitated from HeLa cells cultured in 10% FBS/DMEM. SNXS5 phosphorylation
status was assayed via Western blot with an anti-phosphotyrosine (pY) antibody. Total cell
lysates were Western blotted for Myc-SNXS5 as a control.

(C) WT or KD c-Src was co-expressed with Myc-PIPKIyi5 in HeLa cells. PIPKIyi5 was
immunoprecipitated, and Western blotted to assay for binding to c-Src. Cell lysates were
Western blotted with the indicated antibodies as a control.

(D) E-cadherin was co-expressed with either HA-PIPKIyi5 and/or c-Src. Cells were lysed
directly into 5X protein loading buffer, separated by SDS-PAGE, and Western blotted with the
indicated antibodies. GAPDH was Western blotted as a loading control. The Western blot panel
is representative of 4 independent experiments.

(E) Quantification of (C). Error bars indicate the s.e.m. of each data set. Significance was
calculated using the Student’s 2-tailed T-test to p<0.03(*) where indicated.

(F) E-cadherin was co-expressed with either Myc-SNXS5 and/or c-Src. Cells were lysed
directly into 5X protein loading buffer, separated by SDS-PAGE, and Western blotted with the
indicated antibodies. GAPDH was Western blotted as a loading control. The Western blot panel
is representative of 9 independent experiments.

(G) Quantification of (E). Error bars indicate the s.e.m. of each data set. Significance was

calculated using the Student’s 2-tailed T-test to p<0.02(*) or p<0.052(#) where indicated.
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