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Abstract
Human primary bronchial epithelial cells differentiated in vitro represent a valuable tool to study lung diseases such as
cystic fibrosis (CF), an inherited disorder caused by mutations in the gene coding for the Cystic Fibrosis Transmembrane
Conductance Regulator. In CF, sphingolipids, a ubiquitous class of bioactive lipids mainly associated with the outer
layer of the plasma membrane, seem to play a crucial role in the establishment of the severe lung complications.
Nevertheless, no information on the involvement of sphingolipids and their metabolism in the differentiation of primary
bronchial epithelial cells are available so far. Here we show that ceramide and globotriaosylceramide increased during
cell differentiation, whereas glucosylceramide and gangliosides content decreased. In addition, we found that apical
plasma membrane of differentiated bronchial cells is characterized by a higher content of sphingolipids in comparison to
the other cell membranes and that activity of sphingolipids catabolic enzymes associated with this membrane results
altered with respect to the total cell activities. In particular, the apical membrane of CF cells was characterized by high
levels of ceramide and glucosylceramide, known to have proinflammatory activity. On this basis, our data further
support the role of sphingolipids in the onset of CF lung pathology.
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Introduction

Sphingolipids (SLs) are bioactive lipids asymmetrically dis-
tributed at the external leaflet of the plasma membrane (PM)
of all eukaryotic cells. They are characterized by a hydrophilic
head group protruding toward the extracellular environment
and by ceramide (Cer) a peculiar lipid moiety, deeply inserted
into the membrane bilayer [1]. Cer is composed by a long
chain base, the sphingosine, linked to a fatty acid of different
length and saturation. Due to their chemical and physical
properties SLs segregate in restricted membrane areas known
as “lipid rafts”. These lipid domains, formed with the partici-
pation of cholesterol and a selected pattern of proteins, are
macromolecular complexes involved not only in structural
function, but also in the control of signalling transduction
across the membrane [2].

In epithelial cells, PM organization is emphasized by cell
polarization and thus it is possible to distinguish a basal plas-
ma membrane domain facing the underlying tissue, a lateral
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domain contacting adjacent cells and an apical domain facing
the exterior lumen.

The apical membrane of epithelial cells is typically
enriched in SLs and cholesterol, so as to be considered as a
lipid raft as a whole [3]. However, within apical membrane,
the lateral distribution of lipids allows the organization in
small domains which host specific membrane proteins and
promotes the membrane curvature which enables to reach
the specific apical structure of epithelial cells [4, 5].

During the different stages of cell cycle, SL pattern un-
dergoes a continuous modulation in order to better adapt the
membrane properties to specific requests. This aspect has been
particularly studied in fundamental cell processes such as pro-
liferation and differentiation [6].

By a systematic review of the literature clearly emerges that
SLs play an important role also in the homeostasis of pulmo-
nary cells. The lung is characterized by the presence of a
complex pattern of SLs including Cer, phospho-SLs, neutral
glycosphingolipids and gangliosides [7]. In particular, the
preservation of SL rheostat composed by Cer, known to in-
duce apoptosis, and sphingosine-1-phosphate, which pro-
motes cell survival, is fundamental for the formation of lung
structure at all stages of lung development, as well as the
preservation of pulmonary physiology [8]. Furthermore, de
novo synthesis of Cer has been linked to apoptotic endothelial
cell death and impaired pulmonary barrier function [9, 10].

In the past ten years the role of SLs in the pathophysiology
of cystic fibrosis (CF) has been also investigated. CF is one of
the most common inherited disorder caused by mutations in a
gene coding for the Cystic Fibrosis Transmembrane conduc-
tance Regulator (CFTR) protein [11]. The most frequent mu-
tation is the deletion of phenylalanine 508 (F508del), which is
present in approx. 80% of the alleles worldwide, with marked
differences in its frequency depending on countries and ethnic
groups [12].

A specific role of SLs seems to be played in the control of
the inflammatory response to Pseudomonas aeruginosa
(P. aeruginosa) infection. Indeed, bacterial infection of differ-
ent CF bronchial epithelial cell lines leads to the activation of
the PM associated SL-hydrolases, in particular the non-
lysosmal β-glucosylceramidase (NLGase). These enzymes
are responsible for the aberrant catabolism of SLs resulting
in the production of Cer at the PM level [13–15].

Although several lines of evidence support the involve-
ment of SLs in CF lung disease [16–18], their mechanistic
role is still not completely understood. One of the reasons
resides on the difficulty to collect data related to the SLs pro-
file in vivo. However, also the more reliable in vitro model of
airway epithelium represented by human primary bronchial
cells differentiated at the air liquid interface, has never been
studied for its SLs profile.

Here we reported the changes in SLs occurring during dif-
ferentiation of human primary bronchial cells derived from

non-CF subjects and from CF patients homozygous for
F508del mutation. In addition, we depicted the differences
between apical and basolateral membrane in terms of SL com-
position and distribution of SL hydrolases involved in the
production of proinflammatory Cer.

Results and discussion

Sphingolipid pattern of human bronchial cells during
different stages of in vitro airway epithelial
differentiation is altered in cystic fibrosis

During differentiation, primary bronchial epithelial cells cul-
tured at air liquid interface (ALI) can give rise to different cell
types, such as ciliated, goblet, club and basal cells, that are
peculiar of the airway epithelium. Different culturing condi-
tions and use of specific stimuli can modify the expression of
distinct cell types, as in the case of treatment with IL-4, a
condition that mimics allergic and asthmatic inflammation,
causing the differentiation of a subpopulation of bronchial
epithelial cells towards goblet cells [19].

The differentiation process, analogously to that occurring
in vivo, consists in three different phases:

1) proliferative stage - cells are grown in canonical sup-
ports (flasks) for the cell culture previously coatedwith
collagen from rat tail in order to mimic the lung paren-
chyma. The cells at this stage recapitulate the staminal-
like, basal cells of the airway epithelium, involved for
instance in the airway epithelium turnover or in the
repair of bronchial injury.

2) early differentiation stage - human primary bronchial
cells are seeded on permeable supports (transwells) and
cultured with a differentiating medium added both in the
bottom and upper side of the chamber for 7–8 days. In this
stage, bronchial cells start to develop the junction network
needed to form an epithelium similarly to what occurs
in vivo. In addition, the cell polarization occurs with the
definition of the apical and basolateral portion.

3) fully differentiation stage - at the end of the early differ-
entiation stage, the bronchial epithelium has developed a
transepithelial resistance and the medium is removed
from the upper side of the transwell. The differentiation
of the epithelium continues under ALI condition for ad-
ditional 7–8 days, when the bronchial epithelium is con-
sidered fully differentiated.

These three steps are fundamental for the formation of a
functional respiratory epithelium and, as described above,
they recapitulate the process that also occurs in vivo.

Since SLs play an important role in cell differentiation they
we r e ana l y s ed a f t e r me t abo l i c l a b e l l i ng w i t h
[1-3H]sphingosine. This radioactive SL precursor is rapidly
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taken up by the cells and inserted into the sphingolipid meta-
bolic biosynthetic pathway. In addition, the catabolism of
[1-3H]sphingosine produces tritium labelled ethanolamine,
which is recycled for the biosynthesis of phosphatidylethanol-
amine (PE). We first analysed the total radioactive lipid pat-
tern of three human bronchial epithelial cell cultures derived
from non-CF subjects (HBE-WT) at all the three stages of
in vitro differentiation.

As shown in Fig. 1, over 50% of the total cell incorporated
radioactivity is associated with PE and sphingomyelin (SM).
SM is the main SL and its content does not change during the
different stages of differentiation.

On the other hand, during differentiation we found an
increased content of Cer and globotriaosylceramide
(Gb3 ) wh i ch i s p a r a l l e l e d by a de c r e a s e i n
glucosylceramide and gangliosides level. Of note, Gb3,
a functional receptor for Shiga toxins, becomes the major
SL in differentiated cells [20].

We performed the same analyses on cultures of human
primary bronchial cells derived from three different CF pa-
tients homozygous for F508del mutation (HBE-ΔF).
Interestingly, at all the stages analysed, CF cells are character-
ized by a higher content of Cer compared to HBE-WT.
Several in vitro and in vivo studies demonstrated that Cer
has a key role in the onset of inflammation in CF lungs [21],
even if the time course of Cer accumulation in CF bronchi is
still under debate. The new observation here reported suggests
that increased Cer content in CF could be considered a feature
of the disease since it is already present at the early stages of
differentiation. Indeed, the highest levels of Cer were found in
proliferative and early differentiated HBE-ΔF cells. In addi-
tion, CF cells also show an increased content of
glucosylceramide, another important proinflammatory lipid
(Fig. 1) [21, 22].

An alternative protocol for the commitment of primary
human bronchial cells to bronchial epithelium is represented
by the one developed by Coraux and collaborators (here after

Fig. 1 Sphingolipid pattern of
human primary bronchial cells
derived from non-CF subjects and
CF patients at different stages of
epithelial differentiation. Cell
sphingolipids were metabolically
labeled at the steady state using
[1-3H]sphingosine as indicated in
the "Methods" Section.
a Representative digital-
autoradiography of radioactive
lipids of human primary bronchial
cells derived from non-CF
subjects (HBE-WT) and CF
patients homozygous for F508del
mutation (HBE-ΔF) at the stage
of: proliferative cells (1), early
differentiated cells (2), and fully
differentiated cells at air liquid
interphase (3). b Semi
quantitative graph of sphingolipid
species of three different non-CF
and CF cultures. For each
sphingolipid data are reported as
percentage of total SLs incorpo-
rated radioactivity. Cer: ceramide,
GlcCer: glucosylceramide, PE:
phosphatidylethanolamine; Gb3:
globotriaosylceramide, SM:
sphingomyelin *p < 0.05 vs.
HBE-WT, #p < 0.02 vs. the
indicated group
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referred to as “Coraux method”) that allows to obtain an epi-
thelium enriched in goblet cells that are responsible for the
mucus production [23].

We compared the SLs composition of HBE-WT and
HBE-ΔF cells differentiated under ALI using the standard
protocol or the Coraux method. As shown in Fig. 2, the SLs
pattern of cells subjected to the two differentiation protocols
differs only for an increased content of glucosylceramide
followed by a decrease in complex gangliosides in the
Coraux method with respect to the classical one. The reduced
content of PE in cells differentiated with Coraux method sug-
gests an increased recycling of tritiated sphingosine with re-
spect to its catabolism under these experimental conditions
(Fig. 2a). In CF cells differentiated by the Coraux method,
we observed that Gb3 is significantly higher than in non-CF
cells grown with the same protocol. Gb3, together with Gb4,
has been reported to exhibit a TLR4-mediated proinflamma-
tory activity and cause nephropathy in diabetic mice [24].

When cells are grown by the Coraux method, which induces
the differentiation of a subpopulation of bronchial epithelial
cells towards goblet cells, the originated epithelium results in
excessive production and retention of mucus, particularly in
CF deriving cells. This feature is common to several chronic
airways diseases and related to an inflammatory state. For this
reason, the difference observed in the Gb3 level between CF
and non-CF cells let suggest a possible involvement of Gb3, in
addition to Cer and glucosylceramide, in CF pathology.

Taken together these data, although obtained from cultures
from only three non-CF and CF subjects, indicate that during
the in vitro differentiation human bronchial epithelial cells
undergo significant changes in the SLs pattern which are con-
sistent with the epithelium formation, especially for the in-
creased content of Gb3 in differentiated cells with respect to
the proliferative stage. In addition, the increased content of
Cer and glucosylceramide found in HBE-ΔF cells represent

Fig. 2 Sphingolipid pattern of
human primary bronchial cells
derived from healthy subjects and
CF patients differentiated at air-
liquid interface (ALI): epithelial
vs. Coraux method. Cell
sphingolipids were metabolically
labeled at the steady state using
[1-3H]sphingosine as indicated in
"Methods" Section.
a Representative digital-
autoradiography of radioactive
lipids of human primary bronchial
cells derived from healthy
subjects (HBE-WT) and CF
patients homozygous for F508del
mutation (HBE-ΔF) subjected to
epithelial differentiation at ALI
(1), or to Coraux differentiation at
ALI (2). b Semi quantitative
graph of sphingolipid species of
three different non-CF and CF
cultures differentiated by
epithelial vs. Coraux method. For
each sphingolipid data are
reported as percentage of total
SLs incorporated radioactivity.
Cer: ceramide, SM:
sphingomyelin, GlcCer:
glucosylceramide, Gb3:
globotriaosylceramide *p < 0.05
vs. HBE-WT, #p < 0.01 vs. the
indicated counterpart
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an additional evidence related to the possible involvement of
these two lipids in the etiopathology of CF lung disease.

The apical membrane of HBE-ΔF cells is characterized
by an enrichment of proinflammatory sphingolipids
and hydrolases involved in their production

As occurs in human bronchi, human bronchial epithelial cells
fully differentiated in vitro at ALI undergo a specific three-
dimensional polarization defining an apical membrane, which
is that oriented in the lumen of the organ (upper side of the
differentiation chamber), and a basolateral membranewhich is
that anchoring cell to the extracellular matrix (bottom of the
chamber). Several hypotheses were formulated on the differ-
ent chemical and physical properties of these two specialized
membranes, since they must accomplish different functions.
In particular, the apical membrane has to resist to dangerous
insults, such as the oxidative stress and the dehydration. SLs,
by the formation of the so-called lipids rafts, can organize
specific portions of the PM with peculiar features in terms of
membrane architecture, structure and control of the cell sig-
nalling [25]. Nevertheless, no data related to SLs distribution
between the two membranes in polarized human bronchial
cells are available so far. The main drawback for these studies
is the viability of a methodology that allows to isolate portions
of the apical or basolateral membrane with high grade of pu-
rification and with enough lipidic material to perform the
analyses.

We addressed this issue exploiting the strategy that allows
to obtain an enrichment of apical membrane portions based on
biotin-streptavidin precipitation of all the proteins residing in
the outer leaflet of the apical membrane in lipid-domain pre-
serving conditions [26]. HBE-WT and HBE-ΔF cells fully
differentiated at ALI were fed from the apical and basolateral
side with [1-3H]sphingosine to metabolically label at the
steady state cell SLs. This approach allows to increase the
sensitivity of SL detection. After that, the proteins of the outer
leaflet of the apical membranes were biotinylated. The proto-
col of biotinylation at 4 °C avoids biotin internalization and
the resistance of the epithelium blocks the biotin derivative in
the upper chamber. These conditions allow the selective label-
ling of the proteins of the outer leaflet of the apical membrane.

Subsequently cells were lysed as described in the
"Methods" Section in order to preserve the lipidic environ-
ment of the proteins. Post nuclear supernatant (PNS) was then
precipitated using streptavidin magnetic beads. The lipids
from PNS, streptadivin-precipitate (SP), and supernatant ob-
tained after precipitation (SN) were extracted and radioactive
lipids analysed as described in the "Methods" Section. As
shown in supplementary Fig. 1, panel A, the streptavidin-
precipitates from HBE-WT and HBE-ΔF were obtained with
similar efficiency as demonstrated by the HRP-streptavidin
staining (upper image). The biotinylated proteins were almost

recovered in the SP fraction, whereas a very low amount of
biotinylated proteins was present in SN.

The western blot performed using the specific antibody for
β-actin, performed on the same PVDF, allowed to detect only
a faint signal in the SP fraction, thus proving that apical mem-
brane biotinylated proteins were efficiently pooled down by
streptavidn precipitation. The presence of β-actin in SP sam-
ples is not an unexpected result. As known, many PM proteins
interact with cytoskeleton and this is particularly important in
polarized cells to maintain the proper features of the apical and
baso-lateral membranes [27]. For this reason, the presence of a
small amount of β-actin in the SP fraction could be due to a
detergent resistant interaction between apical PM proteins and
the cytoskeleton.

The SL profile associated with the SP fraction of samples is
in agreement with that of the detergent resistant membrane
portions [26], showing an enrichment of SLs and low content
of glycerophospholipids, such as PE compared to the pattern
found in PNS or SN (supplementary Fig. 1b). PE is a typical
lipid component of the inner layer of plasma membranes and
its low content in SP, with respect to the content in SN and
PNS, confirms the good separation of the plasma membrane
outer layer from the inner layer by cell protein biotinylation
followed by streptavidin precipitation.

Of interest are the differences between the lipids associated
with the apical membrane of HBE-WT and HBE-ΔF cells. As
shown in Fig. 3, the apical membrane of HBE-ΔF is enriched
in Cer and glucosylceramide with respect to that of HBE-WT.
Of note, several lines of evidence suggest that the high hydro-
phobicity of these molecules and the ability to establish a
strong hydrogen bond network could induce changes in the
biophysical properties of biological membranes that can affect
the activity of proteins altering specific signalling pathways.
In addition, alterations in membrane biophysical properties
might also influence the internalization, trafficking and sorting
of lipids, proteins, drugs and even pathogens. Based on these
considerations, the increased content of these lipids in frac-
tions enriched in the apical membrane of HBE-ΔF cells leads
to speculate that apical membrane of CF cells is characterized
by a more rigid structure that could compromise its function
[28, 29]. Moreover, the presence of high levels of Cer and
glucosylceramide supports the hypothesis that the proinflam-
matory stimuli are triggered directly from the luminal side of
the cell that is exposed to the possible infection and to cells of
the immune system that are recruited to the infection site.

To further verify this aspect, we studied the activity of the
enzymes involved in the in situ production of Cer and
glucosylceramide at the outer leaflet of the apical and
basolateral membrane of HBE-WT and HBE-ΔF cells, differ-
entiated under ALI. Indeed, it has been found in several cel-
lular models that the fine tuning of SLs is directly triggered at
the PM level by the action of several enzymes involved in
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their metabolism [30, 31]. To this purpose, we apply a meth-
odology based on the use of methylumbelliferyl conjugated
artificial substrates, that allows to detect specifically the activ-
ities of the hydrolases associated with the cell surface of living
cells. In addition, to be sure to correctly distinguish between
the activities associated with the external leaflet of the apical
membrane with respect to the basolateral one, controls exper-
iments were performed. Hence, we verified that substrates and
the methylumbelliferone produced cannot cross the

epithelium ensuring the hydrolysis of the substrates on both
the sides of the polarized cells. As shown in Fig. 4, the activity
of the PM-associated β-glucocerebrosidase (GCase), non-
lysosomal β-glucosylceramidase (NLGase), β-galactosidase
(beta-gal) and β-hexosaminidase are asymmetrically distrib-
uted, being higher on the external side of the apical membrane
with respect to the basolateral one, with some differences be-
tween differentiated HBE-WT and HBE-ΔF cells (Fig. 4a).
Interestingly, the activities of GCase and NLGase measured at

Fig. 3 Lipid pattern of apical membrane enriched fractions from human
primary bronchial epithelial cells differentiated at air-liquid interface. Cell
sphingolipids were metabolically labeled at the steady state using
[1-3H]sphingosine, PM proteins associated with the apical membrane
were biotinylated and subjected to streptavidin-precipitation after cell
lysis in lipid microenvironment preserving conditions. a Representative
HPTLC of radioactive lipids in the post nuclear supernatant(PNS),
streptavidin-precipitates (SP) and supernatant (SN) obtained after

streptavidin-precipitation of human primary bronchial epithelial cells dif-
ferentiated at air-liquid interface derived from healthy subjects (HBE-
WT) and CF patients homozygous for F508del mutation (HBE-ΔF).
b Semi quantitative graphs of sphingolipid species. Data are reported as
fold change defined as the ratio between the percentage of radioactivity
associated with each sphingolipid in HBE-ΔF cells and HBE-WT. Cer:
ceramide, GlcCer: glucosylceramide, Gb3: globotriaosylceramide, SM:
sphingomyelin, PE: phosphatidylethanolamine *p < 0.05 vs. HBE-WT
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the apical membranes in HBE-ΔF cells increased 1.4 and 1.5
fold respectively compared to the same activities in the apical
membrane of HBE-WT. On the contrary, the activities of β-
Hex and β-Gal at the apical membrane are decreased. Finally,
the activities of NLGase and β-Gal at the basolateral mem-
brane increased 8 and 10-fold in HBE-ΔF vs. HBE-WT.

Of note, when we measured the enzymatic activities in the
total cell lysates, we did not find the same differences ob-
served at the cell surface of HBE-WT and HBE-ΔF. In par-
ticular,β-Gal andβ-Hex activities are similar, whereas GCase

and NLGase are higher in HBE-WT cells. This indicates that
the increase in the activities of GCase and NLGase observed
in HBE-ΔF cells is restricted to the apical membrane
(Fig. 4b).

These data suggest that a higher rate of SLs hydro-
lysis occurring at the PM may contribute to the Cer
enrichment observed in CF cells. This consideration is
in accordance with previous data demonstrating that the
inhibition of the non-lysosomal β-glucosylceramidase
NLGase has an antinflammatory effect in CF bronchial
cells [14, 15].

Fig. 4 Glycohydrolases activity
of human primary bronchial
epithelial cells differentiated at
air-liquid interface derived from
healthy subjects and CF
patients. a PM-associated
activities of: β-
glucocerebrosidase (GCase), non-
lysosomal glucosylceramidase
(NLGase), β-galactosidase (β-
Gal), and β-hexosaminidase (β-
Hex) were evaluated in the apical
and basolateral membranes of
human primary bronchial epithe-
lial cells differentiated at air-
liquid interface derived from
healthy subjects (HBE-WT) and
CF patients homozygous for
F508del mutation (HBE-ΔF).
Activities were expressed as
pmoles/h/106 cells. *p < 0.0001
vs. HBE-WT, #p < 0.00001 vs.
the indicated counterpart. b Total
cell associated hydrolases activity
of human primary bronchial
epithelial cells differentiated at
air-liquid interface derived from
healthy subjects (HBE-WT) and
CF patients homozygous for
F508del mutation (HBE-ΔF).
The measurements of the
hydrolases activity were
conducted on cell lysate and
expressed as pmoles of product/
mg of proteins per hour. *p <
0.002 vs. HBE-WT
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Methods

Cells culture

Human primary bronchial epithelial cells (HBE) deriving
from non-CF subjects (HBE-WT) and from CF patients ho-
mozygous for F508del mutation (HBE-ΔF) are obtained from
“Servizio Colture Primarie” of the Italian Cystic Fibrosis
Research Foundation. These cells were grown as described
in [19]. After a proliferative stage, cells were plated in
transwell supports and induced to differentiation by the use
of a differentiating medium. Cells at air-liquid interface were
used after 14–16 days from the transwell seeding, once
reached the complete differentiation.

Sphingolipids analysis

Cell sphingolipids were analysed after their metabolic label-
ling at the steady state by the use of [1-3H]sphingosine as
previously described [15]. Briefly, [1-3H]sphingosine was dis-
solved in the appropriate culture medium at a final concentra-
tion of 30 nM and administered to the cells for 2 h (pulse). In
case of ALI culture, radioactive sphingosine was administered
to both the apical and baso-lateral sides. After that, medium
containing tritiated sphingosine was removed and cells were
maintained in culture for further 48 h (chase). Cells were then
collected in water and lyophilized. Total lipids from lyophi-
lized cells were extracted with chloroform: methanol: water
20:10:1 by vol, followed by a second extraction with chloro-
form: methanol 2:1 by vol. The radioactivity associated with
total lipid extract was evaluated by liquid scintillation, using a
beta-counter system (Perkin-Elmer).

[3H]SLs were separated by high performance thin layer
chromatography (HPTLC) using the solvent system chloro-
form: methanol: water 110:40:6 by vol, visualized by digital
autoradiography using a BetaIMAGER™ TRacer system
(Biospace Lab) and quantified with M3Vision software. The
lipid identification was performed using purified radioactive
standards [32].

Enzymatic activity in total cell lysates

The enzymatic activities of β-glucocerebrosidase (GCase),
non-lysosomal β-glucosylceramidase (NLGase), β-
galactosidase (β-Gal),β-hexosaminidase (β-Hex) were deter-
mined in the total cell lysates using fluorogenic substrates, as
previously described with few modifications [33, 34].

Briefly, cells were washed twice with PBS, harvested and
suspended in water in the presence of a protease inhibitor
cocktail (Sigma-Aldrich). Total cell proteins were quantified
using DC™ Protein Assay (Biorad) according to the manu-
facturer’s instructions.

Equal amounts of cell proteins were transferred into a 96-
well microplate and the assay was performed 3-fold in repli-
cate. MUB-Glc was solubilized in McIlvaine buffer (pH 6) at
concentration of 6 mM. MUB-Gal and MUG was solubilized
in McIlvaine buffer (pH 5.2) at concentration of 500 µM.

In order to distinguish between GCase and NLGase activ-
ity, cell proteins were pre-incubated for 30 min at room tem-
perature in McIlvaine buffer (pH 6) with 5 nM AMP-dNM
[adamantane-pentyl-dNM; N-(5-adamantane-1-yl-methoxy-
pentyl) deoxynojirimycin], a specific inhibitor of NLGase,
and 1 mM CBE (Conduritol-B-epoxide) (Sigma), a specific
inhibitor of GCase [35].

The reaction mixtures were incubated at 37 °C under gentle
shaking. After different time points of incubation, 10 µl of the
reaction mixtures were transferred to a 96 black well micro-
plate adding 190 µl of glycine (0.25M, pH 10.7).
Fluorescence was detected at different time points by micro-
plate reader (Victor- Perkin Elmer).

Standards free MUB was used to construct calibration
curve to quantify substrate hydrolysis. The enzymatic activity
was expressed as pmoles of product/ hour/ mg proteins.

Plasma membrane enzymatic activity

β-galactosidase (β-Gal), β-glucocerebrosidase (GCase), non-
lysosomal β -g lucosy lceramidase (NLGase) , β -
hexosaminidase (β-Hex) activities associated with the exter-
nal PM leaflet were assessed in living cells by a high through-
put cell lived-based assay (HTA), as previously described
with some modification [36, 37]. In the case of cells differen-
tiated at ALI we used a snapwell support and plasma mem-
brane enzymatic associated activities were measured in both
the apical- and basolateral- membranes.

Culture medium was removed and cells were washed two
times with DMEM-F12 without phenol red.

β-Gal, β-Hex activities were assayed using the artificial
substrates 4-methylumbelliferyl-β-D-galactopyranoside
(MUB-Gal), and 4-methylumbelliferyl-N-acetyl-β-D-
glucosaminide (MUG) solubilized in DMEM-F12 without
phenol red at pH 6, with final concentrations of 250 µM and
2 mM, respectively.

In order to distinguish between GCase and NLGase activ-
ity, cells were pre-incubated for 30min at room temperature in
DMEM-F12 containing 5 nM AMP-dNM [adamantane-
pentyl-dNM; N-(5-adamantane-1-yl-methoxy-pentyl)
deoxynojirimycin] a specific inhibitor of NLGase or 1 mM
CBE (Condutiro-B-epoxide) (Sigma) a specific inhibitor of
GCase [35]. We added medium with inhibitors both at the
upper and bottom side of the chamber.

After that, medium containing the solubilized substrates
and inhibitors were administer to the cells and incubated at
37 °C under gently stirring for 2 and 4 h.

Glycoconj J (2020) 37:623–633630



At different time points, aliquots of medium (10 µl) were
transferred in a 96 black well microplate and analyzed by a
microplate reader (Victor, Perkin Elmer) (MUB: λex: 355 nm
/λem: 460 nm), after adding 190 µl of 0.25 M glycine, with a
pH of 10.7.

Standard free MUBwas used to construct calibration curve
to quantify substrate hydrolysis. The enzymatic activity was
expressed as pmoles of product / hour/ 106 cells.

Isolation of apical membrane fraction

HBE cells fully differentiated at ALI were fed with 30 nM
[1-3H]sphingosine [38] for 2 h (pulse) followed by 48 h chase
to metabolically label all cellular SLs at the steady state [15].
At the end of the incubation, cells were washed with PBS and
then incubated from the apical side with 1 mg/ml of EZ-
Link™ Sulfo-NHS-Biotin (Thermo Fisher Scientific,
Waltham, MA, USA) in PBS, pH 7.4 (5 ml/ T75 flasks) for
30 min at 4 °C [39]. Under these experimental conditions the
internalization of the biotin derivative does not occur and bi-
otinylation is restricted to the cell apical surface proteins [40].
After biotin labeling, cells were rinsed twice with 100 mM
glycine to remove the excess of unbounded biotin and then
washed with ice-cold PBS. Cells were mechanically harvested
in PBS and centrifuged at 270 g for 10 min. Cell pellet was
lysed in 1 ml of 1% Triton X-100 in TNEV buffer (10 mM
Tris-HCl, 150 mM NaCl, 5 mM EDTA, pH 7.5) supplement-
ed with Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis,
MO, USA) and 1 mMNa3VO4 (Sigma-Aldrich) for 20 min in
ice, and then homogenized with Dounce homogenizer (tight
pestle). Cell lysates were centrifuged at 4 °C for 5 min at 800 g
to remove nuclei and cellular debris. The resulting post nucle-
ar supernatants (PNS) of HBE-WT and HBE-ΔF (correspond-
ing to 1 mg protein of total cell lysate) were precipitated using
200 µL Dynabeads™ M-280 Streptavidin (Thermo Fisher
Scientific). The mixtures were stirred overnight at 4 °C and
then centrifuged to recover the biotinylated proteins in the
pellet (SP) by magnet. Under these experimental conditions
(domain-preserving conditions), we preserved the organiza-
tion of lipid domains [41, 42]. Radioactive lipids from the
pellet fractions were extracted twice with 200 µL of
chloroform/methanol 2:1 (v:v), while radioactive lipids from
PNS and supernatant after streptavidin-precipitation (SN)
were extracted following the procedures described above for
the sphingolipids and radioactive analyses.

Western blotting

Proteins of PNS, SN, SP samples were analysed by SDS-
PAGE under reducing conditions. Equal ratio in terms of vol-
ume of samples PNS, SN and SP were separated by 4–20%
precasted polyacrylamide gradient gels and then transferred to
PVDF membranes by electroblotting. Blotted biotinylated

proteins were detected by HRP-Streptavidin incubation for
1 h at RT. β-actin was detected by immunoblotting with the
primary antibody (BD) at 4 °C overnight, followed by incu-
bation with HRP-secondary antibody and detection with a
chemiluminescent kit (WESTAR ηC, Cyanagen, Bologna,
Italy). Digital images were obtained by the chemilumines-
cence system Alliance Mini HD9 (UVItec, Cambridge, UK).

Statistical analysis

All the experiments were performed in triplicate as differently
indicated and statistical significance was determined by
Student-Neumann-Keuls post-hoc test (comparison between
two groups), and by one-way or two-way ANOVA (followed
by Turkey or Dunnett Newman-Keuls on Bonferroni post test)
for more than two groups, with statistical significance set at p
< 0.05, using GraphPad Prism 8.
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