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Abstract Ceramidases catalyze the cleavage of ceramides
into sphingosine and fatty acids. Previously, we reported on
the use of the RBM14 fluorogenic ceramide analogs to de-
termine acidic ceramidase activity. In this work, we investi-
gated the activity of other amidohydrolases on RBM14
compounds. Both bacterial and human purified neutral ce-
ramidases (NCs), as well as ectopically expressed mouse
neutral ceramidase hydrolyzed RBM14 with different selec-
tivity, depending on the N-acyl chain length. On the other
hand, microsomes from alkaline ceramidase (ACER)3 knock-
down cells were less competent at hydrolyzing RBM14C12,
RBM12C14, and RBM14C16 than controls, while micro-
somes from ACER2 and ACER3 overexpressing cells
showed no activity toward the RBM14 substrates. Conversely,
N-acylethanolamine-hydrolyzing acid amidase (NAAA) over-
expressing cells hydrolyzed RBM14C14 and RBM14C16 at
acidic pH. Overall, NC, ACER3, and, to a lesser extent,
NAAA hydrolyze fluorogenic RBM14 compounds. Although
the selectivity of the substrates toward ceramidases can be
modulated by the length of the N-acyl chain, none of them
was specific for a particular enzyme.lll Despite the lack of
specificity, these substrates should prove useful in library
screening programs aimed at identifying potent and selec-
tive inhibitors for NC and ACER3.—Casasampere, M.,
L. Camacho, F. Cingolani, J. Casas, M. Egido-Gabas, J. L. Abad,
C. Bedia, R. Xu, K. Wang, D. Canals, Y. A. Hannun, C. Mao,
and G. Fabrias. Activity of neutral and alkaline ceramidases
on fluorogenic N-acylated coumarin-containing aminodiols.
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Sphingolipids are bioactive molecules exerting a plethora
of activities at the cellular level by activating different cell sig-
nal transduction pathways. Among these activities, ceramide
and sphingosine are inducers of different types of cell death,
while sphingosine 1-phosphate activates proliferative signals
and counteracts the cytotoxicity of ceramides and sphingo-
sine. Ceramidases are ubiquitous amidohydrolases that cata-
lyze the cleavage of ceramides into sphingosine and fatty
acids. Because sphingosine is the precursor of sphingosine
1-phosphate, ceramidases contribute to the balance between
cytotoxic and proliferative signals. According to their opti-
mum pH, ceramidases fall into three groups, acidic, neutral,
and alkaline (1). Five human ceramidases that are encoded
by five distinct genes have been cloned: an acidic ceramidase
(AC), a neutral ceramidase (NC), and three alkaline cerami-
dases (ACERs). AC is a lysosomal enzyme encoded by the
acid ceramidase gene, ASAHI, while NC, encoded by the
neutral ceramidase gene, ASAH2, is found in the plasma
membrane. While AC is ubiquitously expressed, NC is highly
expressed in the small intestine along the brush border,
where it is involved in the catabolism of dietary sphingolip-
ids, thus regulating the levels of bioactive sphingolipid me-
tabolites in the intestinal tract (2).

Abbreviations: AC, acidic ceramidase; ACER, alkaline ceramidase;
ACERI-TET-ON, HeLa T-REX cells stably transfected with ACERI;
ACER2-TET-ON, HeLa T-REX cells stably transfected with alkaline ce-
ramidase 2; ASAH1, acid ceramidase gene; ASAH2, neutral ceramidase
gene; CerC12NBD, N-[12-[ (7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]
dodecanoyl]-D-erythro-sphingosine; FD-pcDNA5/TO-ASAH2, Farber
cells transfected with the pcDNA5/TO plasmid containing mouse
ASAH?2; FRET, fluorescence resonance energy transfer; hACER, hu-
man alkaline ceramidase; HCT116-shACER3, HCT116 cells transduced
with shRNA against human alkaline ceramidase 3; HCT116-shRNA,
HCT116 cells transduced with nonspecific shRNA; hNC, human neutral
ceramidase; HTS, high-throughput screening; mACER, mouse alkaline
ceramidase; MEF, mouse embryonic fibroblast; mNC, mouse neutral
ceramidase; NAAA, N-acylethanolamine-hydrolyzing acid amidase;
NBD, 7-nitrobenz-2-oxa-1,3-diazol-4-yl; NC, neutral ceramidase; pCDase,
Pseudomonas aeruginosa neutral ceramidase; shACER3, ACER3-specific
shRNA; shCtrl, control shRNA; TBST, TBS-Tween.
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The three ACERs include Asah3/Acerl, Asah3l./Acer2,
and Acer3. Acerl is encoded by the ASAH3/ACERI gene
and is exclusively expressed in the endoplasmic reticulum
of skin cells. Acer2, encoded by the ASAH3L/ACER2 gene,
is a Golgi resident enzyme particularly abundant in pla-
centa. Finally, Acer3 is encoded by the PHCA/ACER3 gene
and is localized to both the endoplasmic reticulum and
the Golgi. An interesting feature of the three ACERs is
their activation by Ca*" ions.

Different substrate selectivities have been reported for
the several ceramidases. Thus, AC prefers C12 and C14
ceramides, while preferential hydrolysis of C16 and C18
ceramides occurs with NC. As for ACERs, ACER1 hydro-
lyzes mainly very long chain (C20 to C24) ceramides (1),
while ACER2 seems to be responsible for the deamidation
of ceramides with various acyl-chains (2), and dihydrocer-
amides with unsaturated long acyl chains (Cig,; and Cy.;)
(3). Finally, ACER3 hydrolyzes ceramides, dihydrocerami-
des, and phytoceramides with unsaturated long acyl chains
(Cig.y and Cygy) (4).

Validation of ceramidases as therapeutic targets has
been carried out mainly for AC (5, 6) and NC (7, 8). This
has triggered the development of ceramidase inhibitors as
leads for the further development of potential drugs. Most
ceramidase inhibitors have been discovered after either
rational design or screening of a small series of compounds.
Although a number of procedures for the determination
of ceramidase activities have been reported (9), massive
screening relies on the availability of high-throughput
methods, only a few of which have been described (10-12).
These include a fluorescent sphingolipid fluorescence
resonance energy transfer (FRET) probe that allows ho-
mogeneous ratiometric determination of enzyme activity
in real-time (12). In a previous article (10), we reported
on the use of a coumarinic analog of ceramide, namely
RBM14C16 (Fig. 1), to determine AC activity. Other ana-
logs of RBM14C16 with different N-acyl chain lengths were
later reported as AC substrates and for use in diagnosis of
Farber disease (11). Among the several analogs, RBM14C12
was the preferred substrate for AC. Lysates from Farber
cells overexpressing AC (13) hydrolyzed RBM14C12 with
apparent K, and V,,, values of 26 uM and 334 pmol/min/mg
protein.

Besides ceramidases, other amidohydrolases include those
involved in the hydrolysis of bioactive N-acylethanolamines
to fatty acids and ethanolamine. These amidohydrolases
include N-acylethanolamine-hydrolyzing acid amidase
(NAAA), which it is only active at acidic pH (14). Compari-
son of the primary structures of NAAA and AC revealed
a high sequence homology. They also share functional
features, and they belong to the choloylglycine hydrolase
family (15).
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RBM14C8: n=6
RBM14C10: n=8
RBM14C12: n=10
RBM14C14: n=12
RBM14C16: n=14

Fig. 1. Chemical structures of RBM14 compounds.
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In this work, we show that RBM14 compounds are hy-
drolyzed by NC, ACER3, and NAAA, but not by ACER1
and ACER2. Each amidohydrolase exhibits different sub-
strate selectivity depending on the nature of the N-acyl
chain. The results presented underscore the usefulness of
these compounds in massive screening programs aimed at
identifying amidohydrolase inhibitors.

EXPERIMENTAL PROCEDURES

Materials

Dulbecco’s modified Eagle’s medium, FBS, penicillin/
streptomycin solution, nonessential amino acids, tetracycline, and
puromycin, were from Sigma. Zeocin was from Genaxxon Bioscience
and blasticidin was from CalBiochem. Opti-MEM and lipofectamine
2000 were from Invitrogen. Antibodies were purchased from:
anti-ACER2 (HPA014092) and anti-actin (A2228) (Sigma); anti-
rabbit (NA934V) and anti-mouse (RPN4201V) secondary anti-
bodies (GE Healthcare). Recombinant human NC (hNC) was
obtained from R&D Systems. Bacterial CDase was obtained fol-
lowing the reported procedure (16). The latter protein was ob-
tained at a 0.33 mg/ml final concentration and it was stored at
—80°C. Once thawed, the enzyme solution was kept at 4°C until
activity loss. pcDNA3.1(+) (empty vector) and pcDNAS3.1(+) har-
boring the human NAAA gene were kindly provided by Professor
Natsuo Ueda.

Cells

Cells were cultured at 37°C/5% CO, in Dulbecco’s modified
Eagle’s medium high glucose supplemented with 10% FBS and
1% penicillin/streptomycin solution. Nonessential amino acids
(0.1 mM) were also added to HEK293T cells. Zeocin (25 pg/ml)
and blasticidin (5 pwg/ml) were also added to Hel.a T-REX cells
[HeLa T-REX-human ACER (hACER)2, Hel.a T-REX-mouse
ACER (mACER)1, and control vector HeLa T-Rex pcDNA4].
mACER1 and hACER2 gene expression were induced by adding
10 ng/ml tetracycline to the medium. Puromycin (2 pug/ml) was
added to ACER3 knockdown HCT116 cells (HCT116-shACER3)
and their controls (HCT116-shRNA). Antibiotics other than
penicillin/streptomycin were removed during treatments.

Overexpression of hACER2 and mACER1

To overexpress ACER2, we used the stable cell line Hela
T-Rex/ACER?2 that we constructed in our previous study (17). To
overexpress ACERI, we applied the same expression system. The
coding sequence of the mACER1 was cloned into the empty vec-
tor, pcDNAA4, to construct the expression vector, pcDNA4-ACER1,
which was used to generate the stable cell line, HeLa-T-Rex/
Acerl, as described in our previous study (17).

Knockdown of ACER3 in HCT116 cells

A lentiviral vector expressing a control shRNA (shCtrl) (CC-
GGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTC-
ATCTTGTTGTTTTT) or ACER3-specific shRNA (shACER3)
(CCGGTATACAGCTGTTGCATATTTGCTCGAGCAAATATGCA-
ACAGCTGTATATTTTTTG) from Sigma-Aldrich (St. Louis, MO)
was packaged into lentiviral particles in HEK293T cells using a
viral packaging kit (GeneCopoeia, Rockville, MD) and lentiviruses
expressing shCtrl or shACER3 were then transduced into HCT116
cells according to the manufacturer’s protocol. Forty-eight hours
later, the transduced cells were replated and treated with 5 pg/ml
puromycin (Sigma-Aldrich) for 2 weeks. Puromycin-resistant
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clones were expanded before their ACER3 mRNA levels and
ACER activity were determined, as described below.

Overexpression of mouse NC. Twenty-four hours before
transfection, Farber cells were plated in 6-well plates (2.5 x 10° cells
perwell). Then cells were transfected with 2.5 pg/well of pcDNA5/
TO (empty vector) or pcDNA5S/TO harboring the mouse ASAH2
gene (pcDNA5/TO-ASAH2) using opti-MEM/lipofectamine, fol-
lowing the manufacturer’s instructions. Test compounds were
added 24 h after transfection.

Overexpression of NAAA. Twenty-four hours before trans-
fection, HEK293T cells were plated in 100 mm Petri dishes (3 x 10°
cells perdish) and were transfected with 8 ug/well of pcDNA3.1(+)
(empty vector) or pcDNA3.1(+) harboring the human NAAA gene
(pcDNA3.1-NAAA) using opti-MEM/lipofectamine following the
manufacturer’s instructions. Test compounds were added 48 h
after transfection.

Cell lysates

Cell pellets were resuspended in the appropriate volume of
a 0.25 M saccharose solution. The suspension was submitted to
three cycles of 5 s sonication (probe) at 10 watts/5 s resting on
ice. The cell lysate was centrifuged at 600 gfor 10 min. The super-
natant was collected and protein concentration was determined
as specified below.

Microsomal preparations

The above 600 g centrifugation supernatants were transferred
to 1.5 ml ultracentrifuge tubes and were spun at 100,000 g for
45 min to 1 h at 4°C. Pellets were either stored at —80°C or pro-
tein concentration was measured, adjusted with a 0.25 M saccha-
rose solution to the appropriate concentration, and used for
activity determination or processed for quantitative (q)PCR or
Western blot.

Ceramidase activities

All in vitro assays were conducted in 96-well plates at a final
volume of 100 pl/well. Reaction buffers were: Pseudomonas aeru-
ginosa neutral ceramidase (pCDase) [50 mM HEPES buffer,
1 mM CaCl, (pH 7.4) in the presence or absence of 0.3% (w/v)
Triton X-100]; NC [50 mM HEPES, 150 mM NaCl, 1% sodium
cholate (pH 7.4)]; ACER [50 mM HEPES, 1 mM CaCl, (pH
9.0)]. Final amounts of protein per well are indicated in the fig-
ure legends. For the determination of K,, and V,,,. (pCDase and
hNC), serial dilutions of substrates in the appropriate reaction
buffer were made from 80 uM (pCDase) or 200 pM (hNC) solu-
tions prepared from a 4 mM stock solution in ethanol. Cell ly-
sates: substrates were tested at 40 uM concentration by adding
the appropriate volume of 0.1 mM solutions in the suitable buf-
fer, prepared from 4 mM stock solutions in ethanol. The reaction
mixtures contained: pCDase (10 pl/well of protein, 40 pl/well of
substrate at the required concentrations, and 50 wl/well of buf-
fer); hNC (20 pl/well of protein, 40 wl/well of substrate at the
required concentrations, and 40 ul/well of buffer); ASAH2/7)
mouse embryonic fibroblasts (MEFs) and ACERs (25 pl/well of
protein and 75 pl/well of 53 uM substrate). The reaction mix-
ture was incubated at 37°C for 3 h, except for the determination
of K,,and V,,,, (30 min). In all cases, reactions were stopped with
25 pl/well of methanol and then 100 pl/well of NalO, [2.5 mg/ml
in 100 mM glycine-NaOH buffer (pH 10.6) ] was added. After
incubation at 37°C for 1 h in the dark, 100 pl/well of 100 mM
glycine-NaOH buffer (pH 10.6) was added and fluorescence
was measured spectrophotometrically at excitation and emission

wavelengths of 355 and 460 nm, respectively. The same reaction
mixtures without enzymes were used as blanks.

To determine ceramidase activity in intact cells, the day before
the assay, 2 x 10" cells per well were seeded in a 96-well plate.
Cells were incubated for 24 h at 37°C and 5% CO,. Medium was
replaced by 100 wl of fresh medium to which the required vol-
ume of a 4 mM stock solution of the RBM14 substrate in ethanol
had been added to obtain a 40 pM final concentration (1% final
concentration of ethanol). The plate was incubated for 3 h at
37°C, 25 pl/well of methanol were added and the assay was con-
tinued as described above for cell lysates.

NAAA activity

The reaction mixtures contained 25 pl/well of protein (1 mg/ml,
25 ng/well), 40 pl/well of 0.1 mM substrate solution (40 uM
final concentration) in reaction buffer [100 mM acetic/acetate
buffer (pH 4.5) ], and 35 ul/well of reaction buffer. The reaction
mixture was incubated at 37°C for 3 h, stopped with 25 pl/well of
methanol, and the assay was continued as described in the above
section.

Protein concentration determination

Protein concentrations were determined with BSA as a stan-
dard using a BCA protein determination kit (Thermo Scientific)
according to the manufacturer’s instructions.

Western blot analysis

Thirty micrograms of microsomal protein were combined with
Laemmli sample buffer and heated at 55°C for 30 min. Samples
were loaded onto a 12% polyacrylamide gel, separated by electro-
phoresis at 140 V/1 h, and transferred onto a polyvinylidene diflu-
oride membrane (100 V/1 h). Unspecific binding sites were then
blocked with 5% milk in TBS-Tween (TBST) (ACER2) or 3% BSA
in TBST (actin). Anti-ACER2 antibody was diluted 1:1,000 in 5%
milk in TBST. Anti-actin antibody was diluted 1:2,000 in 3% BSA in
TBST. Membranes were incubated overnight at 4°C under gentle
agitation. After washing with TBST, membranes were probed with
the correspondent secondary antibody for 1 h at room tempera-
ture (ACER2, anti-rabbit diluted 1:1,000 in 3% BSA in TBST; actin,
anti-mouse diluted 1:10,000 in 5% milk in TBST). Antibody excess
was eliminated by washing with TBST and protein detection was
carried out using ECL and membrane scanning with LI-COR
C-DiGit® blot scanner. Band intensities were quantified by LI-FCOR
Image Studio Lite software.

qRT-PCR analysis

Total RNA was isolated from cells using RNeasy® Mini kit from
QIAGEN protocol. RNA concentration was measured by spectro-
photometric absorption at 260 nm in a NanoDrop ND-8000 spec-
trophotometer. RNA was treated with DNase I to remove genomic
DNA contamination. Quantities from 1 g to 100 ng of DNase
I-treated RNA were retrotranscribed to cDNA using Superscript®
II reverse transcriptase from Invitrogen and stored at —20°C.
cDNA preparations were used to quantify specific transcripts in a
LightCycler® 480 real-time PCR system, using SYBR® Green mix
(Roche, Germany) and the following pairs of primers: mACER1
mACER1 (forward, 5-CAGGAGTACAGGAAGACCAGC-3’; re-
verse, 5’-CCTTGTCATCACCCCGGATT-3"); hACER?2 (forward,
5-CTTTCGGAATGACCGGGGTA-3; reverse, 5'-GCATACACAGC-
CCAGGTAGG-3"); hACERS (forward, 5-"TGACCTGATGGAATA-
TCGGCTC-3’; reverse, 5-CGCCGAGTTCTGGAATACAGT-3');
and GAPDH (forward, 5-ACCATCTTCCAGGAGCGAGA-%’; re-
verse, b-GATGGCATGGACTGTGGTCA-3"). For all ACER, the
initial PCR steps were: 10 min at 95°C, followed by 45 cycles of a
10 s melting at 95°C, and a 30 s annealing/extension at 60°C.

Fluorogenic substrates for ceramidases 2021
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The final step was a 1 min incubation at 60°C. All reactions were
performed in triplicate. Relative mRNA abundances of the differ-
ent genes were calculated from the second derivative maximum
of their respective amplification curves (Cp, calculated by dupli-
cates). Cp values for target genes (Tg) were compared with the
corresponding values for the GAPDH reference gene to obtain
the ACp values (ACp = CpGAPDH - CpTyg).

RT-PCR analysis

Total RNA isolation, reverse transcription, and cDNA PCR
amplification were performed as indicated in the previous sec-
tion. Primers were: mACERI1, 5-TTGCAGCTTCTGGCAGC-
GGA-3’ (forward) and ACTTTGCATCCACCAGGGCCA-3’ (reverse);
mACER2, 5-GCTGGATCAGCGACCAAGCCT-3" (forward) and
AGGCGAAGCACACACAGCCC-3’ (reverse); mACER3, 5-ACTG-
GAGAAGCGGTACATTGCTG-3’ (forward) and 5-GGGAGC-
TCATCCAACAGCTGCATT-3’ (reverse); and microglobulin,
5-GCTATCCAGAAAACCCCTCAA-3’ (forward) and 5"- CATGTC-
TCGATCCCAGTAGACGGT-3" (reverse). Conditions for the three
ACERs were: one cycle of 94°C for 2 min, 30 cycles of 94°C for
30, 57°C for 30 s, 2°C for 20 s, and 1 cycle of 72°C for 5 min. Con-
ditions for B-2-microglobulin were: one cycle of 94°C for 2 min,
30 cycles of 94°C for 30 s, 62°C for 30 s, 72°C for 20 s, and 1 cycle
of 72°C for 5 min. The PCR products were separated by 1% (w/v)
agarose gel electrophoresis. The separated DNA fragments were
visualized by ethidium bromide staining and photographed under
UV light.

LC/MS

Lipid extracts and LC/MS analysis were carried out as previously
described (18, 19).

Statistics

Comparison between two means has been carried out with the
unpaired two-tailed ttest and statistical differences are marked
with asterisks. For comparison of more than two means, data
have been analyzed by one-way ANOVA test followed by Bonfer-
roni’s multiple comparison test. Statistical differences between
means are pointed out with different letters atop each bar (same
letter indicates no statistical difference).

The quality of the assays for NC and ACER3 has been assessed
by calculating the Zfactor, which is a valuable tool to evaluate the
robustness and suitability of high-throughput screening (HTS)
assays (20). This parameter is calculated using the equation: Z=
1 — [3 SD of sample + 3 SD of background) /(mean of sample —
mean of background)]. The SD values represent the standard
deviation values (of sample and background). The Zfactors were
calculated using 5 ng of protein (buffer in background) and
20 pM substrate (RBM14C16) for hNC and 25 p.g of protein (buffer
in background) and 20 uM substrate (RBM14C14) for ACER3.
For both enzymes, data were obtained from 15 replicates for both
sample and background.

RESULTS

Neutral ceramidases hydrolyze RBM14

Because different NCs have been reported, we tested
and compared the activity of bacterial NC, mNC, and hNC
on RBM14 compounds. The bacterial ceramidase from
Pseudomonas aeruginosa was purified as previously reported
(16). Prior to screening the enzyme activity on the fluorogenic

2022 Journal of Lipid Research Volume 56, 2015

substrates, the assay was optimized with this enzyme. Because
an aldehyde is produced in the oxidation step of the devel-
opment phase of the procedure (1), the presence of pri-
mary amines in the solution must be avoided. Therefore,
Tris was substituted with HEPES, which was also compati-
ble with the presence of Ca® in the solution, and so it
could be used for ACER. Although Triton X-100 has been
previously used in ceramidase activity measurements, we
found that it decreased the fluorescence signal (Fig. 2A).
Therefore, it was omitted in the assays. The higher hydro-
philicity of the RBM14 compounds, as compared with
other substrates used [i.e., 7-nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD)-labeled ceramides], allows avoiding the use of Tri-
ton X-100 in activity determinations. As concluded from
the kinetic parameters, the best substrates for pCDase
were RBM14C14 = RBM14C12 > RBM14C10 >> RBM14C8
(Fig. 2B; Table 1).

Determination of enzyme activity in vitro was also carried
out with human recombinant enzyme (hNC). As shown in
Fig. 2C and Table 1, as in the case of pCDase, the substrate
affinity for hNC increased directly with increasing the N-acyl
chain length, as concluded from the decrease of the K,
values. Kinetic parameters show that substrate preference
is RBM14C16 = RBM14C14 >> RBM14C12 >> RBM14C10 >
RBM14CS8.

The hydrolysis of RBM14 compounds by NC was also
determined in intact cells. Farber cells, which do not hy-
drolyze RBM14, were transfected with mNC [Farber cells
transfected with the pcDNA5/TO plasmid containing
mouse ASAH2 (FD-pcDNA5/TO-ASAH2)]. In these ex-
periments, in which all substrates were tested simultane-
ously at the same concentration (40 uwM), NC showed a
slight preference for the N-C10 analog (Fig. 2D). This was
also the case in cell lysates (Fig. 2E). Interestingly, the
N-C8 analog was also hydrolyzed by mNC, in contrast to AC,
which does not accept this compound as substrate (11),
and the hNC and bacterial NC, for which the C8 and the
C10 derivatives are poor substrates.

To confirm the robustness of the assay, we calculated
the Z factor, a statistical parameter used to evaluate the
suitability of a HTS assay based on the range of the signal
and the internal variation of the measurements. A score
of 1 > Z= 0.5 indicates a good assay, and a score of Z=1
indicates a perfect assay. Our calculated Z factor for the
NC assay using the pure human protein was 0.69 + 0.17
using the best substrate, RBM14C16. This result demon-
strated that the assay is suitable for HTS applications.

Hydrolysis of RBM14 by ACERs

As mentioned in the introduction, three different ACERs
have been reported, all of them exhibiting an optimum
activity at pH around 9.0. Because NC exhibits residual
ceramidase activity at basic pH, the effectiveness of ACERs
to hydrolyze RBMC14 was first explored using MEFs de-
fective in the ASAH2 gene (ASAH2"/7) MFEFs). As expected,
lysates from these cells were significantly less competent
at hydrolyzing RBM14C12 than wild types at neutral pH
values (Fig. 3A). As shown in Fig. 3B, all the analogs ex-
cept for RBM14C8 were hydrolyzed in intact cells, with
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Fig. 2. Hydrolysis of RBM14 by NC. Experiments were carried out as detailed in the Experimental Proce-
dures using pure pCDase (A), pure hNC (E), or Farber cells transfected with empty pcDNA5/TO or
pcDNA5/TO-mASAH2 either intact (C) or lysed (D). In (A) and (B), the experiments were performed in
50 mM HEPES with 1 mM CaCly, pH = 7.4. In (A), incubations were performed in the presence or absence
of Triton X-100 (TX100) and substrates were tested at 40 uM concentration with 10 ng protein. In (B), ex-
periments were conducted in the absence of Triton X-100 with 50 ng protein. In (C), the substrates were
tested in intact cells (2 x 10* cells/well) with 40 pM substrates. In (D), substrates (40 wM) were tested with
cell lysates containing 14 pg of protein in 50 mM HEPES with 150 mM NaCl and 1% sodium cholate (pH
7.4). In (E), compounds were used at the specified concentrations using 5 ng of hNC and the same buffer
as in (D). Data are mean + SD of three to five independent experiments with triplicates. In (A), asterisks
indicate significant difference between samples with and without Triton X-100 (P < 0.001, unpaired two-
tailed #test). In (C) and (D), data were analyzed by one-way ANOVA test [P < 0.0001 (C); P< 0.0005 (D)]
followed by Bonferroni’s multiple comparison test. Different letters denote a statistically significant differ-
ence between groups (P< 0.05).

RBM14C14 producing the highest fluorescence values.
Hydrolysis of RBM14 was also analyzed in ASAH2™/~
MEF lysates at different pH. As shown in Fig. 3C, the highest
activity occurred at basic pH, at which RBM14C14 gave
the highest hydrolysis rates. The activity observed at neutral
pH is likely to correspond to residual activity of ACERs.
These results suggested that RBM14s, mainly the C16 ana-
log, were hydrolyzed by at least one of the three ACERs.

We then determined the levels of mRNA for the different
ACERs in ASAH2"/7) MEFs. As shown in Fig. 3D, these
cells have high levels of ACER3 transcript. In contrast, lev-
els of ACER2 mRNA are very low and ACERI mRNA is
undetectable. These results are in agreement with reported
data (http://biogps.org) and suggest that ACER3 is the
ACER involved in the hydrolysis of RBM14 at basic pH in
ASAH2"'") MEFs.
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TABLE 1. K, and V, .. of RBM14 hydrolysis by NC

pCDase hNC

K, Vinax K,/ Vinax K, Vinax K./ Vinax
RBM14C8 46 + 18.1 101 +20.4 0.45 262 + 32.1 2,201 + 321 0.119
RBM14C10 33 +4.2 408 + 22.6 0.080 181 +21.2 807 + 82 0.225
RBM14C12 15+ 3.0 470 + 35.9 0.032 55+ 4.8 1,186 + 122 0.047
RBM14C14 22+29 469 + 24.5 0.048 39+4.9 4,716 + 453 0.0083
RBM14C16 n.d. n.d. — 16 +3.3 2,372 + 298 0.0069
C16Cer 139 (23) 5300 (23) 0.026 — — —
CerC12NBD — — — 33 (29) 826 (29) 0.040

K, is given in micromoles and V. as nanomoles

ax

per minute per milligram protein. Data are mean + SD of

three to five independent experiments with triplicates. Protein amounts were: pCDase, 50 ng; hNC, 5 ng.
Experiments were carried out as detailed in the Experimental Procedures. In the case of pCDase, the assays were
performed in the absence of Triton X-100. C16Cer, N-palmitoylsphingosine. n.d., not determined.

To confirm hydrolysis of RBM14 by ACER3, micro-
somal preparations from ACER3 knockdown of HCT116
(HCT116-shACER3) cells and the corresponding mock
cells (HCT116-shRNA) were incubated with the fluoro-
genic probes for 3 h in HEPES buffer with 1 mM Ca*" at
pH 9.0. As shown in Fig. 4A, significantly lower fluores-
cence levels were released from RBM14C12, RBM14C14,
and RBM14C16 by ACER3 knockdown than by wild-type
cells, indicating that ACER3 hydrolyzes these three fluoro-
genic RBM14 derivatives. As expected, ACER3 mRNA lev-
els were about four times lower in ACER3 knockdown cells
than in wild types (Fig. 4B). The activity of the ACER3
knockdown cells was evident by lipid analysis. Thus, micro-
somes from ACER3 knockdown cells had significantly
lower levels of sphingosine and dihydrosphingosine than
mock cells (Fig. 4C). Furthermore, although signifi-
cantly higher levels of 16:0, 24:1, and 24:2 ceramides were

b

Fluorescence
(a.u./108 cells)
(a.u./10° cells)

detected in ACER3 knockdown cells than in mock cells,
these increases were low (Fig. 4C). However, amounts of
16:0, 24:0, and 24:1 ceramide monohexosides and lactosylce-
ramides were significantly increased in ACER3 knockdown
over controls, suggesting metabolization of the augmented
ceramide via glycosylation. No difference was observed
for sphingomyelins between the two cell lines (data not
shown).

To evaluate whether ACER2 hydrolyzes the fluorogenic
substrates, we used a stable Hel.a-based cell line express-
ing ACER2 in HeLa T-REx cells under the control of a
tetracycline-inducible promoter system (3). This inducible
expression system allows the expression of ACER2 to be
turned on/off by adding/removing tetracycline to the me-
dium. As expected, addition of tetracycline to the culture
medium provoked a dramatic increase in the levels of
ACER2 mRNA in HeLa T-REX cells stably transfected with

O

ORBM14C12
ERBM14C14
15000{ HMRBM14C16

20000

10000

5000

Fluorescence
(a.u./min/mg prot.)

pH45 pH74  pH9.0

Fig. 3. Hydrolysis of RBM14 compounds by intact (B) and lysed (A, C) ASAH2"/7) MEFs. In (A), experi-
ments were performed at pH 7.4 and data correspond to the mean + SD of two experiments with triplicates
using 17 and 12 pg of protein. The asterisk denotes statistical significance at P< 0.00005 (unpaired two-tailed
ttest, n = 6). In (B), data (mean + SD) were obtained from three different experiments with triplicates (3.7,
5.1, and 6.5 x 10* cells/well); In (C), incubations were carried out with 25 pg of protein at acid, neutral, or
alkaline pH. Data correspond to the mean = SD of three to five experiments with triplicates. Data were ana-
lyzed by one-way ANOVA test [P < 0.0001 (B); P< 0.0001 (C, pH 7.4); P< 0.0001 (C, pH 9.0)] followed by
Bonferroni’s multiple comparison test. Different letters denote a statistically significant difference between

groups (P < 0.05). D: Agarose gel electrophoresis

ACER analysis of the RT-PCR products obtained from

mRNA isolated from ASAH2'/~’ MEFs. Primers and PCR conditions are detailed in the Experimental Pro-

cedures. A representative image is shown.
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Fig. 4. Hydrolysis of RBM14 compounds by ACER3. A: Activity
of microsomes isolated from ACER3 knockdown and mock
HCT116 cells over the fluorogenic substrates. Incubations were
carried out with 6 pg of protein in 50 mM HEPES buffer with 1 mM
CaCl, at pH 9.0. Data, shown as mean + SD, correspond to three
different experiments with duplicates. Data were analyzed by one-
way ANOVA test [shCtrl, P< 0.0001 (A); shACER3, P< 0.0001 (A)]
followed by Bonferroni’s multiple comparison test. Different let-
ters denote statistically significant differences between means at
P < 0.05 as found by this test. Lowercase letters correspond to the
shCtrl group and capitalized letters correspond to the shACER3
group. B: ACER3 and ACER2 mRNA levels in ACER3 knockdown
and mock HCT116 cells as determined by qPCR. C: Amounts of
ceramide, sphingoid bases, ceramide monohexosides (CMH) and
lactosylceramides (LacCer) in microsomes isolated from ACER3
knockdown and mock HCT116 cells as determined by LC/MS.
Data correspond to the mean + SD of two experiments with tripli-
cates. Mean (+SD) sphingoid base phosphate levels were 2.2 +
0.2 pmol/mg protein for shCtrl and 1.7 + 0.2 pmol/mg protein for
shACER3. Asterisks indicate significant difference between shCtrl
and shACER3 at P< 0.05 (unpaired two-tailed #test).

ACER2 (ACER2-TET-ON cells) over those of cells cul-
tured in tetracycline-free medium (Fig. 5A). In agreement,
Western blot analysis with antibodies against ACER2
showed that expression of ACER2 was induced with tetra-
cycline (10 ng/ml, 24 h) in ACER2-TET-ON cells (Fig. 5B).
In contrast, microsomes of ACER2-TET-ON cells cultured
in the presence of tetracycline had no activity on the fluo-
rogenic substrates (Fig. 5C). Conversely, tetracycline pro-
voked a low, but significant, decrease in fluorescence from
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Fig. 5. Hydrolysis of RBM14 compounds by ACER2. HeLa T-REx
ACER2-TET-ON cells were grown in the absence (—Tet) or pres-
ence (+Tet) of tetracycline (10 ng/ml) for 24 h. A: ACER2 mRNA
levels as quantified by qPCR. B: Representative Western blot show-
ing the levels of ACER2 protein in microsomes (6 ug of protein).
C: Hydrolysis of the fluorogenic substrates by microsomes isolated
from Hela T-REx ACER2-TET-ON cells grown in the absence
(—Tet) or presence (+Tet) of tetracycline (10 ng/ml) for 24 h. In-
cubations were carried out with 6 pg of protein in 50 mM HEPES
buffer with 1 mM CaCl, at pH 9.0. D: Amounts of ceramide and
sphingoid bases in microsomes isolated from Hel.a T-REx ACER2-
TET-ON cells grown in the absence (—Tet) or presence (+Tet) of
tetracycline (10 ng/ml) for 24 h. Data correspond to the mean +
SD of three experiments with duplicates. In (C), data (mean + SD)
were analyzed by one-way ANOVA test (P < 0.0001) followed by
Bonferroni’s multiple comparison test. Different letters denote a
statistically significant difference between means at P < 0.05 as
found by this test. Lowercase letters correspond to the ACER2-TET-
ON cells grown in the absence (—Tet) of tetracycline group and
capitalized letters correspond to the ACER2-TET-ON cells grown
in the presence (+Tet) of tetracycline group. Asterisks indicate a
significant difference between samples from cells treated with and
without tetracycline at P< 0.05 (unpaired two-tailed ttest). In (D),
data correspond to the mean + SD of two experiments with tripli-
cates. Mean (+SD) sphingoid base phosphate levels were: —Tet,
5.1 + 0.3 pmol/mg protein; +Tet, 16.9 + 1.1 pmol/mg protein.

all substrates tested as compared with tetracycline-free
control cells. That the expressed enzyme was active was
proven by LC/MS analysis. Thus, microsomes from ACER2-
TET-ON cells treated with tetracycline contained signifi-
cantly lower levels of 16:0, 18:0, 22:1, 24:0, 24:1, and 24:2
ceramides than microsomes from cells cultured in the ab-
sence of tetracycline (controls) (Fig. 5D). The higher dif-
ference was observed for the 24:1 and 24:2 species. In
agreement with the activity of the overexpressed ACER2,
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microsomes from tetracycline-treated ACER2-TET-ON
cells had significantly higher levels of free bases than con-
trols (Fig. 5D).

The same tetracycline-inducible enzyme expression sys-
tem was used to evaluate the ability of ACERI to hydrolyze
the fluorogenic substrates. Addition of tetracycline to the
culture medium provoked an increase in the levels of
ACERI mRNA in HeLa T-REX cells stably transfected with
ACER1 (ACERI-TET-ON cells) over controls (cells incu-
bated in tetracycline-free medium) (Fig. 6A). However, mi-
crosomes of ACERI-TET-ON cells cultured in the presence
of tetracycline had no activity on the fluorogenic substrates
(Fig. 6B). Contrarily, tetracycline provoked a low, but sig-
nificant, decrease in fluorescence from RBM14Cl14 and
RBM14C16, as compared with tetracycline-free controls.
Evidence that the overexpressed enzyme was active was ob-
tained by LC/MS analysis of microsomes isolated from both
cells treated with or without tetracycline. Thus, tetracycline
induced a significant decrease in the levels of 22:0, 22:1,
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Fig. 6. Hydrolysis of RBM14 compounds by ACER]. HeLa T-REx
ACERI-TET-ON cells were grown in the absence (—Tet) or pres-
ence (+Tet) of tetracycline (10 ng/ml) for 24 h. A: mRNA levels as
quantified by qPCR. B: Hydrolysis of the fluorogenic substrates by
microsomes isolated from HeLLa T-REx ACER2-TET-ON cells grown
in the absence (—Tet) or presence (+Tet) of tetracycline (10 ng/ml)
for 24 h. Incubations were carried out with 6 pg of protein in
50 mM HEPES buffer with 1 mM CaCl, at pH 9.0. C: Amounts of
ceramide and sphingoid bases in microsomes isolated from HeLa
T-REx ACER2-TET-ON cells grown in the absence (—Tet) or pres-
ence (+Tet) of tetracycline (10 ng/ml) for 24 h. Data correspond
to the mean + SD of two experiments with triplicates. In (B), data
were analyzed by one-way ANOVA test (P < 0.0001) followed by
Bonferroni’s multiple comparison test. Different letters denote a
statistically significant difference between means at P < 0.05 as
found by this test. Lowercase letters correspond to the ACER2-TET-
ON cells grown in the absence (—Tet) of tetracycline group and
capitalized letters correspond to the ACER2-TET-ON cells grown
in the presence (+Tet) of tetracycline group. In (B) and (C), aster-
isks indicate significant difference between samples from cells
treated with and without tetracycline at < 0.05 (unpaired two-tailed
ttest). Mean (+SD) sphingoid base phosphate levels were: —Tet,
2.7 £ 0.3 pmol/mg protein; +Tet, 7.7 + 0.5 pmol/mg protein.
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24:0, 24:1, and 24:2 ceramides and an increase in the
amounts of free bases, mainly sphingosine (Fig. 6C).

Because RBM14C14 is the best substrate for ACER3, the
Z factor was calculated using cell lysates from ASAH2"/™)
MEFs. A Z factor of 0.74 + 0.05 was found, demonstrating
that the assay is suitable for HTS applications.

Hydrolysis of RBM14 by NAAA

Because NAAA has been shown to have a low, but sig-
nificant, ceramide hydrolyzing activity over N-lauroyl-
sphingosine at pH 4.5 (15), we tested to determine
whether NAAA was able to hydrolyze the RBM14 com-
pounds. To this end, HEK293T cells were transiently trans-
fected with an expression vector harboring the human
NAAA gene, and the activity over RBM14 was determined
in cell lysates at acidic pH. As shown in Fig. 7, lysates from
NAAA-transfected cells produced significantly more fluo-
rescence from RBM14C14 and RBM14C16 than lysates
from cells transfected with the empty vector. These in-
creases were 1.6 and 2.7 for RBM14C14 and RBM14C16,
respectively.

DISCUSSION

Ceramidases are amidohydrolases that catalyze the cleav-
age of ceramides and dihydroceramides to release fatty
acids and sphingosine and sphinganine, respectively. Fluo-
rescence spectroscopy-based methods to determine ce-
ramidase activity have gained attention due to their high
sensitivities and signal-to-noise ratios. In this context, dif-
ferent fluorophores, such as NBD (21-23), BODIPY, (24),
lissamine-rhodamine (24), and Nile Red (25) have been
incorporated into either the fatty acyl or the sphingoid base
moiety to produce fluorescent (dihydro)ceramides as ce-
ramidase substrates. Despite the advantage of fluorescent
over radioactive methods, the former are not amenable
for high-throughput formats. In contrast, fluorogenic sub-
strates are susceptible for high-throughput configurations.
Reported ceramidase fluorogenic substrates include FRET-
based dually labeled ceramides (12, 26) in which donor and
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Fig. 7. Hydrolysis of RBM14 fluorogenic substrates by NAAA. Ly-
sates (25 wg of protein) from HEK293 T cells transfected with
NAAA or the empty plasmid were incubated for 3 h with the sub-
strates (40 uM) as detailed in the Experimental Procedures. Data
correspond to the mean + SD of two experiments with three to four
replicates. Asterisks indicate a significant difference between sam-
ples from cells transfected with NAAA-contaning or empty plasmid
at ¥P<0.025 and **P< 0.005 (unpaired two-tailed ttest).
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acceptor FRET pairs are located as part of the acyl chain
and/or the sphingoid base of the substrate, and fluores-
cence is displayed by the ceramidase hydrolysis-promoted
fluorescence quencher release. On the other hand, a series
of fluorogenic coumarin-containing ceramidase substrates
has also been described (10, 11). These compounds (RBM14
compounds, Fig. 1) were first reported as substrates of the
AC (10, 11), but the studies described herein show that they
are also hydrolyzed by other amidohydrolases such as NG,
ACER3, and, to a lesser extent, NAAA.

In the first case, NC includes bacterial, human, and
mouse enzymes. Comparison of the K, /V, .. ratios indi-
cate that the bacterial enzyme exhibits a preference
for RBM14C12 and RBM14C14 (K,/ Vy. = 0.032 and
0.048, respectively), while the human enzyme hydrolyzes
RBM14C14 and RBMI14C16 preferentially (K,/V .. =
0.0083 and 0.0069, respectively). In both cases, the sub-
strate affinity increases directly with increasing the N-acyl
chain length, as concluded from the decrease of the K,
values. This correlation is particularly evident with the hu-
man enzyme, which has, in general, less affinity for the
coumarinic substrates than the bacterial enzyme. In con-
trast, the latter hydrolyzes RBM14 with lower reaction
rates than the human enzyme. As compared with reported
substrates, hydrolysis of N-hexadecanoylsphingosine by
pure pCDase occurs with a K, of 139 uM and a V,, of
5,300 nmol/min/mg of protein (K,,/ V.. = 0.026) (23)
(Table 1). Thus, the enzyme exhibits a lower affinity for
N-hexadecanoylsphingosine than for the best fluorogenic
substrate, RBM14C12, but the reaction rate is ten times faster
with the former than with the later. On the other hand,
pure hNC hydrolyzes N-[12-[ (7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino]dodecanoyl] D-erythro-sphingosine (CerC12NBD)
with a K, of 33.41 pM and a V,,,, of 826 nmol/min/mg
of protein (K,,/ V., = 0.040) (29) (Table 1). Therefore,
RBM14C16 is a better substrate of hNC than CerC12NBD,
as its K,, value is one-half lower (16 uM) and its V,,,, is
almost three times higher, which affords a K,/ V,,,, ratio
5.8 times lower (0.0069) (Table 1).

Regarding the mNC, studies were carried out using acid
ceramidase-deficient Farber cells transiently transfected
with the mouse ASAHZ2 gene. In this case, a preferential
trend for the short acyl chain substrates was observed both
in intact and lysed cells. The similarity between both sets
of results excludes the possibility that the substrate prefer-
ence observed in intact cells is due to putative transacyla-
tion of the administered substrate. Intriguingly, the mNC
also hydrolyzes RBM14C8, which is not accepted as a sub-
strate by any other ceramidase so far studied. The differ-
ent substrate preferences between bacterial NC, hNC, and
mNC are likely due to differences in their amino acid se-
quences that may impart different 3D structures to the
substrate binding pockets.

Among the three ACERs, only ACER3 has been shown to
hydrolyze RBM14, with a preferential activity over the C14
derivative. This conclusion was drawn from results obtained
in ASAH2'"'7) MEFs, which exhibited an expected lower
capacity to hydrolyze RBMM14C12 than wild-type MEFs at
neutral pH. These cells, containing ACER3 as the almost

exclusive ACER, were able to hydrolyze the fluorogenic sub-
strates. As expected, lipid analysis of microsomes from
ACERS3 knockdown HCT116 cells contained lower amounts
of free sphingoid bases than control cells. However, al-
though they also had a higher content of C16:0, C24:1, and
C24:2 ceramides, they were not as high (less than 30%) as
we expected based on the decrease in ACER3 mRNA levels.
Because accumulation of ceramide has been reported to
induce cell death, further metabolism of ceramide to more
complex lipids could explain the low levels found in these
cells. The fact that ACER3 knockdown HCT116 cells con-
tained significantly higher levels of ceramide monohexo-
sides and lactosylceramide supports this possibility.

As mentioned in the Results section, microsomes from
ACERI and ACER?2 overexpressing cells produced less fluo-
rescence from the substrates than control microsomes, sug-
gesting a lower capacity of the former to hydrolyze RBM14
compounds. These intriguing results suggest that overex-
pression of ACERI and ACER2 provokes a downregulation
of other ceramidases. Because the assay was conducted in
microsomes at basic pH, ACER3, which hydrolyzes RBM14,
is the most plausible candidate. Furthermore, ACER3 is
highly expressed in HeLLa T-REx cells (8). Experimental evi-
dence has been reported that ACER3 knockdown upregu-
lates the expression of ACER2 (4). However, no data have
been reported that overexpression of one ACER affects the
expression of other ceramidases. Nevertheless, transcript
analysis showed that tetracycline did not affect ACER3
mRNA levels in either ACERI-TET-ON or ACER2-TET-ON
cells (data not shown). Whether the enzyme activity is re-
duced by ACERI and ACER2 overexpression is not known.
In this regard, it is possible that activity is decreased by
product (sphingoid bases) inhibition, because the total
sphingosine/sphinganine levels in cells grown in the pres-
ence of tetracycline increased 2- and 3-fold over controls
for ACER1 and ACER2 overexpressing cells, respectively.
In any case, the overall results shown indicate that neither
ACERI1 nor ACER2 hydrolyze RBM14.

The lack of hydrolysis of RBM14 compounds by ACER1
and ACER2 could be explained by their reported prefer-
ence for very long chain ceramides (1, 2, 17, 27), while
ACERS hydrolyzes long chain, but not very long chain, un-
saturated ceramides (4). Considering that RBM14 bears a
modification in the sphingoid base moiety, another plau-
sible explanation is that ACER3 tolerates this modification,
while ACER] and ACER2 do not. In this regard, ACER3
can hydrolyze ceramides, dihydroceramides, and phytoc-
eramides, while ACER1 and ACERZ2 are more restrictive
toward the ceramide sphingoid base portion (28).

Bioactive Nacylethanolamines, including the endocan-
nabinoid anandamide and the anti-inflammatory and neu-
roprotective N-palmitoylethanolamine, are hydrolyzed to
fatty acids and ethanolamine by fatty acid amide hydrolase
and NAAA. The latter, discovered by Ueda and collabora-
tors (14), was shown to work only at acidic pH. NAAA has no
homology to fatty acid amide hydrolase, but shares homology
with AC and was reported to hydrolyze Mauroylsphingosine
at acidic pH (15). In agreement with the AC activity of
NAAA, in this article, we show that NAAA hydrolyzes
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RBM14C14 and RBM14CI16, although both appear to be
poor substrates.

In summary, besides AC, NC, ACER3, and NAAA also
hydrolyze fluorogenic RBM14 compounds. Although the
selectivity of the substrates toward ceramidases can be
modulated by the length of the N-acyl chain, none of them
is specific for a particular enzyme, except for RBM14CS8,
which seems to be accepted only by the ectopically ex-
pressed mNC. Despite the lack of specificity, the excellent
Z factors obtained for the assays with both NC and ACER3
warrant the suitability of these substrates in high-throughput
library screening programs aimed at identifying potent
and selective inhibitors of NC and ACER3, which are cur-
rently unknown Bl

The authors thank Dr. Marta Casado for her help with qPCR
and Professor Natsuo Ueda for the kind gift of pcDNA3.1(+)
and pcDNA3.1(+)-NAAA plasmids.
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