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Glycosylphosphatidylinositol-anchored proteins (GPI-APs) are lipid-
associated luminal secretory cargoes selectively sorted to the apical
surface of the epithelia where they reside and play diverse vital
functions. Cholesterol-dependent clustering of GPI-APs in the Golgi
is the key step driving their apical sorting and their further plasma
membrane organization and activity; however, the specific machin-
ery involved in this Golgi event is still poorly understood. In this
study, we show that the formation of GPI-AP homoclusters (made
of single GPI-AP species) in the Golgi relies directly on the levels of
calcium within cisternae. We further demonstrate that the TGN cal-
cium/manganese pump, SPCA1, which regulates the calcium concen-
tration within the Golgi, and Cab45, a calcium-binding luminal Golgi
resident protein, are essential for the formation of GPI-AP homo-
clusters in the Golgi and for their subsequent apical sorting. Down-
regulation of SPCA1 or Cab45 in polarized epithelial cells impairs the
oligomerization of GPI-APs in the Golgi complex and leads to their
missorting to the basolateral surface. Overall, our data reveal an
unexpected role for calcium in the mechanism of GPI-AP apical sort-
ing in polarized epithelial cells and identify the molecular machinery
involved in the clustering of GPI-APs in the Golgi.
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lycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs)

are localized on the apical surface of most epithelia, where they
exert their physiological functions, which are regulated by their
spatiotemporal compartmentalization.

In polarized epithelial cells, the organization of GPI-APs at the
apical surface is driven by the mechanism of apical sorting, which
relies on the formation of GPI-AP homoclusters in the Golgi ap-
paratus (1, 2). GPI-AP homoclusters (containing a single GPI-AP
species) form uniquely in the Golgi apparatus of fully polarized
cells (and not in nonpolarized cells) in a cholesterol-dependent
manner (1, 3, 4). Once formed, GPI-AP homoclusters become
insensitive to cholesterol depletion, suggesting that protein—protein
interactions stabilize them (1, 2). At the apical membrane, newly
arrived homoclusters coalesce into heteroclusters (containing at
least two different GPI-AP species) that are sensitive to cholesterol
depletion (1). Of importance, in the absence of homoclustering in
the Golgi (e.g., in nonpolarized epithelial cells), GPI-APs remain in
the form of monomers and dimers and do not cluster at the cell
surface (1, 5). Thus, the organization of GPI-APs at the apical
plasma membrane of polarized cells strictly depends on clustering
mechanisms in the Golgi apparatus allowing their apical sorting.
This is different from what was shown in fibroblasts where clus-
tering of GPI-APs occurs from monomer condensation at the
plasma membrane, indicating that distinct mechanisms regulate
GPI-AP clustering in polarized epithelial cells and fibroblasts (1, 6,
7). Furthermore, in polarized epithelial cells, the spatial organi-
zation of clusters also appears to regulate the biological activity of
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the proteins (1) so that GPI-APs are fully functional only when
properly sorted to the apical surface and less active in the case of
missorting to the basolateral domain (1, 8, 9). Understanding the
mechanism of GPI-AP apical sorting in the Golgi apparatus is
therefore crucial to decipher their organization at the plasma
membrane and the regulation of their activity. The determinants
for protein apical sorting have been difficult to uncover compared
to the ones for basolateral sorting (10-14). Besides a role of cho-
lesterol, the molecular factors regulating the clustering-based
mechanism of GPI-AP sorting in polarized epithelial cells are
unknown. Here, we analyzed the possible role of the actin cyto-
skeleton and of calcium levels in the Golgi. The actin cytoskeleton
is not only critical for the maintenance of the Golgi structure and
its mechanical properties but also provides the structural support
favoring carrier biogenesis (15-18). The Golgi exit of various car-
goes is altered in cells treated with drugs either depolymerizing or
stabilizing actin filaments (19, 20), and the post-Golgi trafficking is
affected either by the knockdown of the expression of some actin-
binding proteins, which regulate actin dynamics, or by the over-
expression of their mutants (12, 21-23), all together revealing the
critical role of actin dynamics for protein trafficking. Only few
studies have shown the involvement of actin remodeling proteins in
polarized trafficking, mostly in selectively mediating the apical and
basolateral trafficking of transmembrane proteins [refs. 24-26; and
reviewed in ref. 27]; thus, it remains unclear whether actin fila-
ments play a role in protein sorting in polarized cells.

On the other hand, the Golgi apparatus exhibits high calcium
levels that have been revealed to be essential for protein
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processing and the sorting of some secreted soluble proteins in
nonpolarized cells (28-31). Moreover, a functional interplay be-
tween the actin cytoskeleton and Golgi calcium in modulating
protein sorting in nonpolarized cells has been shown (22).

In this study, we report that in epithelial cells, actin perturbation
does not impair GPI-AP clustering capacity in the Golgi and
therefore their apical sorting. In contrast, we found that the Golgi
organization of GPI-APs is drastically perturbed upon calcium
depletion and that the amount of calcium in the Golgi cisternae is
critical for the formation of GPI-AP homoclusters. We further
show that the TGN calcium/manganese pump, SPCA1 (secretory
pathway Ca(2+)-ATPase pump type 1), which controls the Golgi
calcium concentration (32), and Cab45, a calcium-binding luminal
Golgi resident protein previously described to be involved in the
sorting of a subset of soluble cargoes (33, 34), are essential for the
formation of GPI-APs homoclusters in the Golgi and for their
subsequent apical sorting. Indeed, down-regulation of SPCA1 or
Cab45 expression impairs the oligomerization of GPI-APs in the
Golgi complex and leads to their missorting to the basolateral
surface but does not affect apical or basolateral transmembrane
proteins. Overall, our data reveal an unexpected role for calcium
in the mechanism of GPI-AP apical sorting in polarized epithelial
cells and identify the molecular machinery involved in the clus-
tering of GPI-APs in the Golgi.

Results

Calcium Levels Regulate Homoclustering of GPI-APs in the Golgi
Apparatus of Polarized Epithelial Cells. In nonpolarized cells, the
calcium content of the Golgi complex is high and has been shown
to regulate essential processes such as protein processing and the
sorting of secreted soluble proteins (28-31). Of particular interest,
some soluble cargoes cluster in a calcium-dependent manner to
segregate in secretory vesicles (33-35). Based on this evidence, we
analyzed the possible role of calcium levels within the Golgi
complex in GPI-AP clustering and the apical sorting of GPI-APs.

To this aim, we specifically depleted calcium ions from the
Golgi by treating polarized MDCK (Madin-Darby Canine Kidney)
cells with ionomycin (see Materials and Methods), an ionophore
that efficiently promotes a drastic and rapid emptying of Golgi
luminal calcium, with respect to other methods used for cytosol or
other organelles (e.g., calcium-free medium, calcium chelators)
(28, 29). By the number and brightness (N&B) technique (36, 37),
we measured the aggregation state (and number of molecules) of
a model apical GPI-AP, GFP-FR, in the Golgi apparatus of po-
larized MDCK cells (stably expressing this protein; see Materials
and Methods and ref. 1) in control conditions and upon ionomycin
treatment. In the control condition, the brightness of GFP-FR is
~1.20, which corresponds to protein clusters containing three to
four molecules (Fig. 14; see also Materials and Methods and ref.
1), while upon ionomycin treatment, the brightness values of GFP-
FR significantly decrease to 1.14 (P < 0.0001), indicating a shift
toward monomeric/dimeric forms (Fig. 14). To further assess the
assembly of GFP-FR, we performed velocity gradient sedimenta-
tion experiments on the pool of the proteins in the Golgi appa-
ratus (see Materials and Methods). This technique allows the
proteins to sediment according to their molecular weight, thus
revealing if the protein is in its monomeric form or in a high
molecular weight (HMW) complex. In control conditions, the
Golgi pool of GFP-FR mainly sediments in HMW complexes,
indicating its capacity to cluster; while upon ionomycin treatment,
the migration of the Golgi pool of GFP-FR showed a reduction in
HMW complexes (Fig. 1B). These results support that the amount
of calcium in the Golgi lumen regulates the formation of GPI-AP
homoclusters in polarized epithelial cells.

If this hypothesis is correct, we postulated that the Golgi ap-
paratus of nonpolarized MDCK cells, where GPI-APs do not
cluster (1), would contain a lower amount of calcium compared to
fully polarized MDCK cells. To test this hypothesis, we measured
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the calcium concentration ([Ca®*]) in the Golgi apparatus of
MDCK cells grown in polarized and nonpolarized conditions by
using a calcium-sensitive photoprotein (Golgi-aequorin chimera)
as previously described (28, 38, 39). We found that the calcium
levels in the Golgi apparatus of polarized MDCK cells are higher
compared to the Golgi of nonpolarized MDCK cells (Fig. 1C),
thus supporting a role for calcium in the mechanism of GPI-AP
clustering in the Golgi apparatus.

The Golgi Calcium/Manganese ATPase SPCA1 Is Involved in the Calcium-
Dependent Regulation of GPI-AP Homoclustering. The calcium levels
in the Golgi apparatus are achieved by the action of two groups of
phosphorylation-type calcium pumps, the well-known SERCAs
(sarcoendoplasmic-reticulum Ca-ATPases) and the more recently
discovered SPCAs (32). Of interest, in HeLa cells, SPCA1 has been
shown to regulate the sorting of some secretory soluble cargoes in
secretory vesicles at the Golgi level (22, 23, 30, 33), and, differently
from SERCA, its activity seems to be dependent on cholesterol and
sphingomyelin (40). Thus, we first assessed whether SPCA1 regu-
lates the concentration of calcium in the Golgi of polarized
epithelial cells.

As for HelLa cells (22, 33), we found that endogenous SPCA1
localizes in the Golgi apparatus of both nonpolarized (1 d) and
fully polarized (3 d) MDCK cells (Fig. 24). In both conditions, it
colocalized with the frans-Golgi marker TGN46 with a similar
Pearson coefficient (0.77 = 0.09 and 0.78 + 0.08, respectively)
(Fig. 24). Interestingly, Western blot analysis revealed that fully
polarized MDCK cells exhibit relative higher amounts of SPCA1
compared to nonpolarized MDCK cells (Fig. 2B), suggesting that
the expression levels of SPCA1 may increase with the estab-
lishment of polarity. SPCA1 messenger RNA (mRNA) levels are
comparable in fully polarized MDCK cells with respect to
nonpolarized cells (Fig. 2C).

In order to investigate whether SPCA1 regulates the concentra-
tion of calcium in MDCK cells, we interfered the expression of
SPCAL1 by stably transfecting MDCK:GFP-FR cells with a specific
short hairpin RNA (shRNA). We obtained several clones (SPCA1i)
with different degrees of silencing ranging between 20 to 70%
compared to scrambled interfered cells (CTRLi) as assessed by
Western blotting and immunofluorescence (SI Appendix, Fig. S1).
We used the clones with the highest degree of silencing for further
studies. In these cells, we found a strong reduction in the concen-
tration of calcium in the Golgi (Fig. 34), indicating that the SPCA1
pump regulates calcium uptake into the Golgi apparatus of MDCK
cells, similar to HeLa cells (22, 31). According to this hypothesis,
like in wild-type MDCK cells (Fig. 1C), in control-interfered cells,
calcium levels increase upon polarization (SI Appendix, Fig. S1C),
whereas in SPCAL silenced cells, the concentration of calcium in
the Golgi is comparable in nonpolarized versus polarized conditions
(SI Appendix, Fig. S1C).

Of importance, we found that the brightness of GFP-FR in the
Golgi was significantly reduced in SPCAIli cells compared to
scramble-interfered cells (from 1.26 to 1.1, P < 0.0001; Fig. 3B).
Overall, these results show that SPCA1 regulates the concentra-
tion of calcium in the Golgi of polarized MDCK cells, and its
down-regulation affects GPI-AP homoclustering.

Because clustering of GPI-APs in the Golgi is crucial for their
apical sorting (2, 4), we postulated that SPCA1 depletion would
also alter their sorting and trafficking to the apical surface. To
test this hypothesis, we monitored the transport kinetics of GFP-
FR from the Golgi apparatus to the cell surface using cells grown
to confluence on coverslips (Fig. 3C). We used time-lapse con-
focal experiments based on temperature block assays (at 19.5 °C)
and subsequent warm up at 37 °C (Fig. 3C) as previously described
(41). After temperature block (time 0), the protein is accumulated
in the Golgi, and the Pearson’s coefficient of colocalization be-
tween GFP-FR and giantin/furin, two Golgi markers, is high in
both control and SPCAIl-silenced cells (Fig. 3C). As expected, in
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Fig. 1. The content of calcium within the Golgi lumen, which is higher in fully polarized than nonpolarized MDCK cells, is crucial for GFP-FR homoclustering.
(A) N&B analysis of GFP-FR in the Golgi of polarized MDCK cells in control conditions or upon ionomycin treatment. Briefly, MDCK cells, grown on filters, were
treated with trypsin (25 pg/mL for 25 min) exclusively at the apical side in order to remove the pool of GFP-FR already present at the plasma membrane and
then incubated for 40 min at 4 °C in Krebs-Ringer-modified buffer (KRB) (CTR) or in the same buffer supplemented with ionomycin (5 pM) and 600 pM
ethylene glycol-bis(3-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) (+ionomycin) and imaged at the Golgi level. (Left) Quantification of the brightness
of GFP-FR in the Golgi compartment from three independent experiments either in control conditions (CTR, red bar) or upon calcium chelation (+ionomycin,
blue bar). (Right) Graphical representation of the percentage of pixels falling into the different classes of B values (from monomer to hexamer) on the basis of
the calibration curve (1). Values are expressed as the mean of three independent experiments, n > 25 cells. (B) MDCK cells, grown on filters and treated as in
A, were lysed and run on a velocity gradient. Fractions were collected from the top (Fraction 1) to bottom (Fraction 9), trichloroacetic acid (TCA) precipitated,
run on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, and revealed by Western blotting with a specific anti-GFP antibody.
Molecular weight markers are indicated on the top of the panels. The molecular weight of the monomeric form of GFP-FR is indicated together with the band
at 43 kDa, which represents a partially denatured dimer of GFP (2). (Right) The distribution of GFP-FR in the fractions of the gradient is expressed as a
percentage of the total protein. Mean values of two independent experiments are shown. (C) Golgi [Ca%*] quantification in fully polarized and nonpolarized
MDCK cells. MDCK cells transiently expressing the Golgi-aequorin mutant were grown on coverslips for 1 d (nonpolarized) or for 3 d (polarized). Before
carrying out the experimental procedure for aequorin reconstitution with coelenterazine (see Materials and Methods), cells were treated 5 min at 37 °Cin Ca-
free medium containing ionomycin (5 pM) and EGTA (2 mM) in order to completely empty the calcium from the Golgi apparatus. The coverslip with cells was
placed in the thermostatic chamber of the luminometer at 37 °C and perfused with KRB supplemented with 0.1 mM EGTA. Where indicated, the EGTA was
replaced with 1 mM CaCl,. The [Ca®*] in the Golgi apparatus of polarized versus nonpolarized MDCK cells is shown as a mean of three independent ex-
periments. Representative curves are shown. Error bars, + SD; NS, not significant; **P < 0.01; ***P < 0.001, Student’s t test.

control cells 1 h after the release from the Golgi block, this  hypothesis, we compared the distribution of GFP-FR at steady
colocalization decreases (Fig. 3C, Pearson coefficient of colocali- state in control and SPCAl-silenced cells grown on filters in fully
zation 0.64 + 0.07 at time 0 and 0.11 + 0.1 after 1 h; P < 0.0001), polarized conditions. As shown in Fig. 3D and in SI Appendix, Fig.
consistent with the exit of GFP-FR from the Golgi apparatus to-  S24, while in control cells, GFP-FR is present almost exclusively
ward the surface. On the contrary, in the majority of SPCAl-  on the apical surface (80 to 85%), in the SPCA1i cells, it is found in
silenced cells (~70%), the colocalization between GFP-FR and  large amounts (about 50 to 60%) at the basolateral surface.

giantin/furin remains high even 1 h after release from the Golgi Next, to test whether SPCA1 had a specific role in the apical
block (Fig. 3C, Pearson coefficient of colocalization 0.75 + 0.05 at ~ sorting of GPI-APs, we analyzed the plasma membrane distribu-
time 0 and 0.55 + 0.09 after 1 h; P < 0.05), indicating that a high  tion of an endogenous apical transmembrane protein, GP114, in
amount of GFP-FR remains in the Golgi apparatus. In addition, it ~CTRLi and SPCALi cells. Our data show no change in the polar-
appeared that GFP-FR was also missorted to the basolateral sur-  ized localization of this apical transmembrane protein, indicating
face (Fig. 3C), suggesting that the impairment of GFP-FR homo-  that the loss of SPCALI specifically affects the sorting of GPI-APs
clustering observed in SPCALi cells (Fig. 3B) affects both the Golgi  (Fig. 3D). As an additional control, we analyzed both the integrity
exit and the apical sorting. In order to further investigate this of the monolayer and the sorting of an endogenous basolateral
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protein, E-cadherin. The distribution of the junctional protein ZO-
1 and E-cadherin was comparable between the control and silenced
cells (SI Appendix, Fig. S2 B and C), showing that SPCA1 knock-
down does not alter the assembly of junctional complexes and
therefore the integrity of epithelial cell monolayers and does not
have a role in the basolateral sorting of transmembrane proteins.

All together, these data reveal that SPCAL plays a specific role
in regulating the calcium-dependent homoclustering of GPI-APs
in the Golgi and their subsequent sorting and trafficking toward
the apical surface.

Recently, a functional interplay between actin and SPCA1 via
the actin filament—severing protein ADF/cofilin has been shown to
promote the sorting of a subset of secretory proteins in HeLa cells
(22, 23, 34). A similar mechanism could take place in polarized
epithelial cells. To investigate this issue, we first asked whether
perturbation of the actin cytoskeleton would affect GPI-AP protein
sorting. To this aim, we measured the aggregation state of GFP-FR
in the Golgi apparatus of polarized MDCK cells in control con-
ditions and upon perturbation of the actin cytoskeleton by using
latrunculin A (6 pM) as previously described (3, 42, 43) (SI Ap-
pendix, Fig. S34). We found that, upon latrunculin treatment, the
brightness values of GFP-FR did not vary compared to control
cells (1.24 and 1.26, respectively; SI Appendix, Fig. S34). Consis-
tently, latrunculin A did not affect the migration of the Golgi pool
of GFP-FR on velocity gradients, thus indicating that actin per-
turbation does not modulate its oligomeric status (SI Appendix, Fig.
S3B). Furthermore, in agreement with the role of clustering for
GPI-AP apical sorting (2, 4), upon latrunculin addition, GPI-APs
were correctly sorted to the apical surface (SI Appendix, Fig. S3C).

Overall, these results suggest that the actin cytoskeleton is not
involved in Golgi GPI-AP clustering and apical sorting in polarized
MDCK cells.

The Golgi Calcium-Binding Protein Cab45 Is Involved in the Regulation
of GPI-AP Homoclustering. SPCA1-dependent calcium levels in the
Golgi apparatus have been previously shown to regulate the
segregation into secretory vesicles and export from the Golgi of a
subset of secretory proteins (cartilage oligomeric matrix protein
and lysozyme) in HeLa cells (22, 33). This was shown to be de-
pendent on Cab45, a Golgi luminal protein, which oligomerizes
upon calcium binding (44) and selectively interacts with these sol-
uble secretory cargoes, allowing their export (33, 34, 45, 46). These
data prompted us to investigate whether Cab45 could be involved in
the regulation of apical sorting of GPI-APs in polarized cells. We
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first analyzed the expression and localization of Cab45 in both
polarized and nonpolarized MDCK cells, and we found that, similar
to HelLa cells, Cab45 is enriched in the TGN and colocalizes with
the TGN46 marker in both conditions (Fig. 44; Pearson coefficient:
0.9 + 0.06 and 0.94 + 0.02 in nonpolarized and polarized cells,
respectively). qRT-PCR and Western blot analyses showed that
mRNA and protein levels of Cab45 are higher in nonpolarized
MDCK cells compared to polarized conditions (Fig. 4 B and C).
Interestingly, by purification on velocity gradients, we observed that
Cab45 is mostly monomeric in nonpolarized MDCK cells, while it
forms an HMW complex in polarized MDCK cells (Fig. 4D), sup-
porting a correlation between Cab45 clustering and the higher levels
of calcium in the Golgi apparatus in polarized versus nonpolarized
conditions (Fig. 1C). To understand the function of Cab45 in pro-
tein sorting in polarized MDCK cells, we generated stable knock-
down Cab45 MDCK:GFP-FR cells (Cab45i). After infection with
lentiviral particles containing a specific SiIRNA sequence targeted
against Cab45, we selected MDCK GFP-FR clones exhibiting a
decrease in Cab45 expression (SI Appendix, Fig. S4 A and B).
Next, we analyzed the aggregation state of GFP-FR and found
that the brightness of GFP-FR is significantly reduced in the
Golgi of Cab45i cells in comparison to CTRLi (Fig. 54), indi-
cating a reduction of GFP-FR homoclustering in the knockdown
cells. By performing time-lapse microscopy, we monitored the
trafficking of GFP-FR toward the surface in control and Cab45-
silenced cells (Fig. 5B). Strikingly, while GFP-FR is similarly
enriched in the Golgi apparatus in both CTRLi and Cab45i cells,
after temperature block (time 0), we monitored a strong delay in
GFP-FR Golgi exit in Cab45i cells as shown by a high Pearson’s
coefficient of colocalization with giantin/furin after a 1-h release
of the Golgi block at 37 °C (Fig. 5B, Pearson coefficient of
colocalization 0.65 + 0.09 and 0.2 + 0.092 in Cab45i and CTRLi
cells, respectively). In addition, it appeared that the majority of
GFP-FR was missorted to the basolateral membrane in Cab45i
cells (Fig. 5B), indicating that the impairment of GFP-FR
homoclustering observed in Cab45i cells (Fig. 54) affects both
the Golgi exit and the apical sorting. These data were sustained
by the analysis of the protein distribution at steady state in cells
grown on filters in fully polarized conditions in which we ob-
served more than 50% of GFP-FR at the basolateral surface in
Cab45i cells compared to the apical enrichment in control cells
(Fig. 5C and SI Appendix, Fig. S24). Overall, these data show that
in the absence of Cab45, GPI-APs do not cluster in the Golgi, and
they are missorted to the basolateral surface. Importantly, we
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observed that the polarized distribution of apical and basolateral
transmembrane proteins, GP114 and E-cadherin, respectively, was
unaffected in Cab45 knockdown cells (Fig. 5C and SI Appendix,
Fig. S4C), further supporting the specificity of the role of Cab45 in
the apical sorting of GPI-APs. The effects of knockdown of Cab45
expression mimic the ones of calcium lowering, indicating that
Cab45 might be the calcium-dependent modulator of GPI-AP
clustering and apical sorting.

Besides Cholesterol, Calcium Plays a Key Role in Apical Sorting of
GPI-APs. The above data have revealed the crucial role of cal-
cium in homoclustering and the apical sorting of the model GPI-
AP GFP-FR. To further corroborate these findings, we analyzed
whether the suppression of SPCA1 or Cab45 impacts the sorting
of a native GPI-AP, PLAP (placental alkaline phosphatase), and
of endogenous proteins. To this aim, we generated knockdown
MDCK:PLAP cells for SPCA1 (SI Appendix, Fig. S5) or Cab45 by
using the same methods aforementioned. In agreement with data
obtained for GFP-FR, we observed that PLAP (about 30 to 35%)
is basolaterally missorted in SPCA1-silenced cells, unlike 3 to 5%
of PLAP delivered to the basolateral side in control-interfered
cells (Fig. 64). Consistently, SPCA1 knockdown affects the PLAP
homoclustering as shown by the reduction of HMW complexes on
velocity gradients and a shift toward monomeric and dimeric forms
(Fig. 6B). Moreover, comparable results were obtained in Cab45-
silenced cells in which about 55 to 60% of PLAP is localized on the
basolateral surface (Fig. 6C), further highlighting the essential role
of Cab45 as a regulator of apical GPI-AP sorting.
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Taking advantage of the use of a fluorescent-conjugated version
of the bacterial toxin aerolysin, which binds with high affinity GPI-
APs (47), we analyzed the surface distribution of endogenous GPI-
APs upon Cab45 knockdown (Fig. 6D). As expected in CTRLi
cells, about 70% (+9%) of GPI-APs are localized on the apical
surface (Fig. 6D), while in Cab45-silenced cells, they are largely
missorted to the basolateral surface (82% =+ 3%), strengthening the
role of a calcium-dependent mechanism in homoclustering and
apical sorting of GPI-APs.

Importantly, we could show that the polarized distribution of a
basolateral GPI-AP, GFP-PrP, was unaffected in Cab45 knockdown
cells (SI Appendix, Fig. S6), indicating that this calcium-dependent
mechanism is specific for GPI-AP apical sorting, and it does not
work for the basolateral pathway.

Next, to gain more insight into this mechanism, we analyzed
whether Cab45 suppression affects the sorting of the chimeric
GPI-AP in which the GFP protein is exclusively fused to the GPI
attachment signal of PrP (3, 4). We have previously shown that
this protein is basolaterally sorted, and the exogenous addition of
cholesterol is sufficient to determine its oligomerization and re-
direct it to the apical surface (3, 4). We generated stable Cab45
knockdown MDCK:GFP-PrP (GPI attachment signal) cells, and
we analyzed the impact of cholesterol addition.

As expected, in CTRLI cells upon cholesterol addition, a
larger amount of GFP-PrP (GPI attachment signal) is sorted to
the apical surface (44 versus 23%, treated versus untreated cells)
(Fig. 7). On the contrary, the exogenous cholesterol addition is
not sufficient to redirect GFP-PrP (GPI attachment signal) to
the apical surface (23 versus 25%, treated versus untreated cells)
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bar) clones. (B) CTRLi and Cab45i cells grown for 3 d on a coverslip were subjected to a temperature block assay as described in Fig. 3C. Representative
images taken at the top and at the middle of the cells are shown. Pearson’s coefficient between GFP-FR and giantin/furin is shown as mean of three
different experiments (CTRLi, cyan bars; Cab45i, blue bars). (Scale bars, 4 pm.) (C) MDCK:GFP-FR CTRLi or Cab45i cells grown for 4 d on a filter were
imaged in live conditions or stained with anti-GP114 antibody. Mean fluorescence intensities at the apical and basolateral surface were measured and
expressed as percentages of the total fluorescence. (Scale bars, 6 um.) Error bars, + SD. NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001, Student’s

t test.

in Cab45i cells (Fig. 7), further supporting the critical role of
Cab45 as a calcium-dependent modulator in GPI-AP apical
sorting.

Opverall, these data indicate that both cholesterol and calcium
are key regulators of Golgi GPI-AP clustering and apical sorting
and are both crucial for these processes.

Discussion

Proper protein sorting and trafficking to the cell surface is essential
for the establishment and maintenance of epithelial properties and
function of epithelial cells.

Lebreton et al.
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GPI-APs are selectively localized at the apical surface in the
majority of epithelia (reviewed in refs. 8, 27, and 48) and are
sorted at the TGN (41, 49), the major protein-sorting station
(50). It has been demonstrated that protein oligomerization is
the key step to determine the apical sorting of GPI-APs in epi-
thelial cells of different origins (2, 51). In particular, clusters of
single GPI-AP species (named homoclusters) form in the Golgi
apparatus of fully polarized cells when proteins traverse the
medial Golgi (2, 51). The formation of GPI-AP homoclusters in
the Golgi is dependent on the cholesterol concentration, while af-
terward, the formed homoclusters become insensitive to cholesterol
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depletion (1, 2, 4). It has been shown that the mechanisms re-
sponsible for homoclustering and apical sorting of GPI-APs regu-
late their subsequent organization in heteroclusters at the apical
plasma membrane and their functional activity (1). This is impor-
tant, as this mechanism would ensure that only correctly sorted
proteins to the apical membrane are organized in functional clus-
ters, while the missorted ones remain monomeric/dimeric and in-
active (1, 8, 48). This implies that in epithelial cells, the functional
cluster organization of GPI-APs at the apical plasma membrane is
strictly linked with the acquisition of epithelial polarity (1). Hence,
in nonpolarized conditions, GPI-APs are not clustered at the cell
surface due to a lack of clustering in the Golgi (1).

This is very different from what occurs in fibroblasts, where
GPI-APs are organized in clusters in response to surface cues (6,
52-57). The mechanism that would assure a rapid change in the
Golgi of polarized cells compared to nonpolarized conditions
remains unclear.

Lipidomic analyses have shown that epithelial cells undergo
drastic changes in lipid compositions during cell polarization,
among which is an increase in cholesterol (58). Previously, we have
shown that the levels of cholesterol in the Golgi of polarized
and nonpolarized cells are different (1); however, while high
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cholesterol concentration is necessary for the clustering of GPI-
APs, this is not sufficient for their apical sorting (4).

Here, we discovered that another difference between the
Golgi of polarized and nonpolarized MDCK cells is the calcium
concentration, which increases substantially during the acquisi-
tion of the fully polarized phenotype (Fig. 1C). This was never
reported before; nonetheless, the calcium content of the Golgi
complex is known to be high (28, 29, 59) and has been shown to
regulate protein processing and the sorting of secreted soluble
proteins in nonpolarized cells (30, 31). High calcium concen-
trations in the TGN promote the selective aggregation of se-
cretory granule cargoes such as granins, which is a key step for
the sorting of regulated proteins (60-62). Therefore, we assessed
whether calcium had a role in the mechanism of GPI-AP clus-
tering occurring in the Golgi of polarized MDCK cells prior to
their apical sorting. We show that ionomycin, an agent per-
turbing/lowering the calcium levels, impaired the homoclustering
of GPI-APs in the Golgi, thus indicating that calcium levels are
critical for this process.

Two groups of phosphorylation-type calcium pumps, the well-
known SERCAs and the more recently discovered SPCAs, regulate
Golgi calcium levels (32). Interestingly, SPCA1 was found mainly
in detergent-resistant fractions (where GPI-APs abound), and its
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activity is inhibited upon cholesterol depletion, while SERCA
function was unaffected (40). Moreover, recent findings have
shown that SPCA1, by mediating calcium influx in the Golgi, plays
a key role in the trafficking of secretory cargoes and virus matu-
ration (23, 30, 33, 63). Here, we show that the concentration of
calcium in the Golgi of MDCK cells is dependent on SPCA1. Most
importantly, its protein expression increases during polarization,
supporting that calcium in the Golgi lumen is a crucial determinant
in the establishment of epithelial polarized phenotype. Remark-
ably, SPCA1 knockdown results in the loss of GPI-AP oligomeri-
zation and missorting to the basolateral surface, highlighting a role
of SPCAL1 in the apical sorting of GPI-APs. This appears to be
specific for GPI-APs, as SPCA1 knockdown does not alter sorting
of apical transmembrane proteins, further supporting that the
mechanisms regulating GPI-AP and transmembrane protein sort-
ing to the apical surface are different.

It is conceivable that Golgi calcium homeostasis is influenced by
other intracellular calcium stores [e.g., endoplasmic reticulum
(ER), cytosol, endosomes], or, vice versa, the SPCA1 knockdown
may impact the calcium concentration of other organelles. While
the initial focus centered on membrane contact sites between the
ER and mitochondria (crucial for the transfer of calcium and
lipids), in the last years, it is becoming clear that all organelles can
contact each other, including the Golgi apparatus (64). Efficient
calcium transfer was ascribed to the ER—plasma membrane con-
tact sites and to ER-Golgi contacts (64, 65). To investigate
whether the integration of calcium signals from diverse compart-
ments may synergically regulate their homeostasis and polarized
trafficking will be important in the future.

Lebreton et al.
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How SPCA1 would be regulated in the Golgi of polarized
epithelial cells is an important question. We showed here that
the actin cytoskeleton does not regulate Golgi GPI-AP clustering
and apical sorting, suggesting that the SPCAl-mediated sorting
of GPI-APs is independent of actin in epithelial cells. These data
indicate that the mechanism regulating the activity of the SPCA1
in polarized cells and in HeLa cells is different. Interestingly, it
was reported that SPCAL1 is localized in cholesterol-enriched
microdomains in colon adenocarcinoma and kidney cells (40)
and that the SPCA1 pump’s activity seems to be regulated by the
levels of cholesterol (40). Cholesterol levels in the Golgi cisternae
of polarized MDCK cells are higher compared to nonpolarized
MDCK cells (1, 58), and we have previously shown that high
cholesterol levels in the Golgi are required but not sufficient for
GPI-AP oligomerization (4). Indeed, this process needs favorable
cholesterol-enriched membrane environments but depends also on
protein—protein interactions of the GPI-AP ectodomains (2, 4, 27).
Therefore, in light of our results, one possibility is that cholesterol
would indirectly favor GPI-AP homoclustering by regulating the
activity of the SPCA1, thereby controlling Golgi calcium levels.

Moreover, a recent study showed that in HeLa cells, SPCA1
activity is regulated by the levels of sphingomyelin in Golgi mem-
branes (35). Therefore, another open question is whether sphin-
gomyelin would also contribute to regulate SPCAL activity in
polarized MDCK cells. To date, the role of sphingolipids in GPI-
AP sorting is still not clear. In thyroid polarized epithelial cells, the
treatment with the ceramide synthase inhibitor fumonisin B1 leads
to the basolateral missorting of GPI-APs (66) but also impairs the
apical transport of transmembrane proteins, supporting a role of
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TGN, governed by SPCA1, is essential for GPI-AP clustering. In control cells,
SPCA1 allows the uptake of calcium within the Golgi that would lead to
oligomerization of Cab45, which in turn stabilizes GPI-AP clustering and
apical sorting. Upon SPCA1 knockdown, less calcium is uptaken by the Golgi,
leading to the impairment of GPI-AP clustering that results in their mis-
sorting. Similarly, upon Cab45 knockdown, Golgi GPI-AP clustering is im-
paired, leading to their basolateral missorting.

sphingolipids in promoting apical versus basolateral segregation
rather than specifically affecting GPI-APs (66). Similar conclusions
arose from studies showing that in MDCK cells, the knockdown of
FAPP?2 (four-phosphate-adaptor protein 2), a protein which is re-
quired for the synthesis of glycosphingolipids, resulted in delayed
delivery and/or intracellular accumulation of apical raft-associated
proteins (either transmembrane and GPI-AP), whereas the baso-
lateral transport was unaffected (67). On the other hand, a recent
study showing a functional link between GPI remodeling and gly-
cosphingolipid biosynthesis (68) points to a novel critical role for
sphingolipid pathways in the segregation and formation of apical
GPI-AP vesicles. It will be interesting to test this hypothesis in
the future.

Besides interplay between lipids and calcium, calcium per se
would exert its effect on GPI-AP clustering through the binding
of specific calcium-binding proteins. Several calcium-binding
proteins, such as calmodulin, have been shown to mediate fu-
sion between yeast vacuoles, the later steps of fusion vesicle
trafficking and endosome fusion. At the level of the Golgi, two
luminal calcium-binding proteins, Cab45 and p54/NEFA, have
been identified. In nonpolarized cells, in response to SPCA1-
mediated calcium influx, the Golgi resident binding protein
Cab45 oligomerizes and in turn promotes oligomerization of
soluble cargoes, and sequestering them within subdomains favors
their export from the TGN in sphingomyelin-enriched vesicles
(30, 33-35, 45, 46).

Here, we demonstrate that Cab45 localizes in the TGN of
MDCK cells and forms oligomers only in fully polarized MDCK
cells (and not in nonpolarized conditions), which is in good
correlation with the higher levels of calcium in the Golgi of these
cells. We further show that the silencing of Cab45 induces a re-
duction of homoclusters of GFP-FR and leads to its basolateral
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missorting. Importantly, we highlighted the requirement of Cab45
for the apical sorting of the native GPI-AP PLAP and of endog-
enous GPI-APs, further strengthening its role in GPI-AP sorting.
Also in this case, as shown for SCPAI, the knockdown of Cab45
affects specifically the polarized trafficking of apical GPI-APs but
not of basolateral ones as well as apical and basolateral trans-
membrane proteins, indicating that Cab45 is critical for Golgi
clustering of GPI-APs and their apical sorting. Moreover, the fact
that the mRNA of both SPCA1 and Cab45 are higher in cells
expressing apical GPI-APs (SI Appendix, Fig. S7) strengthens the
key role of these two factors in GPI-AP apical sorting. On the
other hand, in these cells, we detected higher protein levels only
for SPCA1 and not for Cab45, which may imply different mech-
anisms regulating the activity of these proteins.

This calcium-dependent mechanism is crucial for GPI-AP sort-
ing because when it is inhibited, the increased Golgi cholesterol
levels, which are sufficient to redirect apically a basolateral GPI-AP
(3, 4), are unable to promote their apical sorting. Thus, both
cholesterol and calcium are key determinants and concur to apical
sorting of GPI-APs.

Overall, this study revealed in polarized epithelial cells an
unexpected role for the calcium levels in mediating Golgi clus-
tering and sorting of GPI-APs and unraveled key players of the
molecular machinery regulating these processes.

It is worth noting that both SPCAl and Cab45 undergo
changes during polarization (increased protein expression and
oligomerization, respectively), clearly indicating that their ac-
tivity is strictly related to the acquisition of a polarized cell
phenotype. Hence, the control of these two players may fall in
the global epithelial polarity program (69, 70). Posttranslational
rather than transcriptional mechanisms regulate SPCA1l ex-
pression. For example, SPCA1 may undergo a lower and/or
slower turnover of protein levels. Its increased stability might
correlate with its partitioning into lipid microdomains (40),
whose main lipid components increase during cell polarization
(58). Further studies will be necessary to test this hypothesis. On
the other side, why Cab45 expression decreases during polari-
zation remains an intriguing open question. One possibility is
that Cab45 might be implicated in other processes important for
the establishment of polarized cell phenotypes.

Moreover, another key question is through which mechanism
Cab45 can sort GPI-APs. Pulldown experiments of HeLa cell ly-
sates combined with mass spectrometry analysis suggest that Cab45
interacts with secretory proteins (34), and this also could be the
case for GPI-APs. Whether and how Cab45 may recognize protein
ectodomains and/or lipid anchors and whether Cab45 interacts with
monomers favoring their clustering or binds GPI-AP oligomers by
stabilizing them remain the most intriguing questions. The fact
that Cab45 is mainly localized in the TGN of MDCK cells when
the oligomers are already formed, as previously shown in pulse
chase experiments (2), supports the role of Cab45 as a stabilizer of
GPI-AP clusters. So far, no evidence exists showing that different
GPI-APs share some structural similarities except that their
C-terminal portion is characterized by four regions (including the
GPI attachment signal, amino acids upstream of the omega site),
all determining the efficiency of the GPI transamidation reaction
(71). Moreover, posttranslational modifications and/or lipid
remodeling of the GPI anchor may influence this interaction. A
deep comparative analysis of protein ectodomains and lipid an-
chors of different GPI-APs will be the next challenge as well as
that to unravel the common structural elements between GPI-APs
and secreted proteins.

We propose a model of Golgi GPI-AP clustering in polarized
MDCK cells in which the cholesterol environment could 1) allow
the establishment of the lipid environment favorable for GPI-AP
oligomerization and 2) regulate the activity of the pump, which in
turn is important for the oligomerization of Cab45 that stabilizes
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GPI-AP oligomers in a cholesterol-independent manner and fa-
cilitates their segregation in apically sorted vesicles (Fig. 8).

Likely, this mechanism may operate in epithelial cells derived
from different tissues and/or organs since the mRNA expression of
both SPCA1 and Cab45 is quite comparable in organs composed of
epithelial tissues [such as colon, kidney, liver, lung, thyroid, etc. (44,
72, 73)]; higher mRNA and protein expression have been observed
in rat brain and testis as compared to other tissues (74). Interest-
ingly, higher mRNA levels of SPCA1 were observed in fetal organs
with respect to the adult counterpart (73). This is in agreement
with our data and suggests that a higher level of the SPCA1 pump
is critical in the early phases of epithelial differentiation.

Among epithelia, hepatocytes are peculiar because they sort the
majority part of apical proteins, including GPI-APs, through
transcytosis. Whether and at which level of the transcytotic route
the calcium mechanism plays a role in the polarized trafficking of
GPI-APs to liver canaliculi will be very interesting to study in
the future.

Materials and Methods

Cell Cultures, Transfections, and Antibodies. MDCK cells were grown in Dul-
becco’s Modified Eagle Medium (Sigma-Aldrich) containing 5% fetal bovine
serum. MDCK cells stably expressing the GPI-APs GFP-FR, PLAP, GFP-PrP full
length, or GFP-PrP carrying exclusively the GPI attachment signal of PrP were
generated previously (2-4).

Cells were stably knocked down using either shRNAs or lentiviral vector
(for details, see SI Appendix).

The antibodies used were listed in S/ Appendix.

Velocity Gradients. Velocity gradients allowing purifying proteins according
to their molecular weight independently of their association with membrane
domains were performed as previously described (75, 76); for details, see
SI Appendix.
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