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Chapter 3

In situ visualization of glucocerebrosidase
in human skin tissue: zymography versus
activity-based probe labeling










Abstract

Epidermal B-glucocerebrosidase (GCase), an acid [3-glucosidase normally
located in lysosomes, converts (glucosyl)ceramides into ceramides, which is
crucial to generate an optimal barrier function of the outermost skin layer,
the stratum corneum (SC). Here we report on two developed in situ methods
to localize active GCase in human epidermis: i) an optimized zymography
method that is less labor intensive and visualizes enzymatic activity with
higher resolution than currently reported methods using either substrate
4-methylumbelliferyl-3-D-glucopyranoside or resorufin-B-D-glucopyranoside;
and ii) a novel technique to visualize active GCase molecules by their specific
labeling with a fluorescent activity-based probe (ABP), MDW941. The latter
method pro—ved to be more robust and sensitive, provided higher resolution
microscopic images, and was less prone to sample preparation effects.
Moreover, in contrast to the zymography substrates that react with various
B-glucosidases, MDW941 specifically labeled GCase. We demonstrate that
active GCase in the epidermis is primarily located in the extracellular lipid
matrix at the interface of the viable epidermis and the lower layers of the
SC. With ABP-labeling, we observed reduced GCase activity in 3D-cultured
skin models when supplemented with the reversible inhibitor, isofagomine,
irrespective of GCase expression. This inhibition affected the SC ceramide
composition: MS analysis revealed an inhibitor-dependent increase in the
glucosylceramide:ceramide ratio.

Introduction

Epidermal B-glucocerebrosidase (GCase), an acid [3-glucosidase normally
located in lysosomes, converts (glucosyl)ceramides into ceramides, which is
crucial to generate an optimal barrier function of the outermost skin layer,
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the stratum corneum (SC). Here we report on two developed in situ methods
to localize active GCase in human epidermis: i) an optimized zymography
method that is less labor intensive and visualizes enzymatic activity with
higher resolution than currently reported methods using either substrate
4-methylumbelliferyl-3-D-glucopyranoside or resorufin-B-D-glucopyranoside;
and ii) a novel technique to visualize active GCase molecules by their specific
labeling with a fluorescent activity-based probe (ABP), MDW941. The latter
method pro—ved to be more robust and sensitive, provided higher resolution
microscopic images, and was less prone to sample preparation effects.
Moreover, in contrast to the zymography substrates that react with various
B-glucosidases, MDW941 specifically labeled GCase. We demonstrate that
active GCase in the epidermis is primarily located in the extracellular lipid
matrix at the interface of the viable epidermis and the lower layers of the
SC. With ABP-labeling, we observed reduced GCase activity in 3D-cultured
skin models when supplemented with the reversible inhibitor, isofagomine,
irrespective of GCase expression. This inhibition affected the SC ceramide
composition: MS analysis revealed an inhibitor-dependent increase in the
glucosylceramide:ceramide ratio.

[-Glucocerebrosidase (GCase; also referred to as acid -glucosidase or GBA;
EC3.2.1.45)is a lysosomal enzyme that hydrolyzes glucosylceramides (GlcCers)
into ceramides [1, 2]. Inherited GCase deficiency (as occurs in Gaucher disease)
results in lysosomal accumulation of GlcCers, primarily in macrophages located
in the liver, spleen, and bone marrow [3]. Complete absence of GCase causes
an extreme Gaucher disease phenotype (so-called collodion baby) with fatal
skin abnormalities [4]. Newly synthesized GCase is normally transported to
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The biosynthesis of the SC ceramides is located in the lower and middle epidermal layers, while
storage takes place at the lamellar bodies together with processing enzymes like GCase. Once
extruded at the interface of the viable epidermis and the SC, GCase converts the GlcCers into
their final barrier components, the ceramides, which become part of the ordered SC lipid matrix.
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the lysosomal compartment by binding to the lysosomal integral membrane
protein type-2 [5]. In lysosomes, GCase is active at its optimal pH of around 5.2—
5.6, assisted by the activator protein, saposin C [6, 7]. Besides lysosomal GCase,
two other B-glucosidases can be present in cells (GBA2 and GBA3). GBA2 can
also convert GlcCers into ceramides, implicating that such conversion may also
occur outside the lysosomes [8]. Here, GCase is used when specifically referring
to lysosomal 3-glucosidase, whereas any B-glucosidase is indicated as GBA.
To date, over 270 GBA mutations have been identified (https://research.
cchmc.org/LOVDZ2/) that may either lead to reduced protein expression or result
in nonfunctional GCase or a reduced enzyme activity [9]. GCase expression
levels do not often relate to enzyme activity because of various aspects, like
posttranslational modifications of the protein or cofactors [10]. This suggests
that GCase activity (rather than gene or protein expression) is indicative for the
clinical outcome. However, current studies on lipid metabolic enzymes mainly
focus on methods to quantify gene expression or protein levels, rather than
enzyme activity. To date, enzyme activity is often performed via zymography
studies in which a selective substrate is converted to a fluorescent product by
the enzyme of interest. Many in vitro and in situ methods have been established,
particularly for studies on proteases [11-13]. Reports on zymography of
other enzymes are less common, but GCase is an excellent example in which
established methods have proven their value: 4-methylumbelliferyl-3-D-
glucopyranoside (4-MU-(3-glc) has been used as a substrate and is converted
by GCase into the blue fluorophore, 4-methylumbelliferone (Aem,max =
450 nm; supplemental Figure S1) [7]. A common alternative is resorufin-p-
D-glucopyranoside (res-B-glc), which results in red fluorescent resorufin
(Aem,max =580 nm). The substrates are limited in their sensitivity and substrate
specificity is a matter of concern. Alternatives to zymography are therefore
needed to examine the presence of active GCase, like the use of activity-based
probes (ABPs) [14, 15]. This technique relies on mechanism-based labeling of
GCase with a fluorescent suicide inhibitor [16, 17]. MDW941 is a cyclophellitol
B-epoxide tagged with a BODIPY red dye (supplemental Figure S1) [16]. It
binds covalently to the catalytic nucleophile, E340, of GCase with high affinity
and specificity. Fluorescent ABPs like MDW941 have been successfully used to
visualize in situ active GCase molecules in cultured cells and tissues of rodents
[16, 18], but human skin tissue has so far never been examined with these ABPs.
The aim of this study was to develop, optimize, and compare zymography
and ABP-labeling to visualize in situ active GCase in human skin tissue. Human
skin contains a dermal and an epidermal component, the latter consisting of
several layers, including the stratum corneum (SC), the nonviable outermost
skin layer (Figure 1). This layer acts as a pivotal barrier and contains terminally
differentiated enucleated cells embedded in a ceramide-rich lipid matrix [19].
In this matrix, ceramides are a major component and have uniquely long
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hydrocarbon chains [20]. Changes in the composition of SC ceramides or the
expression of GCase may lead to an impaired barrier function that has been
encountered in several inflammatory skin diseases (e.g., eczema) [21, 22]. These
ceramides are synthesized in the endoplasmic reticulum of viable epidermal
cells [23-25] and are subsequently stored as GlcCers in vesicles (so-called
lamellar bodies) together with GCase and other enzymes that convert the lipid
precursors into barrier lipids [26]. This conversion occurs during the lamellar
body extrusion process: the lamellar bodies fuse with the cell membrane and
extrude their lipid and enzyme content into the extracellular space between
the viable epidermis and the SC [20]. To date, it has been reported that the
conversion of GlcCers into ceramides by GCase takes place in this lipid-rich
environment[27,28]. Subsequently, the ceramides are arranged into lipid layers
(together with other barrier lipids, like fatty acids and cholesterol) forming
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A:Western blot of GCase in different human
skin tissue layers using monoclonal anti-GCase (50 mg of protein per lane were loaded on the
SDS-PAGE gel). Full skinSC, full thickness skin without SC. B: Fluorescent labeling of active GCase
(5 mg of protein per lane were loaded on the SDS-PAGE gel) in skin tissues exposed to MDW941.
C: Bar plots of the enzymatic activity of GCase in skin tissue, as determined by a 4-MU-b-glc
substrate assay (gray + black bars). The fraction of 4-methylumbelliferone converted by GCase
is indicated by black bars (n = 3, mean + SD). D: Immunohistochemical fluorescent staining
of expressed GCase (red), and counterstaining with DAPI (blue) for cell nuclei. Objective lens
magnification 20x.
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20 um

05h, 37°C 16h,4°C

A: Microscopy
photographs of 20x magnification using res-p-glc substrate (red) and DAPI counterstaining
to detect cell nuclei (blue). B: Additional preincubation with competitive GCase inhibitor,
resorufin, successfully obstructs substrate conversion. C: No red fluorescence is observed when
no substrate is applied (negative control). D: Photograph (63x magnification) in which the red
fluorescent product layers are indicated by the white arrows. E: Images (63x magnification) using
4-MU--B-glc substrate focusing on the blue fluorescent product layers. Red counterstaining was
performed using propidium iodide to stain cell nuclei. F: Microscopy images (63x magnification)
of the results from different substrate incubation periods (0, 1, and 16 h). White arrows indicate
highest signal contrast, whereas black arrows illustrate the diffusion effect of the fluorescent
product at longer time periods. Scale bars represent 20 mm.

lamellar stacks. These lamellar stacks function as the principal barrier and are
crucial to protect the body from the environment [29, 30]. The conversion of
GlcCers into ceramides by GCase in the extracellular space is contradictory to
the notion that GCase is solely active in the lysosomal compartment [2, 31].
Using two newly developed techniques (zymography and ABP-labeling), we
were able to visualize active 3-glucosidase and, more specifically, active GCase.

First, the presence of GCase from isolated skin layers was demonstrated and
the specificity of the ABP for GCase (MDW941) in skin lysate was determined.
Second, an optimized in situ zymography method was developed, as current
methods for visualizing GCase activity in skin sections have substantial
(conflicting) differences in their procedures [7, 32, 33]. Third, a new method
to detect GCase in human epidermis by means of in situ ABP-labeling was
optimized in regard to ABP concentration, buffer conditions, and washing
procedures. This method was applied on a cultured 3D-human skin equivalent
(HSE) model that mimics human skin [34], while the culture medium was
supplemented with the GCase inhibitor, isofagomine (supplemental Figure
S1). Isofagomine selectively inhibits GCase at low nanomolar concentration,
but not the other B-glucosidases, GBA2 and GBA3 [35, 36]. This enabled us
to study whether inhibition of GCase activity directly affects the SC glucosyl
(ceramide) composition.
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Islsolated lysates of human dermis, epidermis, SC, and the viable skin layers
minus the SC (full skin-SC) were analyzed by Western blotting for the presence
of GCase protein. GCase (~60 kDa) was expressed more in the epidermis than
the dermis (Figure 2A). More specifically, GCase was predominantly located
in the SC, as the viable skin layers (skin without SC) showed protein bands
with much lower intensity. In addition to the Western blot procedure, we used
the ABP, MDW941, to fluorescently label active GCase in skin tissue (Figure 2B;
fluorescent bands at ~60 kDa; Coomassie brilliant blue staining for total protein
content is provided in supplemental Figure S2). Interestingly, GCase located in
the dermis appears to have a slightly higher molecular mass compared with
GCase in the epidermis, which matches the presence of two bands in the
lysate with epidermis and dermis (full-thickness skin minus SC). Subsequently,
a 4-MU-B-glc activity assay was performed to quantify the activity of GCase in
the different skin layers (Figure 2C). In all skin layers, GCase was shown to be
primarily GCase and had the highest activity in epidermal tissue and SC tissue.
Thisisin line with the Western blot and gel electrophoresis results presented in
Figure 2A, B, where the most pronounced bands were observed in the epidermis
and SC as well. We then performed in situ immunohistochemical staining to
determine the exact location of GCase expression (Figure 2D). In line with the
aforementioned results, GCase proved to be expressed in the viable epidermis
and SC layers, predominantly along the whole interface of the viable epidermis
and the SC. Having confirmed that GCase was predominantly expressed and
active in epidermal skin layers and amenable to selective labeling by MDW941,
we next established detailed protocols for localizing active GCase in human
skin tissue. We focused on two in situ techniques: i) zymography of GCase, and
if) ABP-labeling of GCase.

We optimized the zymography protocol for two commonly used substrates,
4-MU-B-glc and res-B-glc, which, upon conversion by GCase, lead to their
fluorescent products, 4-methylumbelliferone (indigo) and resorufin (orange/
red). The procedure to obtain the high resolution in situ zymography images
was an important aspect of the optimization procedure. We optimized the
protocol for the following four important aspects concerning substrate
reconstitution, washing procedure, substrate incubation buffer, and
incubation period and temperature. First, res-3-glc is relatively insoluble in
buffer solution, leading to fluorescent clusters that interfere with imaging.
Dissolving the substrate in dimethylsulfoxide (i.e.,, T mM) prior to dilution in
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Microscope images (63x magnification) of
human skin sections incubated with the ABP, MDW941 (yellow/orange), and counterstained
with DAPI (blue). Scale bar represents 20 mm unless stated otherwise. A: Incubation period assay
of 10, 30, and 60 min incubation periods. At 10 min, some weak ABP-labeling is already present
(white arrow). B: When zooming in on the viable epidermis-SC interface, prominent labeling
of active GCase is observed. C: Competition assay of ABPs in which human skin sections were
preincubated with nonfluorescent ABP (cylophellitol-epoxide tagged with a nonfluorescent
moiety) prior to incubation with MDW941. The dotted line indicates the outermost SC layer. D:
Human skin sections incubated without any ABP (negative control). E: High magnification of
the viable epidermis-SC interface at skin sections in which the SC was not flattened, illustrating
MDW941 labeling around the corneocytes (DAPI-counterstaining of nuclei in the viable
epidermis is not visualized for better visualization of GCase in the extracellular lipid matrix).

Viable
epidermis

buffer completely removed this. The 4-MU-B-glc could be dissolved directly in
buffer, without any additional steps. Second, after incubation with substrate,
washing is necessary to successfully remove background staining. Three short
rinses with MilliQ water (the first one in addition with Tween-20) resulted in
the best contrast between fluorescent signal and aspecific staining. Longer
or more wash steps resulted in significant loss of fluorescent signal, whereas
less washing led to reduced contrast. Third, we incubated the samples with
two commonly used substrate buffers for zymography, 10 mM MES solution
and 150 mM Mcllvaine solution. Fourth, the effect of incubation period and
temperature was investigated, using an incubation period between 0 and 16
h at 4°Cor 37°C.

The results on the optimized protocol are depicted in Figure 3 (and
supplemental Figure S3). Both substrates visualized GCase in skin sections
and provided similar results: fluorescent product was observed at the
viable epidermis-SC interface of human skin sections (Figure 3A). To
exclude nonspecific staining, we performed a competition assay in which
we preincubated skin sections with a commonly used competitive GCase-
specific inhibitor, isofagomine. Consecutive incubation with substrate res-
B-glc (in addition to equimolar concentrations of isofagomine to maintain
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competition) resulted in no significant staining (Figure 3B), indicating that
isofagomine successfully inhibited GCase activity and that the substrates
were indeed converted by GCase. Without any substrate (negative control),
no staining was observed either (Figure 3C). When studying the catalytic
conversion of substrate by GCase at higher magnification levels (e.g., 63%),
“layers” of fluorescent product were formed, as can be seen from Figure 3D
and the zoomed section. The presence of GCase activity in the intercellular SC
regions was also clearly visualized when using 4-MU-B-glc as substrate (Figure
3E). Incubation for at least 1 h at 37°C did result in sufficient fluorescent signal
at the viable epidermis-SC interface. It was determined that longer incubation
periods (e.g., 16 h) should be avoided to prevent excessive diffusion of
fluorescent product throughout the section, even at the reduced temperature
of 4°C (Figure 3F).

a) Expressed GCase b) Active GCase
(IHC-IF) (MDW941)

A: Immunohistochemical
fluorescent staining of
expressed GCase (red)
in HSEs cultured with
isofagomine or without
(control). DAPI was used
for counterstaining,
indicating blue-labeled
cell nuclei. White arrows
point to GCase labeling
near the nuclei of
viable keratinocytes. B:
In situ visualization of
active GCase labeled
with MDW941 in
HSEs  cultured  with
isofagomine. Yellow/
orange staining
(MDW941) indicates
active  GCase.  Blue
indicates cell nuclei
(DAPI). Al images
were taken at a 63x
magnification. Scale bar
represents 20 um. The
dotted line indicates
the viable epidermis-SC
interface.

0.5 pM isofagomine Control (no inhibitor)

5 uM isofagomine
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We established a new method for visualizing active GCase in human
epidermal skin tissue by means of ABP-labeling. We optimized the method for
ABP concentration, incubation period, buffer type, and washing procedure.
Concerning ABP concentration, labeling was already successful at 10 nM
MDW941; however, more robust and high contrast staining was obtained
at 100 nM concentrations. Higher concentrations (e.g., 1 uM) did not result
in more intense staining, but increased the risk of nonspecific labeling
(precipitation of the probe) (see supplemental Figure S4). When optimizing
incubation period, we demonstrated that labeling was already observable after
30 min of incubation, but an ~1 h incubation period proved optimal (Figure
4A). At 63x objective lens magnification, it became apparent that GCase was
present not only at the viable epidermis-SC interface but also in the lower
SC layers, as fluorescent layers of ABP-labeling appeared (Figure 4B), similar
to the fluorescent layers observed with the zymography method. To exclude
that MDW941 labels at nonspecific sites of the skin sections, we preincubated
sections in excess of a nonfluorescent selective GCase probe [37, 38]. This
nonfluorescent probe binds covalently to E340 of GCase only. Its irreversible
binding prohibits binding of MDW941 in the subsequent incubation period.
Indeed, Figure 4C demonstrated no visible fluorescent signal (thus no
MDW941 binding), illustrating specific labeling of active GCase by MDW941
in human skin sections. No background staining was observed, as incubation
without ABP (negative control samples) resulted in no detectable staining
(Figure 4D). MDW941 labeling on skin that was not fully differentiated (and
thus shows no full flattening of the corneocytes in the SC) revealed that the
ABP was located in the lipid matrix surrounding the corneocytes (Figure 4E).
Note that when optimizing buffer, we obtained identical results when using
MES and Mcllvaine buffer; therefore, both buffers are considered suitable for
ABP-labeling. Regarding washing procedure, we observed that washing at
least three times proved superior over washing once, as the latter procedure
did not always remove all unlabeled MDW941. The newly developed GCase
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ABP-labeling proved quick and very reproducible, resulting in high resolution
imaging, even at low concentrations of MDW941. This method was therefore
used to study GCase expression in HSEs in which GCase activity was modulated.

We applied our optimized in situ ABP method to a HSE that resembles, to
a large extent, the morphology and lipid composition in human skin. During
generation of these HSEs, the medium was supplemented with 0-100 uM
isofagomine, a potent reversible GCase inhibitor. We analyzed to what extent
GCase expression and activity were affected by isofagomine in culture
medium. Figure 5A shows that GCase in HSEs (as visualized with a specific
antibody) was mainly located at the viable epidermis-SC interface, similar
to the observations made for human skin (Figure 2D). This expression at the
viable epidermis-SC interface was not decreased when cultured with 0.5 or
5 uM isofagomine in the medium. In fact, GCase expression was observed
throughout all SC layers. Besides, adding isofagomine to the culture medium
resulted in more GCase staining near the nuclei of viable epidermal cells (see
arrows in Figure 5A), which implied an increase in de novo GCase expression
and thus GCase synthesis. When analyzing the presence of active GCase using
the ABP, MDW941, in the absence of isofagomine, labeling was observed at
the viable epidermis-SC interface and the lower SC layers (Figure 5B), in line
with the expression pattern observed in Figure 5A. Interestingly, labeling of
active GCase at the viable epidermis-SC interface was lost when inhibitor (0.5
and 5 uM) isofagomine was added to the medium. Only a weak staining at the
outermost SC layers remained.

Because we observed changes in GCase in HSEs cultured with the inhibitor,
isofagomine, we analyzed the SC ceramides of these HSEs by means of LC/MS.
Figure 6 depicts the GlcCer:ceramide ratios of two acylceramide subclasses,
EOS and EOH, respectively. At 1 nM isofagomine concentration (far below the
Ki,isofagomine of ~20 nM) [39], a ratio around 0.8 was observed, indicating
that ~7% of ceramide EOS remained glycosylated at this culturing condition.
When the isofagomine concentration was increased, the GlcCer:ceramide ratio
was also increased for both ceramide EOS and EOH. At concentrations of 10
MM isofagomine, the ratio increased significantly to 0.35 + 0.06 and 0.42 + 0.20
for EOS and EOH, respectively. This indicated that the conversion of GlcCers
into ceramides was successfully hampered by the competitive inhibitor,
isofagomine. The HSE model can therefore be supplemented with specific
concentrations to modulate the exact amount of GlcCers:ceramides.
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This study first reported on the presence of active GCase in human skin,
which was primarily located outside the lysosomes in the extracellular space
of the inner layers of the lipophilic SC lipid matrix. GCase activity in such an
environmentis unique and has hitherto not been observed in any other tissues.
We described two independent methods to visualize the presence of active
GCase in the extracellular space: zymography and ABP-labeling. Although
the presence of GCase at the viable epidermis-SC interface has been reported
before using zymography [7, 32, 33, 40-42], the specificity of the substrates
(res-B-glc and 4-MU-B-glc) has been debated, as both are converted by several
B-glucosidases [43-45]. Therefore, we developed a new method that uses
the ABP, MDW941. This aziridine-based probe has unmatched sensitivity and
specificity toward lysosomal GCase and delivers superior spatial resolution
images. Below, we discuss and compare both methods (summarized in Table

1).

The developed procedure is compatible with the two most commonly
used substrates in relation to GCase activity. The method is robust, less time-
consuming, and provides higher resolution images than most reported
protocols. The following optimization steps proved crucial for the improved
results, and are related to sample preparation, incubation period, choice of
substrate, incubation buffer, and washing procedures.

First, reported in situ methods sometimes use fixation solvents to localize
GCase activity [7, 32], but this mitigates GCase activity and should be avoided
[46-48]. Cryo-fixed sections without fixation solvent on SuperFrost glass slides
are therefore preferred.

Second, the optimal incubation period with 4-MU-B-glc or res-pB-glc was
around 1-2 h. Shorter incubation periods led to significantly less fluorescent
product, whereas longer incubation periods caused diffusion of the fluorescent
product. Takagi et al. [7] proposed an incubation period of 16 h at the reduced
temperature of 4°C to minimize diffusion of product, but our proposed
method demonstrated clearer contrast of converted product when applying
an incubation period of less than 2 h at 37°C. Besides, incubation at 37°C more
closely resembles the in vivo situation and, thus, the physiological activity of
GCase.

Third, no significant difference was observed between the two substrates,
res-B-glc (orange/red) and 4-MU-B-glc (indigo), for in situ visualization of
active GCase. Neither substrate showed significant overlap in its emission
wavelength with its respective counterstain (DAPI and propidium iodide).
Green fluorophores were avoided because of the autofluorescence of skin
tissue caused by components like collagen, elastin, melanin, and keratin [49,
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50]. We did not observe any emitted fluorescence signal for res-3-glc at the
excitation and emission wavelengths proposed by Hachem et al. [33] (588 and
644 nm, respectively).

Fourth, GCase activity is optimal around pH 5.2-5.6 [6, 7]. The use of
appropriate buffers is therefore crucial and preferred over the use of deionized
water as the substrate solvent, as has been used in other protocols [33]. MES
buffer (10 mM) was preferred over 150 mM Mcllvaine buffer, as the images
were more consistent and more often resulted in clear “layered” patterns of
converted fluorescent product in the SC. This could be related to the high salt
concentration of Mcllvaine buffer, which may affect the surface charge and
tertiary structure of GCase, leading to changes in enzyme activity [51].

Fifth, we noticed significantly better results after optimizing the washing
steps. Directly after cryo-sectioning, protocols should include a washing
procedure to remove specimen matrix (e.g., Tissue-Tek). In agreement with
Man et al. [52], we observed that the matrix was easily removed when washing
with 1% Tween-20 in water. A second washing step was introduced directly
after the substrate incubation step. A dip-wash with deionized water that
was repeated three times appeared to be optimal; the first wash was with the
addition of 1% Tween-20.

ABP-IABP-labeling has several advantages compared with the zymography
procedure: ) MDW941 labeling proved much more sensitive, as incubation
with 100 nM ABP was sufficient for proper localization, whereas 1 mM substrate
was preferred for zymography. ii) MDW941 is GCase specific, in contrast to
4-MU-B-glc and res-B-glc, which are ligands for all B-glucosidase subtypes
(GCase, GBA2-3). Hence, only the ABP-labeling method demonstrated that
visualized protein is indeed lysosomal GCase. jii) Covalent binding of ABP
was less dependent on incubation period and washing procedures, and
labeling with the ABP, MDW941, does not require enzyme-based protonation
(thus incubation near optimal pH) [37]. iv) Generally, reproducibility of in situ
zymography is a main concern and repeated measurements are necessary to
compensate for irregular results [53]. In contrast, ABP-labeling delivers more
robust images of active GCase along the entire skin section. As a consequence,
ABP-labeling requires a significantly lower number of skin sections for reliable
conclusions in comparison to zymography.

Recapitulating, this is the first time that the highly sensitive and selective
MDW941 label demonstrates that active GCase is located in the lipophilic
extracellular matrix outside the lysosomes of human skin, which is unique
with respect to both environmental condition and localization as observed
in cells of other tissues [16, 18]. ABP sensitivity also becomes apparent
when comparing ABP-labeling to the in vitro Western blotting procedure:
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for successful visualization of GCase, only 5 pg of protein was loaded for the
ABP-labeling procedure, whereas 50 pug was required for the Western blot
procedure. ABP-labeling of skin lysates demonstrated that active GCase in the
dermis is of different molecular size than active GCase in the epidermis. This
suggests that different isoforms are present in both skin layers, consistent with
our finding that N-glycanase treatment converted both dermal and epidermal
GCase to an identical molecular weight [54-56]. In the dermis, GCase is likely
located in the lysosomes of cells (fibroblasts, macrophages, and adipocytes),
where it degrades GlcCer as the penultimate step in cellular glycosphingolipid
turnover.

The unmatched sensitivity of ABP-labeling proved useful when studying
HSEs. GCase expression and activity in HSEs is localized at the same epidermal
layers compared with human skin. Supplementation of isofagomine, a
commonly used potent reversible inhibitor of GCase [45, 57, 58], to the medium
demonstrated that the activity of GCase can be altered without significantly
reducing GCase expression or inducing any morphological effects. Localization
of active GCase in the epidermis is therefore essential for understanding
the consequences of the SC ceramide composition. Inhibition of GCase by
isofagomine resulted in a concentration-dependent increase of the precursors,
acyl-GlcCer EOS and acyl-GlcCer EOH, compared with their acyl-ceramide
products. We specifically studied these two ceramide subclasses, as it is known
that ceramides EOS and EOH are not substrates for a second enzyme (acid
sphingomyelinase) that converts sphingomyelins into ceramides [59]. A high
concentration of isofagomine in the medium led to complete inhibition of
GCase at the viable epidermis-SC interface and only a weak ABP-labeling in the
outer SC layers was observed. This indicates that isofagomine reaches the SC
layers and proves that GCase activity is crucial for the SC ceramide composition.
We explain GCase activity in the outer SC layers by the fact that isofagomine
may not sufficiently diffuse into the upper SC layers and inhibit GCase. Besides,
competition between substrates, endogenous GCase, and isofagomine still
occurs, as isofagomine is a reversible inhibitor and the medium is refreshed
twice a week. Any remaining GCase activity is therefore expected to be at the
lowest isofagomine concentration, i.e., the outermost SC layers. Nevertheless,
the concentration-dependent effect indicates that the conversion by GCase
can be modulated by hampering enzyme activity, irrespective of GCase
expression. This supplement may therefore be useful to target GCase to model
skin barrier dysfunction related to specific diseases. Gaucher disease is an
obvious candidate, but a dysfunction in GCase expression is also observed
in skin disorders like Netherton syndrome and atopic dermatitis [21, 60]. The
significance of GCase activity in these skin diseases remains inconclusive [61,
63] and the presented methods here will be used in future studies to unravel
this aspect, along with the relationship to environmental factors, like skin
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Overview of the optimized in situ protocols to visualize epidermal GCase by
zymography and ABP-labeling.

Parameter In situ Zymography In situ ABP-Labeling

Section fixation Cryo-samples (no fixation) Cryo-samples (no fixation)

[Fluorogenic compound] ~1 mM 4-MU-b-glc or res-b-glc ~100 nM MDW941

Incubation period/temperature 1-2 h, 37°C 1h,37°C

Preferred buffer MES MES or Mcllvaine

Washing protocol 1x 1% Tween, 3x short rinses in 1x 1% Tween, 3x short rinses in
MilliQ MilliQ

hydration and the SC pH gradient. We observed active GCase primarily in the
innermost SC layers, which may be related to the slightly acidic pH gradient
across the SC. The pH of the inner SC layers (~5-6) is at the optimal pH of GCase
[64]. This acidic pH may aid GCase activity in the extracellular SC environment,
even at the outermost SC layers that are extremely lipophilic. In relation to
Netherton syndrome and atopic dermatitis, changes in environmental factors,
like SC humidity and pH gradient, have been reported as possible causes for
changes in GCase activity [33, 40, 64- 66]. GCase has been reported as a key
mediator for skin barrier homeostasis, as changes in epidermal GCase activity
have been observed in cases of skin barrier disruption [67].

In conclusion, we provided two independent methods to visualize epidermal
GCase and demonstrated that, in both human skin and our HSEs, active GCase
was predominantly present in the extracellular space of the SC lipid matrix.
ABP-labeling demonstrated changes in GCase activity for HSEs cultured with
inhibitor, explaining the altered SC (glucosyl)ceramide composition in these
HSEs. In combination with immunohistochemical staining for the expression
of GCase and the use of MS to quantify endogenous GlcCers and ceramides,
these methods that visualize active GCase bridge the gap between analysis
on protein expression level and the final phenotype, the SC ceramide profile.
ABP-labeling is superior to zymography in terms of sensitivity, specificity, and
robustness, and the ABP, MDW941, is compatible with skin of human and
murine origin [16, 37]. ABP-labeling may therefore be used in future studies to
address GCase activity in relation to skin barrier diseases.

Human skin was processed in accordance with the
Declaration of Helsinki principles. Skin from mammoplasty or abdominoplasty
was obtained from local hospitals directly after surgery. Skin was dermatomed
to a thickness of 400 um after removal of the adipose tissue. Skin samples were
either processed to culture HSEs, used for in vitro GCase analysis, or cryo-frozen
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for sectioning and labeling: small skin samples were put in gelatin capsules
filled with matrix specimen Tissue-Tek OCT (Sakura Finetek Europe, Alphen
a/d Rijn, The Netherlands) and snap-frozen in liquid nitrogen. Snap-frozen skin
tissue from human skin or HSEs was cut to 5 um-thick sections (Leica CM3050s;
Leica Microsystems, Germany). Sections were placed on SuperFrost Plus micro
slides (VWR International, The Netherlands) and used forimmunohistochemical
stainings or enzyme activity studies (in situ zymography and ABP-labeling).

HSEs were cultured as described previously
[34, 68, 69]. Briefly, the epidermis was separated from the dermis by Dispase
digestion (Roche, Almere, The Netherlands). Primary fibroblasts were
isolated after incubation of the dermis in collagenase (Gibco-Invitrogen,
Carlsbad, CA) and Dispase Il (Roche). Keratinocytes were isolated from the
epidermis after trypsin digestion (Sigma-Aldrich, Steinheim, Germany). The
dermal compartment was cultured using isolated rat collagen populated
with fibroblasts. Dermal equivalents were cultured submerged for 1 week.
Then human keratinocytes were seeded on the dermal equivalent and the
HSEs were cultured for 2 days under submerged conditions. The HSEs were
lifted to the air-liquid interface and cultured for an additional 2 weeks while
supplementing different concentrations of the GCase inhibitor, isofagomine
(0, 0.001, 0.01, 0.1, 0.5, 1, 5, or 10 uM; n = 3 for each condition) to the culture
medium. Medium was refreshed twice a week. After the culture period, HSEs
were harvested: HSEs cultured with 0, 0.5, or 5.0 uM (isofagomine) were
snap-frozen (unfixed) and cut in 5 pum-thick sections, as described above for
human skin. These samples were analyzed for in situ immunohistochemistry-
immunofluorescence staining and ABP-labeling of GCase. The remaining HSEs
were used to analyze the SC (glucosyl)ceramides by LC/MS.

From dermatomed skin, the
individual skin layers were isolated according to the procedures described
elsewhere [70, 71]: dermis, epidermis, SC, and viable skin layers (full thickness
skin minus SC). Dermis was isolated from the epidermis using a 2.4 U/ml
dispase Il solution (Roche). SC was isolated by 0.1% trypsin digestion (Sigma-
Aldrich). Human skin was left overnight in 0.1% trypsin in PBS at 4°C. After an
incubation period of 1 h at 37°C, the SC was isolated and washed once with
0.1% (w/v) trypsin inhibitor in PBS solution and twice in MilliQ. The GCase
content was determined in various isolated skin layers for: i) the presence of
GCase by Western blotting; ii) the presence of active GCase by ABP-labeling;
and iii) quantitation of GCase activity by a 4-MU-3-glc assay. All procedures are
described briefly below.
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Western blot analysis was performed to examine
the presence of GCase in human skin. Skin lysates were prepared in KPI buffer
(25 mM potassium phosphate, pH 6.5) and 0.1% (v/v) Triton with cOmplete
protease inhibitor (Roche) in tubes with 1.0 mm glass beads (BioSpec
Products, Bartlesville, OK). These tubes were processed on a FastPrep-24
5G for 10 cycles of 20 s at a speed of 6 m/s. Samples were filtered on a 1 ml
disposable spin column (G-Biosciences, St. Louis, MO) and spun down for
10 min at 15,000 rpm. The protein concentration was quantified by BCA kit
(Thermo Scientific, Rockford, IL). Subsequently, lysates were denatured with
Laemmli loading buffer [312.5 mM Tris-HCI (pH 6.8), 0.1% (w/v) bromophenol
blue, 50% (v/v) glycerol, 10% (w/v) SDS, and 8% (w/v) DTT] and heated for
5 min at 98°C. Samples were subjected to 10% SDS-PAGE and transferred to
0.2 pm nitrocellulose membranes by using a Trans-Blot Turbo system (Bio-
Rad). The blots were blocked in 5% (w/v) Protifar in PBS 0.1% (v/v) Tween-20
and incubated overnight at 4°C with anti-GCase monoclonal antibody (8E4
[72]) at 1:1,000 dilution in 2% (w/v) Protifar PBS 0.1% (v/v) Tween-20. After
washing three times in PBST, membranes were incubated for 1 h at room
temperature with secondary antibody, Alexa Fluor 647 donkey anti-mouse
(Life Technologies, Bleiswijk, The Netherlands), at 1:10,000 dilution in 2% (w/v)
Protifar PBS 0.1% (v/v) Tween-20. Blots were washed twice in PBST and once in
PBS, followed by scanning on a Typhoon FLA 9500 scanner (Aex =653 nm, Aem
=669 nm). Precision Plus Protein unstained standard #1610373 (Bio-Rad) was
used as reference ladder.

To examine whether active GCase was present in lysates
of isolated human skin layers, labeling was performed as described previously
[16]. Samples were first incubated in 100 nM ABP MDW941 in Mcllvaine buffer
(150 mM citric acid-Na2HPO4, pH 5.2), 0.2% (w/v) sodium taurocholate, 0.1%
(v/v) Triton X-100, and 0.1% (w/v) BSA at 37°C for 1 h. Afterwards, samples
were denatured with Laemmli loading buffer and heated for 5 min at 98°C.
Gel electrophoresis was performed on 10% SDS-polyacrylamide gels, washed
afterwards in demineralized water and visualized using a Typhoon FLA 9500
scanner, deep red (Aex = 649 nm, Aem =670 nm) and green (Aex =532 nm, Aem
=554 nm). Bio-Rad #1610373 was used as reference ladder and no significant
autofluorescence of the skin layers was observed that could possibly interfere
with the results.

4-MU-B-Glc (Santa Cruz, Dallas, TX) was used to measure
the GCase activity in the separate skin layers (16). Skin lysates were incubated
on ice with and without 100 nM MDW933 (nonfluorescent GCase inhibitor)
for 30 min, followed by incubation with the 4-MU-3-Glc mixture at 37°C
for 30 min. This incubation mixture contained Mcllvaine buffer (150 mM
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citric acid-Na2HPO4, pH 5.2), 0.2% (w/v) sodium taurocholate, 0.1% (v/v)
Triton X-100, 0.1% (w/v) BSA, and 3.7 mM 4-MU-B-Glc substrate. Afterwards,
the substrate reaction was stopped with glycine-NaOH (pH 10.3) and the
amount of fluorescent product (4-methylumbelliferone) was measured with
a fluorescence spectrometer (LS-55; Perkin EImer) at Aex = 366 nm and Aem
= 445 nm. No significant autofluorescence of the lysates was observed. By
subtracting the activity obtained when incubated with GCase inhibitor from
the activity obtained without incubation with inhibitor (nonspecific GCase
activity), the actual GCase hydrolysis activity was determined.

Skin sections (5 pm-
thick) were fixed with acetone and washed with PBS (pH 7.4). Sections were
blocked using 2.5% (v/v) goat serum in 1% (v/v) BSA/PBS. Incubation with
primary monoclonal GCase antibody (ab125065; Abcam, Cambridge, UK) was
performed overnight at 4°C. Sections were labeled with secondary antibody
(Rhodamine Red AffiniPure goat anti-rabbit IgG; Jackson ImmunoResearch
Laboratories, West Grove, PA). Afterwards, sections were washed twice in PBS
and once in demineralized water and subsequently mounted using Vectashield
with DAPI solution (Vector Laboratories, Burlingame, CA).

Skin sections were washed with 1%
(v/v) Tween-20 in MilliQ. Afterwards, 1 mM fluorogenic substrate in either 10
mM MES buffer (pH 5.4) or Mcllvaine buffer (150 mM citric acid-Na2HPO4, pH
5.2) were added to the sections and incubated at 37°C for 0 min, 10 min, 30
min, 1 h, 2 h, or 16 h. Substrate was either 4-MU-f3-glc or res-3-glc (Marker
Gene Technologies, Oregon). For the zymography competition assay, an
additional preincubation step of 1 h at 37°C with T mM isofagomine (Toronto
Research Chemicals, Toronto, Canada) was performed. Thereafter, the sections
were washed briefly with 1% (v/v) Tween-20 solution and subsequently either
one or three additional washes with MilliQ water. Sections were mounted
with Vectashield containing either DAPI or propidium iodide for appropriate
counterstaining of cell nuclei. The main parameters of the optimized protocol
are listed in Table 1.

Skin sections were
washed with 1% (v/v) Tween-20 (Bio-Rad Laboratories) in MilliQ. Afterwards,
different concentrations of the ABP, MDW941 (10, 100, or 1,000 nM), in either
Mcllvaine buffer or MES buffer were added to the sections and incubated
for different periods (0, 10, 30, or 60 min) at 37°C. Negative control samples
were preincubated with a 10 pM cyclophellitol-epoxide ABP tagged with
a nonfluorescent moiety in 150 mM Mcllvaine buffer [150 mM citric acid-
Na2HPO4 (pH 5.2), 0.2% (w/v) sodium taurocholate, 0.1% (v/v) Triton X-100].
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Thereafter, the samples were washed either once or three times in MilliQ water
(first wash in addition of 1% Tween-20) and mounted using Vectashield with
DAPI solution. An overview of the final method is provided in Table 1.

Imagesweretakenusinga ZeissImager.D2 microscope
connected to a Zeiss AxioCam MRm camera (Zeiss, Germany). Images were
taken at objective lens magnifications of 20x and 63x (with immersion oil)
and with an ocular lens magnification of 10x. Images were processed using
Zen 2 2012, blue edition (Zeiss). Exposure times were kept constant for each
individual experiment. Gamma was set to 1.0 for all measurements.

SC was isolated from
small skin samples by trypsin digestion (as described above). Then, lipids
were extracted from the SC using an extended Bligh and Dyer procedure
described by Boiten et al. [73] The obtained lipid fraction was reconstituted
in heptane:chloroform:methanol (95:21/2:21/2) prior to analysis by LC/
MS, as explained previously [73]. In short, chromatography of (glucosyl)
ceramides was achieved by an Acquity UPLC H-class (Waters, Milford, MA)
using gradient elution of heptane toward 50% heptane:isopropanol:ethanol
(50:25:25) by means of a normal phase PVA-silica column (100 x 2.1 mm inner
diameter, 5 um particle size; YMC, Kyoto, Japan). A Xevo TQ-S MS, equipped
with an atmospheric pressure chemical ionization source was used for mass
analysis in positive-ion full-scan MS mode for scanning from m/z 350 to 1,200
amu (ceramides) and from m/z 500 to 1,350 amu (GlcCers). Deuterated non-
hydroxy fatty acid/sphingosine base ceramide (ceramide NS, Evonik Industries,
Germany) was used as internal standard. The ratio of the areas under the curve
of acyl-GlcCers and acyl-ceramides (specifically ceramide subclasses EOS and
EOH, see supplemental Figure S1e, f for the molecular architecture) were
subsequently calculated and will be referred to as GlcCer:ceramide ratio, as
reported previously [60]. We focused specifically on acyl-ceramide subclasses
because: i) the precursors of these ceramides are solely GlcCers and, therefore,
only conversion by GCase plays a role in the final step of the acyl-ceramide
synthesis and results could not be obscured by other enzymes (i.e., ceramides
that can also be generated by acid sphingomyelinase); and ii) these ceramides
are crucial for a proper SC lipid matrix structure and are therefore relevant
when studying HSEs in relation to the SC barrier.

The authors thank Evonik Industries (Essen, Germany) for providing
deuterated ceramide NS to quantify LC/MS data.
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0h

2h, 37°C 1h, 37°C 05h, 37°C

16 h, 4°C

Effect of incubation time of zymography assay visualizing GCase
activity in human skin sections. 63x magnification images using 4-MU-(3-glc substrate focusing
on the blue fluorescent product ‘layers. Red counterstaining was performed using propidium
iodide to stain cell nuclei. At incubation periods <1 hour, fluorescent signal is relatively low. At
incubation periods of 2 hour or longer, diffusion of fluorescent product is observed, particularly
after 16 h, when label is ‘diffused’at the lower epidermal layers.

10 nM 100 nM 1000 nM
[MDW 941]

In situ GCase labeling by MDW941 ABP. 63x Microscope images of
human skin sections incubated with different concentrations (10, 100, 1000 nM) of ABP MDW941
(Yellow/Orange), and counterstained with DAPI (blue). GCase labeling was observed for all three
MDW0941 concentrations, but was optimal around 100 nM.
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