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Accumulation of globotriaosylceramide (Gb3) and other neutral glycosphingolipids with galactosyl residues is
the hallmark of Fabry disease, a lysosomal storage disorder caused by deficiency of the enzyme alpha-
galactosidase A (α-gal A). These lipids are incorporated into the plasmamembrane and intracellularmembranes,
with a preference for lipid rafts. Disruption of raft mediated cell processes is implicated in the pathogenesis of
several human diseases, but little is known about the effects of the accumulation of glycosphingolipids on raft
dynamics in the context of Fabry disease. Using siRNA technology, we have generated a polarized renal epithelial
cell model of Fabry disease in Madin–Darby canine kidney cells. These cells present increased levels of Gb3 and
enlarged lysosomes, and progressively accumulate zebra bodies. The polarized delivery of both raft-associated
and raft-independent proteins was unaffected by α-gal A knockdown, suggesting that accumulation of Gb3
does not disrupt biosynthetic trafficking pathways. To assess the effect ofα-gal A silencing on lipid raft dynamics,
we employed number and brightness (N&B) analysis to measure the oligomeric status and mobility of the
model glycosylphosphatidylinositol (GPI)-anchored protein GFP-GPI. We observed a significant increase in the
oligomeric size of antibody-induced clusters of GFP-GPI at the plasma membrane of α-gal A silenced cells
compared with control cells. Our results suggest that the interaction of GFP-GPI with lipid rafts may be altered
in the presence of accumulated Gb3. The implications of our results with respect to the pathogenesis of Fabry
disease are discussed.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Fabry disease is a lysosomal storage disorder (LSD) caused by
deficient activity of the lysosomal hydrolase α-galactosidase A (α-gal
A) (EC 3.2.1.22), encoded by the gene GLA [1,2]. The presence of
dysfunctional α-gal A or its absence leads to progressive accumulation
of neutral glycosphingolipids with α-D-galactosyl residues, mainly
globotriaosylceramide (Gb3), in a variety of cell types, and results in
multi-system disease [3].

The kidney is one of the most affected organs in Fabry disease and
end-stage renal disease is a significant cause of morbidity in these
patients [4]. While advanced stages of chronic renal disease usually
develop in middle adulthood in males, the first histological signs of
kidney involvement are seen as early as in utero [5,6]. Additionally,
pediatric patients may present early signs of nephropathy such as
microalbuminuria, overt proteinuria, and hyperfiltration [7]. Histo-
pathologic analyses of kidney biopsies of Fabry disease patients show
Gb3 inclusions in most renal segments and cell types [8]. As Fabry
nephropathy progresses, mesangial expansion, interstitial fibrosis,
tubular atrophy, and glomerulosclerosis are often observed [9].

Recombinant Enzyme Replacement Therapy (ERT) for Fabry disease
has been clinically available since 2001 and its administration improves
overall clinical status and quality of life of Fabry patients [10–12].
However, ERT regimens only slightly retard the progression of chronic
kidney disease, and a steady decline in glomerular filtration rate is
still observed in Fabry disease patients receiving long-term ERT
[13–15]. While our understanding of the molecular mechanisms and
clinical progression of the disease has exponentially increased over
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the past several years, the pathogenic link between glycosphingolipid
accumulation and renal cellular dysfunction that culminates in kidney
failure remains unclear. A better appreciation of how these are
connected may contribute to identification of novel drug targets for
optimized therapy for the disease.

After its synthesis from lactosylceramide in the Golgi apparatus, Gb3
reaches the outer leaflet of the plasma membrane via vesicle-mediated
transport [16,17]. Like other glycosphingolipids, Gb3 resides prefer-
entially in specialized membrane domains termed lipid rafts [18].
Lipid rafts constitute tightly packed dynamic assemblies of the plasma
membrane and of biosynthetic and endocytic compartments that are
enriched in sphingolipids and/or cholesterol [19]. Differential protein
partitioning into these rafts can be conferred by lipid modifications
such as glycosylphosphatidylinositol (GPI) lipid anchors, acylation,
and palmitoylation, or by binding of N-glycans to raft-associated lectins
[20,21] Raft domains orchestrate the distribution and diffusion of a
variety of proteins and lipids to enable or prevent lipid–lipid, protein–
lipid, and protein–protein interactions [22].

Lipid rafts play important roles in post-Golgi membrane trafficking,
intra- and inter-cellular signaling, and cell adhesion [23–25]. A primary
function of these domains is to serve as scaffolds that enable the
formation of higher order protein associations required for proper sorting
and signal transduction. In polarized epithelial cells, a subset of newly
synthesized proteins requires association with lipid rafts in the trans-
Golgi network for efficient delivery to the apical plasma membrane
[26]. Clustering of these raft-associated proteins into high molecular
weight complexes is essential for their proper polarized delivery

[27–29]. Similarly, oligomerization andhigher order clustering of proteins
are also important for the formation of signaling synapses in membrane
microdomains in response to physiological stimuli [30].

Perturbations in lipid raft composition or dynamics contribute to the
pathogenesis of several human diseases including atherosclerosis [31]
and Alzheimer's disease [32]. Furthermore, changes in raft composition
have been described for some lysosomal storage disorders such as
Niemann–Pick type C [33], Gaucher disease type I [34], Sandhoff disease
[35], Sanfilippo disease [36], neuronal ceroid lipofuscinosis [37], and
Krabbe disease [38]. Whether lipid raft structure is altered in Fabry
disease is not known, however recent studies have suggested that
trafficking of the glycosphingolipid lactosylceramide and of the apical
glycoprotein dipeptidylpeptidase IV is perturbed in fibroblasts of Fabry
disease patients compared to control fibroblasts [39,40].

Changes in the lipid composition of lipid rafts may alter the
stoichiometry of their protein components, with possible functional
effects [41]. A recent advance in our ability to study spatial and
temporal dynamics of proteins in living cells is the establishment
of fluorescence fluctuation technique of number and brightness
(N&B) analysis. In this method, quantitation of temporal fluctu-
ations in the emission intensity of fluorescent molecules is used to
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Fig. 1. Efficient siRNA-mediated silencing of α-gal A in MDCK cells. MDCK cells were
transfected with control siRNA or siRNA targeted against α-gal A. After three days or
seven days with repeated transfection, cells were solubilized and mRNA was extracted.
(A) The efficiency of knockdown was quantified by RT-PCR, and a representative gel is
shown. The migration of DNA ladder standards is shown on the left. The predicted PCR
product for α-gal A is 898 bp. β-Actin was used as a PCR control (expected product size
160 bp). (B) Quantitation of knockdown efficiency by qRT-PCR, performed as described
in Materials and methods. The mean± range of two independent experiments is plotted.
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Fig. 2. α-gal A siRNA silencing increases cellular levels of Gb3. (Top) Filter-grown MDCK
cells transfected with control (left panel) and α-gal A siRNA (right panel) for seven days
were processed for indirect immunofluorescence using anti-CD77 antibody to detect
Gb3 and imaged by epifluorescence microscopy. SYTOX Green Nucleic Acid Stain was
used to visualize nuclei. Scale bar: 10 μm. (Bottom) Surface staining of CD77/Gb3 in
non-permeabilized MDCK control cells (left) and α-gal A siRNA silenced cells (right).
Maximum projections of five optical sections taken at the apical surface are shown.
Scale bar: 5 μm.
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calculate the oligomerization of fluorescently-tagged proteins
expressed at low levels [42–45].

Herewehave established and characterized a polarized cellmodel of
Fabry disease in the canine kidney cell line MDCK (for Madin–Darby
canine kidney). Cells silenced for α-gal A had increased levels of Gb3
and developed ultrastructural changes consistent with those observed
in histopathological analyses of Fabry disease patient samples. Ac-
cumulation of Gb3 in intracellular compartments and at the cell
surface did not alter the targeted delivery of either raft-associated
or raft-independent proteins to the apical and basolateral mem-
branes. To investigate lipid raft dynamics, we examined the effect
of α-gal A depletion on the clustering of a model raft-associated
GPI-anchored protein (GFP-GPI). N&B analysis in living cells re-
vealed an increased oligomeric size of GFP-GPI at the plasma
membrane of α-gal A silenced cells upon antibody-induced cluster-
ing compared with control cells. We speculate that accumulation of
Gb3 in Fabry disease may lead to changes in protein–protein and
protein–lipid interactions in lipid rafts.

2. Materials and methods

2.1. Cell culture

MDCK cells were cultured in MEM with 10% heat-inactivated fetal
bovine serum. Growth media were replaced every 48 h. Cells at 70–
90% confluence were detached using TrypLE select (Life Technologies),
transfected as described below, and seeded on 0.4 μm Transwell®

permeable supports (Corning Life Sciences) for up to six days prior to
experiments.

2.2. siRNA-mediated knockdown

An siRNA oligonucleotide targeting the following sequence 5′-
GATAGATCTGCTGAAATT-3′ was designed for transient silencing of
the canine α-gal A using Dharmacon siDESIGN center (http://www.
thermoscientificbio.com/design-center/). siRNA againstfirefly luciferase
(Dharmacon) targeting the sequence 5′-GAATATTGTTGCACGATTT-3′
was used as a control. MDCK cells were transfected with either α-gal
A or control siRNA using Lipofectamine™ 2000 transfection reagent
(Life Technologies) and Opti-MEM® Reduced Serum Media (Life
Technologies). Briefly, 260pmol of either α-gal A or control siRNA was
incubated with 10 μL of Lipofectamine and 500 μL of Opti-MEM for
30min at ambient temperature. An aliquot (125 μL) of the transfection
mix and 5×105 subconfluent MDCK cells suspended in 333 μL of MEM
with serum were seeded in 12-well plates or on Transwell® permeable
supports. Growth media were replaced within 8 h of transfection and
every other day. Experiments were typically performed after 3 to
4 days. For longer knockdown periods, siRNA transfections were
repeated every 3–4days.

2.3. PCR analysis of knockdown efficiency

Isolation of total RNA was performed using the RNAqueous® kit
(Ambion) according to the manufacturer's recommendations. Purified
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Fig. 3. α-gal A siRNA silencing causes accumulation of zebra bodies and increased lysosome size. (A) Indirect immunofluorescence of the late endosome/lysosome marker LAMP-2 in
control (left panel) and α-gal A silenced (right panel) MDCK cells. SYTOX Green Nucleic Acid Stain was used to visualize nuclei. Scale bar: 10 μm. (B) The average area of individual
LAMP-2 positive compartments in control and α-gal A silenced cells was quantified using ImageJ. The graph shows data from 20 fields in three independent experiments. *t-Test
p b 0.001. (C) Transmission electron micrographs of MDCK cells treated with α-gal A siRNA for six days (left and middle panels) or six weeks (right panel). Transversely-stacked,
osmiophilic myelin-like membranes also known as “zebra bodies” (arrow heads) are evident within six days of transfection and are more prevalent after six weeks of repeated
transfections. Scale bar: left: 2 μm, middle and right: 500 nm.
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total RNA underwent reverse transcription by incubationwithMoloney
murine leukemia virus reverse transcriptase (Ambion) at 42 °C for 1 h.
PCR of canine alpha-galactosidase was performed using the Phusion®
High-Fidelity PCR kit (New England Biolabs, Inc.), with the following
sense and antisense primers: 5′-TGTGCAACGTTGACTGCCAAGAAG-3′
and 5′-TCCTGCAGGTTTACCATAGCCACA-3′. As a control, canine β-actin
was also amplified (sense and antisense primers 5′-CTGCTGGAAGG
TGGACAG-3′; and 5′-ACCTTCAACTCCATCATGAAG-3′). Reactions were
run under the following parameters: 30 s at 98 °C, 5 cycles at [98 °C for
10 s, 72 °C for 30 s, 65 °C for 30 s (reducing temperature by 1 °C each
cycle), 72 °C for 30 s], followed by 27 cycles at [98 °C for 10 s, 56 °C for
30 s, 72 °C for 30 s], and a final cycle of 72 °C for 10min. For real-time
quantitative reverse transcription-PCR (qRT-PCR), 40 ng of RNA was
loaded per experimental well. The following primers targeting canine
mRNA products were used: α-gal A sense and antisense: 5′-ACCGGCT
TAGAAAGGAAGACA-3′ and 5′-TTTACCATAGCCACAGCCCA-3′; and β-
actin sense and antisense: 5′-GATCAAGATCATCGCACCCC-3′ and 5′-
ACAGTCCGCCTAGAAGCATT-3. Six-point standard curves were gener-
ated for each primer using progressive 1:2 dilutions of cDNA. Maxima
SYBR (Thermo Scientific) was added to each experimental well
containing sample and primers. qRT-PCR was performed on the 7300
Real Time System (Applied Biosystems). Reactions were run using the
following parameters: 2min at 50 °C, 10min at 95 °C, and 40 cycles at
95 °C for 15 s followed by 60 °C for 1 min. All samples were run in
triplicate and normalized to β-actin controls.

2.4. Recombinant adenoviruses and adenoviral infection

Generation of replication-defective recombinant adenovirus encoding
influenza hemagglutinin (HA) has been previously described [46].
Adenovirus encoding GFP-GPI was generated as described in [46].
Adenovirus stocks encoding dipeptidylpeptidase IV (DPPIV) and p75-
GFP were generous gifts from A. Musch (Albert Einstein College of
Medicine, NewYork, NY) and E. Rodriguez-Boulan (Weill CornellMedical
College, New York, NY), respectively. Sixteen to eighteen hours prior to
experiments, MDCK cells grown on permeable supports were rinsed in
Ca2+-free PBS containing 1 mM MgCl2 (PBS-Mg) and the indicated
replication-defective adenoviruses (encoding HA, DPPIV, GFP-GPI, or
p75-GFP) and the tetracycline transactivator (necessary for expression
of some constructs) were added in PBS-Mg to the apical chamber at a
multiplicity of infection of 25 to 75. PBS-Mg (500 μL) was added to the
basolateral chamber and cells were incubated at 37 °C with 5% CO2 for
1 h. Cells were then rinsed with PBS-Mg and incubated overnight in
growth media.

2.5. Indirect immunofluorescence and confocal microscopy

MDCK cells cultured on permeable supports were fixed for 15min in
4% paraformaldehyde, 100 mM sodium cacodylate, pH 7.4 warmed to
37 °C. Cells were then quenched in PBS containing 20mM glycine and
75 mM NH4Cl for 5 min and permeabilized with 0.1% TritonX-100 in
quench solution for 8 min with gentle shaking. After blocking in 1%
BSA and 0.1% saponin in PBS for 30min at ambient temperature, cells
were incubated in primary antibody for 1 h. Rat IgM Anti-CD77 mAb
(clone 38-13, Abcam), which recognizes Gb3, was used at a dilution of
1:20. Rabbit anti-giantin (from A Linstedt, Carnegie Mellon University,
Pittsburgh, PA) was diluted at 1:400. Mouse mAb to LAMP-2 (AC17;
from E. Rodriguez-Boulan) was diluted at 1:2000. Mouse mAb against
the early endosomal antigen EEA1 (Affinity BioReagents) was used at
1:200. Rat mAb against HA (clone 3F10; Roche Applied Biosystems)
was used at 1:500. Rat anti-ZO-I (hybridoma R40.76 supernatant) was
used neat. Monoclonal anti-DPPIV antibody was a gift from Ann
Hubbard (Johns Hopkins School of Medicine, Baltimore, MD) and was
used at 1:500. Rabbit polyclonal Ab against caveolin-1 (Cell Signaling
Technology) was used at 1:300. Mouse mAb against Na+/K+ ATPase
(Abcam) was used at 1:400. Mouse mAb against E-cadherin (BD
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Fig. 4. Steady-state distribution of raft-associated and raft-independent apical cargoes is
not affected by α-gal A siRNA silencing. (A) Indirect immunofluorescence staining of
ZO-I (tight junction marker) in control and α-gal A silenced MDCK cells confirms that
tight junctions are intact. Control and α-gal A siRNA treated polarized MDCK cells were
infected with replication-defective adenoviruses encoding (B) the raft-associated protein
HA; (C) the raft-independent neurotrophin receptor p75 (tagged with GFP); or (D) the
glycoprotein dipeptidylpeptidase IV (DPPIV). Cells were fixed, processed for immuno-
fluorescence, and imaged by confocal microscopy. Images taken at the level of the apical
surface and at a medial plane are shown for each protein, and XZ reconstructions are
below. Scale bar: 5 μm.
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Biosciences) was used at 1:400. After incubation with primary
antibodies of interest, cells were washed four times for 5 min each in
PBS containing 0.5% BSA and 0.05% saponin and incubated in secondary
antibody for 30min. Alexa-Fluor (InvitrogenMolecular Probes) and Cy3
(Jackson ImmunoResearch Inc.) secondary antibodies were used at
dilutions of 1:500 and 1:200, respectively. Primary and secondary
antibodies were diluted in PBS containing 0.5% BSA and 0.05% saponin.
Filters were washed four times for 5 min each and mounted using
ProLong antifade gold with DAPI (Life Technologies). For surface
staining, MDCK cells seeded on permeable supports were washed five
times with HEPES/MES-buffered MEM, pH 7.0 (binding medium) for
3 min on ice. After blocking with HEPES-buffered MEM, 0.6% BSA,
pH 7.4 for 15min on ice, cells were incubated with rat IgM anti-CD77
mAb (diluted at 1:20) in binding medium on ice for 10min. Cy3 goat
anti-rat IgM secondary antibody was used at a concentration of 1:200
diluted in binding medium on ice in anti-CD77 treated cells. Cells were
washed five times with binding medium following incubation with
both primary and secondary antibodies and then fixed and quenched as
described above before, mounting using ProLong antifade gold with
DAPI.Where stated, SYTOXGreenNucleic Acid Stainwas used to visualize
nuclei. Images were captured on an Olympus Fluoview FV1000 laser-
scanning confocal microscope and processed using ImageJ (National
Institutes of Health, Bethesda, MD), Metamorph imaging system
(Universal Imaging Corp, Brandywine, PA) and Adobe Photoshop® CS6.
Statistical background subtraction of the images was performed using
Metamorph imaging system (Universal Imaging Corp, Brandywine, PA).

2.6. Electron microscopy

Monolayers ofMDCK cells seeded on permeable supportswere fixed
in solution of 2.5% glutaraldehyde and 4% paraformaldehyde in PBS for
30 min and post-fixed in 1% Osmium tetroxide overnight. Samples
were dehydrated in graded series of ethanol solutions and embedded
in EPON according to standard procedures. Ultra-thin sections were
stained with uranyl acetate and lead citrate and examined using a
JEOL electron microscope.

2.7. N&B measurements

Cells transfected with control or α-gal A siRNA for three to seven
days were transfected with 0.2 μg of DNA plasmid encoding GFP fused
to the GPI-anchor of 5′ nucleotidase (GFP-GPI; provided by G. Ihrke;
Uniformed Services University of the Health Sciences, Bethesda, MD)
using Lipofectamine 2000 for 16–20 h. The oligomeric status of both
GFP-tagged proteins in the absence or presence of 50 μg/mL rabbit
anti-GFP antibody (Invitrogen) was determined by number and
brightness (N&B) analysis as previously described [47]. Briefly, a set of
100 confocal images for control or α-gal A silenced cells were acquired
on a Leica TCS system equippedwith a 63×/1.2 NAwater objectivewith

488-nm laser line and 500–570 nm emission filter. Images were
collected at 200Hz using a hybrid detector set in the photon counting
mode. Measurements were performed at 37 °C and the average
molecular brightness (B) and number of particles (N) per pixel were
calculated using the SimFCS software ([42]; Laboratory of Fluorescence
Dynamics, University of California, Irvine). N and B are defined as:

N ¼ kh i2
σ2 ð1Þ

B ¼ kh i
N

¼ σ2

kh i : ð2Þ

The variable k represents the signal intensity and σ is the variance of
the signal. Themolecular brightness of either control orα-gal A silenced
cells was divided by the average brightness of monomeric GFP
measured in the cytosol to obtain the normalized brightness.

To measure expression levels of heterologously expressed proteins
in the cells analyzed by N&B analysis, the average intensity of
fluorescence of a solution containing 30nMof purified EGFP (BioVision)
as well as the average intensity of fluorescence of cells expressing GFP-
GPI were measured under the same experimental settings and
quantitated using SimFCS. Approximate concentration of GFP-GPI in
each cell was determined by dividing the measured value of intensity
of fluorescence for GFP-GPI in that cell divided by the intensity of
fluorescence for the EGFP solution multiplied by 30nM. For calculation
purposes, we considered autofluorescence to be negligible under the
experimental conditions assessed.

3. Results

3.1. siRNAmediated silencing ofα-gal A efficiently reducesα-gal AmRNA in
kidney epithelial cells

Despite their lack of α-gal A activity, knockout α-gal A mice do not
fully reproduce the human clinical phenotype of Fabry disease [48]. As
alternative approaches, cell models have been useful tools for under-
standing disease cellular pathogenesis, for identifying biomarkers of
disease progression, and for developing and testing novel diagnostic
and therapeutic avenues [49–52]. To generate a renal epithelial cell
model of Fabry disease, we transfected MDCK cells with siRNA oligo-
nucleotides targeting α-gal A or a control oligonucleotide. Because
commercially available antibodies against human α-gal A failed to
recognize the canine enzyme, we measured knockdown efficiency
using RT-PCR. As shown in Fig. 1A, we observed a significant reduction
in α-gal A mRNA in MDCK cells treated with α-gal A siRNA compared
to control siRNA,without significant differences in β-actinmRNA levels.
We couldmaintain this level ofα-gal A knockdown for at least four days
with a single transfection and up to six weeks by repeating the
transfection every three to four days (data not shown). Efficient

Fig. 5.α-gal A silencing alters antibody induced-clustering of a lipid raft associated protein. Schematic of the theory of number and brightness (N&B) analysis. Left: depiction of cell surface
expression of GFP-GPI protein in the absence (−Ab), or presence (+Ab) of anti-GFP antibody (red). The magenta circle in the region of interest (roi) represents the focal volume of the
microscope. The magenta hourglass is an expanded view of the focal volume with a representation of GFP-GPI clusters (membrane not shown for clarity) diffusing in the−Ab or +Ab
conditions. Center: In this example, the total concentration in the roi before and after Ab addition is similar, giving rise to the same average fluorescence intensity (k). When antibody
is added to induce clustering, the same average fluorescence intensity is now redistributed into a few oligomeric species within the focal volume, which causes a dramatic increase in
the signal variance (σ) as the large oligomers diffuse through the focal volume. The ratio of variance to intensity is termed molecular brightness (brightness) and provides information
on the oligomeric status of a protein when compared to the monomeric fluorescent probe. Right: Depiction of brightness map for the roi in the −Ab and +Ab conditions with cool
and warm colors representing less and more clustering, respectively. (B) Control or α-gal A silenced (KD) cells expressing GFP-GPI in the absence or presence of anti-GFP antibody.
Left panels: Fluorescence images showing control and orα-gal A silenced cells before (−Ab), or 10min after addition of anti-GFP antibody (+Ab); scale bar: 20 μm.Middle panels: higher
magnification of the boxed region where N&B measurements were acquired; scale bar: 2 μm. Right panels: map of molecular brightness for the inset regions shown in the fluorescence
images; heatmap scale bar = normalizedmolecular brightness per pixel (e.g. 2 = 2GFPmolecules per cluster). (C) Scatter plot of normalizedmolecular brightness values for control and
orα-gal A silenced cells (n = 13 and n = 15, respectively, from two experiments). The dotted line represents the average normalizedmolecular brightness (~2.2) for control andα-gal A
silenced cells in the absence of antibody. *p b 0.005 by unpaired t-test. (D) Control orα-gal A silenced (KD) cells expressing GFP-endolyn in the absence or presence of anti-GFP antibody.
Image layouts same as inpanel B. (E) Scatter plot of normalizedmolecular brightness values forGFP-endolyn in control orα-gal A silenced cells (n= 16and n= 14, respectively, from two
experiments). The fine dotted line represents the average normalizedmolecular brightness for control and the coarse dotted line forα-gal A silenced cells in the absence of antibody (1.65
and 1.27, respectively).
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knockdown was further confirmed by quantitative RT-PCR, which
showed an average of 88% reduction in α-gal A mRNA in α-gal A
siRNA transfected cells (Fig. 1B).

3.2. Accumulation of Gb3 in MDCK cells silenced for α-gal A

Gb3 is the main substrate of α-gal A and accumulates in a variety of
cell types in Fabry disease patients [53]. To investigate the consequences

of α-gal A silencing on cellular Gb3 levels, we compared the intensity
and pattern of Gb3 staining in polarized MDCK cells three days after
transfection with α-gal A or control siRNA. Cells were fixed and
processed for indirect immunofluorescence using a monoclonal
antibody against Gb3 (Anti-CD77). As shown in Fig. 2, we observed a
marked increase in anti-CD77 staining in MDCK cells transfected for
three days with α-gal A siRNA compared with control siRNA. The
majority of the staining was present in intracellular compartments
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likely to correspond to lysosomes. Increased levels of Gb3 were also
observed at the plasma membrane of non-permeabilized MDCK cells
silenced for α-gal A (Fig. 2, bottom). Cell surface Gb3 is also known to
be elevated in Fabry disease and measurement of this pool has been
recently proposed as a means to monitor the response to ERT [50].

3.3. Ultrastructural changes upon α-gal A silencing in MDCK cells

Fabry disease patient fibroblasts have enlarged lysosomes that
decrease in size upon disease-targeted therapy [54]. We therefore
examined whether α-gal A silencing altered lysosome size in MDCK
cells. We performed confocal microscopy of MDCK cells transfected
with control or α-gal A siRNA and immunostained for the lysosome
marker LAMP-2. By visual inspection there appeared to be an increase
in the size of LAMP-2 positive compartments in α-gal A silenced cells
compared with cells treated with control siRNA (Fig. 3A). To quantify
this difference, the average area of individual LAMP-2 positive
compartments in confocal image stacks was determined using ImageJ
software. While there was variability in individual lysosome sizes, on
average, the lysosomal area in α-gal A silenced cells was 233% greater
per field than that measured in control cells (Fig. 3B). In contrast, the
morphology of early endosomes and theGolgi complexwere unaffected
(supplementary Fig. 1).

Light and electron microscopy of biopsied tissues of patients with
Fabry disease reveals cell-type dependent ultra-structural changes
that are characteristic of lipid deposition seen in LSDs [9]. In cell types
with a greater degree of lipid deposition, the accumulation of intra-
cellular inclusions formed of concentric or parallel arrays of lipid
aggregates, also called “zebra bodies”, is evident by electronmicroscopy
[55]. To investigate renal epithelial cell ultrastructure upon α-gal A
silencing, we fixed MDCK cells six days after siRNA transfection and
processed the samples for transmission electron microscopy (Fig. 3C).
Osmiophilic myelin-like structures similar to the zebra bodies observed
in affected tissues of patients with Fabry diseasewere observed inα-gal
A silenced cells and absent in cells transfectedwith control siRNA. These
structures increased in number after six weeks of repeated α-gal
A siRNA transfection (Fig. 3C). These results confirm that siRNA-
mediated silencing of α-gal A MDCK cells reproduces the Gb3
deposition pattern and ultrastructural changes observed in Fabry
disease patient cells. Therefore, this model can be used to study cellular
processes that when perturbed could potentially contribute to the
disease mechanism in α-gal A deficiency.

3.4. Polarized sorting of raft-associated and raft-independent proteins is
unaffected by α-gal A silencing

Association with lipid rafts is essential for efficient biosynthetic
delivery of a subset of newly synthesized apically-destined proteins
[56]. To test whether accumulation of Gb3 alters apical delivery
pathways, we examined the steady state distribution of apical cargoes
inα-gal A silenced polarizedMDCK cells grown on permeable supports.
As shown in Fig. 4A, staining of the tight junction protein ZO-1 was
unaffected by α-gal A knockdown. Moreover, we found no difference in
the steady state distribution of the raft-associated protein HA (Fig. 4B)
or the raft-independent protein p75-GFP (Fig. 4C) in α-gal A silenced
cells. A previous study reported changes in the subcellular localization
of DPPIV in fibroblasts cultured from Fabry patients [39]. However, we
found no effect of α-gal A silencing on DPPIV distribution (Fig. 4D).
Additionally, we observed no differences in the steady state distribution
of the basolaterally targeted proteins E-cadherin and Na+/K+ ATPase,
as well as the raft-associated protein caveolin-1 in MDCK cells silenced
for α-gal A and in control cells (supplementary Fig. 2). Thus, Gb3
accumulation in α-gal A-depleted cells is apparently insufficient to alter
apical sorting in our model system.

3.5. Dynamics of a model raft-associated protein upon α-gal A silencing in
MDCK cells

Recent studies have demonstrated that the steady-state cellular
distribution of lactosylceramide differs in fibroblasts of Fabry disease
patients when compared to control fibroblasts, suggesting perturbed
lipid raft trafficking in Fabry disease [40]. However, the effects of Gb3
accumulation on lipid raft dynamics and any consequences to the
pathogenesis of Fabry disease remain unknown. We postulated that
α-gal A silencing and subsequent accumulation of neutral glyco-
sphingolipids at the plasma membrane would impact how proteins
interact with lipid rafts and potentially induce changes in oligo-
merization of raft-associated proteins. As a proof of principle we chose
to study the oligomeric status of GFP-GPI in our MDCK model of Fabry
disease. GPI-anchored proteins are well-characterized raft-associated
proteins and serve as models to study cell processes that occur in
lipid rafts [57]. GFP-GPI is efficiently recruited to lipid rafts, and
alteration of raft composition is known to change the oligomeric
state of GFP-GPI, thus making it a useful probe for monitoring lipid
raft microdomains [58].

Using N&B analysis, we measured the self-assembly of GFP-GPI at
the plasma membrane of MDCK cells transfected with α-gal A and
control siRNA. In N&B analysis, a series of confocal images of cells
expressing the fluorescent protein of interest are acquired and the
average intensity and the variance of the fluorescence signal per pixel
are measured. The molecular brightness is then calculated as the ratio
of the signal variance to intensity (see schematic in Fig. 5A). For
example, considering samples with the same average in intensity of
fluorescence, tetramers would have a four-fold greater brightness
compared to monomers since the signal variance of the many dim
monomers is much smaller compared to the variance of several bright
oligomers as they move in and out of the confocal volume. In both
control and α-gal A siRNA treated cells, the majority of the GFP-GPI
fluorescence was uniformly distributed at the cell surface, with some
intracellular staining as has been previously reported [59] (Fig. 5B).
The expression level of GFP-GPI in our experiments ranged from 0.2 to
1.4 μM, which is similar to the endogenous expression range observed
for membrane tyrosine kinase receptors and associated downstream
signaling molecules [60]. The brightness measured under these
conditions corresponded to the total values across the area of interest
because no identifiable puncta could be gated for analysis (see
supplementary Fig. 3). The average molecular brightness for GFP-GPI
at the plasma membrane was 2.21 and 2.24 for control and α-gal A
silenced cells, respectively (Fig. 5C, dashed line). These data are in
good agreement with previous studies showing that under non-
stimulated conditions GPI-anchored proteins are highly mobile and
form transient homodimers at the plasma membrane [61]. Upon
activation or ligand binding, GPI-anchored proteins form stable
homodimers and higher order clusters composed of GPI-anchored
proteins and other raft-associated proteins [62,63]. Experimentally,
clustering of GPI-anchored proteins can be induced by addition of
antibodies, and leads to activation of downstream signaling pathways
[64]. Addition of anti-GFP antibody for 10min caused rapid and visible
coalescence of GFP-GPI into large patches at the cell surface (Fig. 5B).
Quantitation of the average brightness in these patches revealed an
increase in clustering of GFP-GPI that was significantly greater in α-gal
A silenced cells (5.08±0.45; median±SEM) compared to control cells
(2.74±0.24; median±SEM; pb0.005; Fig. 5C). Inclusion of brightness
values across the region of interest (i.e., not limited to the patches) in
these samples did not change the observation that α-gal A depletion
leads to larger cluster size but would lead to an underestimation of the
brightness in the patches (supplementary Fig. 3).

In order to determine if the change in oligomeric stability seen for
GFP-GPI extended to non-raft membrane proteins, we next measured
the molecular brightness of a lumenally GFP-tagged version of endolyn
(GFP-endolyn), an apically destined sialomucin that traffics in a raft
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independent matter [65]. The average molecular brightnesses for GFP-
endolyn at the plasma membrane were 1.65 and 1.27 in control and
α-gal A silenced cells, respectively (Fig. 5E, dashed lines). Similar to
GFP-GPI, addition of anti-GFP antibody caused the rapid accumulation
of clusters of protein at the cell surface (Fig. 5D). In control cells the
GFP-endolyn clusters ranged in size from ~2 to 4 protein molecules
per cluster with a median cluster size of 2.88. While GFP-endolyn in
α-gal A silenced cells exhibited a much broader range of cluster sizes
(~2–8 molecules, median 2.96; Fig. 5E), cluster size in control and
knockdown cells was not statistically significantly different. Together,
our results suggest that there is greater stabilization of GFP-GPI
oligomers in rafts of α-gal A silenced cells upon antibody-induced
clustering and that this effect does not extend globally to all plasma
membrane proteins.

4. Discussion

The cellular phenotype of Fabry disease is not well understood. In
particular, how the accumulation of the raft-associated lipid Gb3
might alter the dynamics and efficiency of lipid raft dependent
processes has never been examined. As lipid raft formation and
composition have been widely studied in MDCK cells for several years
[25], we decided to generate a cell model to study raft-dependent
processes using this well-characterized kidney tubular epithelial cell
line. We effectively knocked down α-gal A mRNA levels by nearly 90%
using an siRNA approach. MDCK cells silenced for α-gal A had elevated
levels of Gb3, enlarged lysosomes, and progressively accumulated zebra
bodies, consistent with the cellular phenotype of Fabry disease in
humans.

In nonpolarized cells, lipid rafts are estimated to cover 30–40% of
the plasma membrane, and are even more prevalent in the apical
membrane of polarized cells [66]. Oligomerization of raft-associated
proteins either by ligand binding or by antibody crosslinking is known
to increase their affinity for lipid rafts and their stabilization in these
microdomains [67]. Additionally, oligomerization of raft components
causes lipid rafts to coalesce and form larger domains [27]. Our results
indicate that the alterations in lipid raft composition observed in Fabry
disease induce changes in lipid raft dynamics that may occur upon
activation/oligomerization of raft-associated proteins. We speculate
that this could impact raft-mediated signal transduction in Fabry
disease.

Using N&B analysis, we spatially mapped the dynamics of a GPI-
anchored protein in our cell model of Fabry disease. This imaging
approach allows us to measure the size of oligomeric complexes in live
intact cells at physiologically relevant expression levels. Strikingly, we
found that the average oligomeric size for the ligated GPI-anchored
protein was ~two-fold higher in α-gal A silenced cells compared to
cells transfected with control siRNA. We observed ~2.5–7 molecules of
GFP-GPI per oligomer upon antibody addition. This range is consistent
with single molecule studies of the GPI-anchored receptor CD59 that
identified clustering of 3–9 molecules of CD59 per oligomer upon
gold-induced crosslinking and activation of the receptor [59]. In
contrast, the clustering of a lipid raft independent protein was not
significantly affected in α-gal A silenced cells suggesting that the
observed change in oligomeric stability was specific to raft proteins.
Measurements in live cells are critical given recent studies demon-
strating that remodeling of G protein coupled receptors and GPI-
anchored protein complexes can occur on the millisecond to second
timescale [68–70].

What are the implications of our results with respect to Fabry
disease? High-resolution studies of CD59 have identified transient
stalling, or immobilization, as a key requirement for the recruitment
of downstream signaling effectors, such as Lyn kinase and PLCγ2, to
activate intracellular calcium signaling [59,71]. The increased oligomer
size we observed of a model GPI-anchored protein upon α-gal A
depletion might represent “stalled” oligomers due to alteration in

lipid–lipid interactions or protein–lipid interactions. Thus, we predict
that signaling from raft-associated complexes may be altered in Fabry
disease. In this regard, one signaling pathway that will require future
exploration in the context of α-gal A silencing is that mediated by
TGF-β. TGF-β signals through three different receptor isoforms that
traffic via both raft-dependent and raft-independent pathways [72].
The binding ratio of monomeric TGF-β to heterotetrameric complexes
of these receptors differs upon membrane compartmentalization,
resulting in activation of different downstream effectors [73]. Human
podocytes loaded with lyso-Gb3, the deacylated form of Gb3, showed
increased expression of TGF-β1, which mediates an increase in the
expression of the extracellular matrix components fibronectin and
collagen type IV [74]. This dysregulation of TGF-β signaling was
proposed as a contributor to development of glomerular injury in
Fabry disease. The cell model that we have developed combined with
N&B analysis will be a powerful tool to dissect the alterations that
occur in lipid raft and cellular signaling in Fabry disease.
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