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Abstract
Globoid-cell leukodystrophy (GLD) or Krabbe disease is a lysosomal disease caused by β-
galactocerebrosidase (GALC) deficiency resulting in a rapidly progressive neurodegenerative
disorder. Unfortunately, the only available treatment is hematopoietic bone marrow
transplantation, which prevents its fulminant manifestation but without treating further
neurological manifestations. Here we describe the development of a cellular high-throughput
screening (HTS) assay using GLD patient fibroblasts to screen for small molecules that enhance
the residual mutant GALC enzymatic activity. Small molecules have substantial therapeutic
potential in GLD as they are more prone to cross the blood-brain barrier, reaching the neuronal
affected cells. The transformation of primary skin fibroblasts with SV40 large T antigen showed to
maintain the biochemical characteristics of the GLD cells and generates sufficient cells for the
HTS. Using a specific fluorescent substrate, residual GALC activity from a SV40-transformed
GLD patient fibroblast was measurable in high-dense microplates plates. The pilot quantitative
HTS against a small compound collection showed robust statistics. The small molecules that
showed active concentration-response curves were further studied in primary GLD fibroblasts.
This cell-based HTS assay demonstrates the feasibility of employing live-GLD patient cells to
identify therapeutic agents that can be potentially be used for the treatment of this progressive
neurodegenerative disease.
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INTRODUCTORY STATEMENT
Globoid-cell leukodystrophy (GLD), mostly known as Krabbe disease (MIM#245200), is an
autosomal recessive lysosomal storage disease (LSD) caused by the deficiency of β-
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galatocerebrosidase (GALC; EC 3.2.1.46). In the general population, the disease incidence
varies between 1/100,000–250,000 live births, but in two closed small populations the
severe form of GLD is approximately 1/100–150 [1]. The infantile form predominates and is
manifested within the first months of life with irritability, fisted hands, poor head control
evolving to feeding disturbances, uncontrollable seizures and loss of vision. Death usually
occurs by 1 to 3 years of age [2]. Late onset forms of GLD represent approximately 10% of
cases, and include the juvenile and adult onsets that predominantly present with motor
weakness, sensory and motor neuropathy, cognitive impairment and psychiatric/behavior
disturbances [3; 4]. Biochemically, the deficient enzyme, GALC, is a 644-amino acid
peptide in its mature form whose crystal structure has been recently elucidated giving
insights into the effects of disease-causing mutations [5]. GALC is a soluble lysosomal
hydrolase and has galactosylceramide and galactosylsphingosine (psychosine) as natural
substrates. Both are important metabolites during myelination, when the galactosylation of
sphingosine generates psychosine, which is rapidly metabolized into sphingosine by removal
the galactose moiety by GALC [6]. In brain specimens obtained from GLD patients,
psychosine levels are substantially elevated [7]. At elevated concentrations, psychosine
becomes cytotoxic, in particular to oligodendrocytes, the myelin-forming cells [6].
Therefore, the biochemical disturbances in GLD are manifested by different degrees of brain
demyelination resulting in a broad neurological spectrum of GLD [6]. In LSDs, most of the
FDA-approved therapies are based on enzyme replacement therapy (ERT), which treat non-
neurological symptoms of only six of these disorders [8]. Unfortunately, in GLD, a
primarily neurological disease, ERT will not be efficacious given that ERT agents as large-
size molecules are unable to cross the blood-brain barrier (BBB). Hematopoietic stem cell
transplantation can prevent the rapid and fulminant neurological course of the infantile form
of GLD [9]. However, transplanted GLD patients have shown to develop further
neurological symptoms related to GLD [10]. On the other hand, patients with late onset
forms usually show a residual GALC enzymatic activity resultant from a misfolded and
unstable GALC that is directed to the ER-associated degradation (ERAD). Missense
mutations represent the majority of the over 70 mutations in the GALC gene reported in
GLD [2; 5]. Based on the crystal structure of GALC, nearly 70% of disease-associated
missense mutations are predicted to cause instability and misfolding of GALC, and
consequently being target to the ERAD [5]. In GLD, as in most LSDs, symptoms associated
with the disease are only manifested if a mutation encodes a GALC mutant that works below
a critical threshold, which is, in general, ~10% of wild type enzymatic activity [11]. Small
molecules have been shown to assist the folding of misfolded mutant lysosomal enzymes
resulting in enhancements of their residual enzymatic activity [12; 13; 14; 15; 16]. Thus,
increases of the residual mutant GALC activity above the critical threshold should prevent
the cytotoxic levels of psychosine, avoiding the oligodendrocyte apoptosis and the
subsequent demyelination process. This will likely to reflect in disease stabilization and
amelioration of GLD patient symptoms.

Small molecules are therapeutic agents that are more likely to cross the BBB. Recently, we
described a patient cell-based assay having as a target a lysosomal enzyme deficient in a
neurological LSD [17]. Herein, we report the first GLD patient cell-based assay having the
lysosomal GALC as a target. In order to assess the residual GALC enzymatic activity, the
cell-based HTS assay was performed using a fluorescent hexadecanoylamino-4-
methylumbelliferyl (HMU)-based substrate, which is GALC-specific and is firstly utilized in
a high-throughput setting [18]. Different from previous reported in vitro biochemical assays
for GALC[19], the use of GLD patient fibroblasts already at the primary stage of the HTS
provides the opportunity to examine the target protein (GALC) in a cellular milieu
containing potentially disrupted biochemical and signaling pathways secondary to disease
molecular processes. Thus, the developed HTS assay for GALC will be important to identify
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small molecules that can be potential therapeutic agents to treat this devastating
neurodegenerative LSD.

MATERIAL AND METHODS
Chemical reagents and equipments

Synthetic fluorescent substrate 6-hexadecanoylamino-4- methylumbelliferyl-β-D-galactoside
(HMUGal; FW 592) and standard 6-hexadecanoylamino-4-methylumbelliferyl (HMU; FW
430) were purchased from Moscerdam and used for GALC assays [18]. Other 4-
methylumbelliferyl-based fluorescent substrates were used for lysosomal enzyme assays: 4-
methylumbelliferyl-β-D-galactopyranoside (β-galactosidase), 4-methylumbelliferyl-(2-
acetamido-2-deoxy)-β-D-glucopyranoside (total β-hexosaminidase) and 4-
Methylumbelliferyl β-D-glucopyranoside (glucocerebrosidase) were used. All these
synthetic substrates were purchased from Sigma-Aldrich Inc.. Chemicals including sodium
acetate, sodium chloride, sodium hydroxide, sodium taurocholate, oleic acid, citric acid,
chloroform, methanol, sodium phosphate dihydrate, Triton-X100 and serum albumin
(human and bovine) were all purchased from Sigma-Aldrich Inc. Bradford protein assays
[20] were performed using a commercially available kit from Thermo-Fischer Inc..
Molecular kits for PCRs and reverse transcriptase-PCRs were purchased from Invitrogen
Inc. In order to identify and confirm mutations in the GALC gene of GLD patient cell lines
used in assays, oligonucleotides for sequencing of genomic and cDNA were designed as
previously described [1], and synthesized and purchased from Sigma-Aldrich and IDT
Corp.. Library of Pharmacological Active Compounds (LOPAC) for the pilot HTS assay
was received from Sigma-Aldrich Inc. All LOPAC compounds were diluted in dimethyl
sulfoxide (DMSO). Microplates used in the cellular assay were black clear and flat-bottom
96-well (BD Comp.) and 384-well plates (Greiner CellStar®). The 1,536-well plates used
were black, clear and flat-bottom and purchased from Greiner Bio-One Inc.. For cell
counting, Beckman Coulter Z1 Coulter Particle Counter (Beckman Coulter Inc.) was used.
Tissue culture medium containing resuspended cells were diluted 1:10 in the Z-pak
Balanced Electrolyte Solution Isoton II Diluent (Beckman Coulter Inc.) prior injecting into
the Cell Counter. All microplates used were tissue culture treated. SpectraMAX Gemini XS
was used to measure fluorescence from both 96- and 384-well plates. The GALC assay
performed in 1,536-well plates required the Thermo Scientific MultiDrop Combi - to seed
cells into the plates and the Perkin Elmer 1430 ultraHTS Wallace Microplate Imager
ViewLux, used for fluorescence reading.

Cells, tissue culture conditions and fibroblast transformation
Cultured fibroblasts were obtained from Cell Core Bank from Kennedy Krieger Intellectual
and Developmental Disability Research Center, Johns Hopkins Medical Institutions,
National Hospital of Omuta, Furuoka, Japan and the cell bank at Telethon Network of
Genetic Biobanks, Genova, Italy. The cell lines are unidentified, and obtained through
informed consents under human subject protection regulations of local Institutional Review
Boards (IRB) regulations. Primary and transformed fibroblasts were cultured using
Dulbecco's Modified Eagle Medium (DMEM; Medtech Inc.) with phenol red with 10% fetal
calf serum (FCS; Gemini Biologicals Inc.). No antibiotics were used in routine tissue culture
procedures. Cells were cultured using traditional incubators with 5% CO2 at 37°C. Cells
were washed at least twice in phosphate-buffered saline (PBS) before being harvested.
Trypsin PBS solution (0.05%) was used to dissociate cells. Cell lysates for GALC enzymatic
assays were obtained by re-suspending cells in sodium phosphate buffer (10 mM; pH 6)
with protease inhibitors cocktail (Halt Protease Inhibitor Cocktail - Thermo Fisher).
Harvested cell pellets were lysed by freeze-thaw method without the use of detergents.
Glycerol reaching 10% was added into pre-lysis solution. Cultured primary GLD patient
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skin fibroblasts were transformed using pSV3-neo plasmid containing the simian virus (SV)
40 large T cell antigen [21]. The plasmid pSV3-neo (ATCC Inc.) has 8.60 kb size with
markers ampR, G418R, SV40 promoter, pBR322 early promoter, and pMB1 replicon.
Firstly, primary cells were cultured in 75 cm2-flasks, and once these flasks became
confluent, cells were dissociated using 0.05% trypsin. An average of 7×106 cells in DMEM
containing 10% FCS medium were transfected with 30 µg pSV3 plasmid by electroporation
using Gene Pulser Xcell Electroporation Systems (Biorad Inc.). Cuvettes of 4 mm were used
for these experiments. Approximately 4–6 weeks were taken to obtaining initial clones of
SV40 transformed cells.

Cellular GALC enzymatic activity assays in 96-well and 384-well plates
The GALC cellular enzymatic activity was done using HMUGal substrate as described
earlier [18]. During miniaturization process, multi-well plate GALC assays were performed
in 96-well plates using both cultured primary and SV40-transformed fibroblasts. These cells
were initially cultured in 75 cm2 tissue culture treated flasks up to full confluence. After
washing the 75 cm2 flask twice with PBS, cells were re-suspended with 0.05% Trypsin and
diluted with non-phenol red DMEM 10% FCS to ~300–500 cells/µL concentration. Each
well of 96-well plate received 100 µL of the cell suspension medium of primary fibroblasts.
Cells were seeded one day before cells were lysed and GALC assay was started. Fibroblasts
from controls with wild type (WT) GALC and GLD patients with different GALC mutants
were cultured in 96-well plates. After removing the medium, substrate citrate buffer (0.4
mM HMUGal; pH 5.2) containing sodium taurocholate (TC; 1mg/mL) was dispensed to
each well (25 µL/well of the 96-well plates). Incubation for a 17h-period at 37°C was
performed. GALC reaction was stopped using 150 µL of 0.5M NaHCO3/0.5MNa2CO3
buffer (pH 10.7) with 0.25% TX-100. The fluorescence signal was read in SpectraMAX
Gemini (Molecular Devices) at 404/460 nm excitation/emission pair. For the GALC assays
performed in 384-well plates, the SV40T cells from control (GALC-WT) and GLD patient
(GALC-G270D) were also cultured to confluence in tissue cultured treated 75 cm2-flasks,
before being dissociated with Trypsin-PBS 0.05% solution and subsequent diluted in 10%
FCS DMEM (non-phenol red) medium to achieve ~ 1×103 cells/µL. On average 20–25×103

cells were seeded in each well of 384-well plates. After 24–36 hs in culture, 20 µL of the
previously described HMUGal substrate buffer was dispensed per well already containing
20 µL of culture medium (DMEM). The 384-well plates were incubated for 17hs at 37°C. A
volume of 70 µL of the GALC stopping-reaction solution (pH 10.5) was dispensed per well.
Fluorescence was read at the same excitation and emission above described with
SpectraMAX Gemini XS.

Cellular GALC enzymatic activity assay in 1,536-well plates
The miniaturization to 1,536-well plate was performed using 128.0/85MM, tissue culture
Greiner black clear and flat-bottom plates. On average 3–4×103 cells in 2 µL of culture
medium were seeded per well of a 1,536-well plate. Cells were seed into the plates 16–24 hs
before the treatment with LOPAC began. Substrate/lysis buffer as described above but with
a 0.2 mM HMUGal substrate buffer was used at a volume of 2 µL/well. After 17 hs
incubation at 37°C, 6 µL/well of the same stop solution above described was added in each
well and fluorescence was measured using ViewLux (PerkinElmer) at 406 nm excitation and
450 nm emission. The assay was executed using the Thermo Scientific Multidrop Combi to
dispense DMEM medium with re-suspended cells and assay solutions including substrate/
lysis and stop solution. The volumes and details are found in Table 1.

Quantitative cell-based GALC HTS pilot assay
A collection of 1,280 pharmacological compounds from LOPAC (Sigma- Aldrich Inc.) was
used to perform a pilot HTS. One single 1,536-well plate is able to accommodate the entire
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LOPAC library and necessary controls. SV40T fibroblasts from a GLD patient (GALC-
G270D) and control (GALC-WT) were used in the pilot HTS. Six different concentrations
of LOPAC library were tested: 4.6, 9.2, 23, 46, 115 and 230 µM. Compounds were
transferred to 1,536-well plates via Kalypsys Pin-Tool equipped with a 1,536-pin array (V &
P Scientific, Palo Alto, CA). The pin used was FP1S10 (0.457) mm diameter (FP1; V & P
Scientific) with a withdrawal speed of 0.5 cm/s, dispensing 23 nL into wells containing 2 µL
of culture medium [22]. Using this pin-tool transfer protocol, the concentration indicated
above was achieved with single- or double-tool transfer from the three prepared stock
concentrations in three LOPAC stock concentrations of 0.4, 2 and 10 mM. For instance,
concentrations of 4.6 µM and 9.2 µM were achieved through single or double-pinning of the
0.4 mM LOPAC stock. In a similar fashion, the 2 mM LOPAC stock was used to reach
treatment concentrations of 23 µM (single-pinning) and 46 µM (double-pinning), and the 10
mM LOPAC stock to prepare the 115 µM (single-pinning) and 230 µM (double-pinning)
treatment concentrations. One additional 1,536-well plate, in which cells were treated with
only DMSO, was performed as a control plate. Cells were then exposed for 48h-treatment
period with LOPAC compounds (one compound/well) at the six different concentrations.
After treatment, substrate/lysis buffer was dispensed in each well as above described and
depicted in figure 4 and Table 2.

Validation of selected small molecules
Primary cultured skin fibroblasts from control (GALC-WT) and GLD patients were seeded
into 96- and 384-well plates as described above. Candidate compounds presenting
concentration-response curves (CRCs) of classes 1, 2 and 3 in the HTS were tested in
primary cells from 2 different GLD patients with GALC-G270D and GALC-G553R
mutants. The following compounds were purchased from Sigma-Aldrich Inc. and used in
these assays: 2,2,6,6-tetramethylpiperidin-4-yl heptanoate (TMPH) HCl, O6-benzylguanine,
3-[(3-Chloro-4-hydroxyphenyl)amino]-4-(2-nitrophenyl)-1H-pyrrol-2,5-dione or SB415286,
isoproterenol HCl, guanabenz acetate salt, 4-cyclohexylmethoxy-2,6-diamino-5-
nitrosopyrimidine or NU6027, 3-bromo-7-nitroindazole, isoproterenol (+)-bitartrate salt, 4-
chloro-DL-phenylalanine methyl ester HCl, isoetharine mesylate salt, bumetanide,
benserazide HCl, pyridostigmine HCl and nialamide. All compounds were diluted in
dimethyl sulfoxide (DMSO) initially to a stock-concentration of 50 mM. Cells were grow to
confluence in 384-well plates and then treated in quadruplicates in 5 concentrations: 1.9, 5.6,
16.7, 50 and 150 µM in DMEM with 10% additional FCS (10%) for 5 days. After five days,
medium was removed, cells were washed twice with PBS followed by GALC assay in
cultured plates using fluorescent HMUGal substrate buffer as earlier described. HMUGal
was standardized by average of protein level/well, which was measured by Bradford method
[20].

Other lysosomal enzyme assays
Measurements of total β-hexosaminidase (Hex), β-galactosidase and glucocerebrosidase
enzymatic activity were performed using cultured cell lysates from primary and SV40T
fibroblasts as previously described [12; 17].

Cytotoxicity assay
Small molecules with active CRCs were later tested for toxicity effect in primary cells of
controls and GLD patients. After 48h treatment course with different concentrations of
selected small molecules, cell viability assays were performed in 96-well plates utilizing
CellQuant-Blue™ reagents as protocol and described earlier [17]. This is a non-radioactive
fluorescent assay that is available through BioAssay Systems.
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Data Analysis
Where applicable, data are expressed as the mean ± standard deviation (S.D.). Comparisons
of parametric data were analyzed in the use of conventional parametric statistical methods
including two-tail Student’s t test. The statistical test Z’ factor was used to measure the
quality of the assay and its robustness for HTS screening [23]. This single statistic takes into
consideration both signal-to-noise and reproducibility. Assays with a Z’-factor > 0.5 are
considered to be robust enough for HTS [23]. Coefficient of variation (CV) and signal-to-
noise ratios were also calculated when comparing signals from the enzymatic activity
present in the control (GALC-WT) and the GLD patient cells (GALC-G270D).
Concentration-curve response (CRCs) analysis for compound dose responses was performed
utilizing non-linear regression curve fit using Prism version 5.0d.

RESULTS
Characterization of transformed GLD patient fibroblasts used in the HTS

The diagnosis of GLD is established by measurement of GALC activity in peripheral
leukocytes or cultured fibroblasts [2]. The GALC enzymatic assay is done using either the
radioactive substrate, H3-galactose-ceramide [24] or the fluorescent substrate, 6-
hexadecanoylamino-4-methylumbelliferyl-β-D-galactopyranoside (HMUGal) [18]. Based on
its sensitivity and specificity, HMUGal was utilized to assay the enzymatic activity of
GALC in primary skin fibroblasts from GLD patients with late onset forms of GLD
(juvenile and adult) [2]. A collection of skin fibroblast lines from GLD patients with
different clinical forms was assembled and the levels of residual GALC enzymatic activity
were determined in 96-well plate format (Fig.1A and B). The cellular GALC assay was able
to distinguish the residual enzymatic activity present in different GLD patients’ cells with
different mutations (Fig.1A). In order to pursue a large-scale HTS campaign and assure
sufficient number of cells, the GLD patient primary fibroblasts were successfully
transformed with large T antigen from simian virus-40 (SV40). Transformed (SV40T) cells
showed conservation of several biochemical aspects of primary cells they were originated.
When culturing SV40T from controls and GLD fibroblasts, a general increase in the HMU
fluorescence signal per well was observed (Fig.1C). No specific alterations in the levels of
GALC enzymatic activity as well as other lysosomal enzymes were observed (Fig.1D).
These cells showed an increased rate of proliferation in comparison to primary cells, as they
are less inhibited by contact. In 75-cm2 flasks, SV40T fibroblasts reach confluence within
1–2 days, and their primary fibroblasts counterparts require on average 3–5 days. Once
flasks are confluent, SV40T and primary fibroblasts were trypsinized, re-suspended in
cultured medium (same volume) and automatic cell counting was performed for each cell
line. The cell-number ratio of SV40T/primary cells was 2.89±0.07 and 3.39±0.59 for
controls and GLD patient (GALC-G270D) cells, respectively.

Miniaturization of cell-based GALC assay using SV40 transformed GLD patient fibroblasts
Considering the advantages of using a cellular assay in the HTS assay for small molecules, a
cell line with consistent and measurable levels of residual GALC activity is crucial for the
success of the HTS. The SV40T fibroblasts with GALC-G270D mutant showed consistent
levels of residual GALC activity. Based on the crystal structure of GALC [5], the G270D
missense mutation results in an acidic side chain introduced near the loop of β-sandwich,
which can result in significant instability and misfolding [5]. This mutation represents nearly
50% of patients with adult onset clinical presentation [2]. On the basis of the above data,
SV40T GLD patient cell line with GALC-G270D was subsequently selected for the cell-
based HTS.
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In order to adapt the assay into a multi-well plate setting and HTS adaptive protocol
prioritizing reagent addition-only and no reagent removals steps, the ideal HMUGal
substrate concentration was determined in citrate-buffer at pH 5.2 (Fig.2A). Once flasks
become confluent, cells were re-suspended and transferred to 384-well black clear and flat-
bottom microplates. In the initial experiments, on average 20–25×103 cells were dispensed
per well. The substrate buffer needed to be slightly modified from the one routinely used in
biochemical diagnostic assays [18]. In the high-throughput setting, the HMUGal buffer was
dispensed directly into wells containing cells in culture medium. Sodium taurocholate is
used routinely to stabilize the GALC enzyme. Here, we slightly increased sodium
taurocholate concentration in the HMU substrate buffer to 1 mg/mL, promoting cell lysis
during the incubation period for 17hs at 37°C. After stopping the assay with sodium
carbonate buffer (0.5M; pH 10.7), HMU fluorescence signals were measured at λexcitation
404 nm and λemission 450 nm. The tolerance assay to DMSO (solvent in which compounds
are dissolved) showed that stability of the GALC assay at concentrations of 2.5% or lower
of DMSO in the assay solution (Fig.2B). Plate uniformity assessment was performed to test
interplate assay variability (Fig.3). Three 384-well plates were prepared with fresh reagents
in separate days (Fig.3B-D). The combined analysis showed a Z’ factor of 0.58 and along
with coefficient of variation, signal window and signal-to-background ratio reflected the
robustness of the cell-based biochemical GALC assay (Fig.3A and 3E). In addition, the
SV40T GLD patient cells (GALC-G270D) showed consistent levels of residual GALC
activity (Fig.3A). A slight drift was observed in SV40T GLD patient fibroblasts in plate 1
likely due to lack of full homogenization of the harvested cells in culture DMEM medium
seeding into the multi-well plates (Fig.S1).

Pilot HTS GALC in 1,536-well plates using a small collection of drug library
Based on assay parameters established for 384-well plates, the cell-based biochemical HTS
assay for GALC activity was adapted to 1,536-well plates (48 columns with 32 wells each).
The conditions for 1,536-well plate assay are described in Table 1. In order to assess the
robustness of the HTS assay developed, a pilot screen was done of the Library of
Pharmacologically Active Compounds (LOPAC) containing 1,280 small molecules. The
specific time-points and assay design are depicted in figure 4A. The SV40T GLD patient
fibroblasts (GALC-G270D) were used and seeded in columns 5 to 44 of 1,536-well
microplates. Since no specific small molecule that increases GALC-G270D enzymatic
activity is known, SV40T control fibroblasts harboring the GALC-WT were used as control
and seeded in columns 3 and 4 of each plate. Columns 1 and 2 contained only culture
medium (no cells) and were used as blank-wells. Columns 45–48 contained GLD cells
exposed only to DMSO, solvent used for LOPAC compounds. On average 4,000 cells were
dispensed per well. Using this plate design, all the 1,280 compounds of the LOPAC could be
accommodated in one single 1,536-well plate: columns 5 to 44. Six different concentrations
of the LOPAC compounds were tested: 4.6, 9.2, 23, 46, 115 and 230 µM. SV40T GLD
patient fibroblasts were treated for 48hs with the LOPAC concentrations described above.
One additional plate was prepared with the GLD patient cells in columns 5–44 treated only
with DMSO. This plate was used as a reference for treated plates. No false-positives were
observed in the plate treated only with DMSO (Fig.4B). False-positives were defined as
plate-wells with HMU fluorescence signals above 3 times the standard deviations from
signal of the entire DMSO plate (Fig.4B). The assay showed robust statistical parameters
with an average Z’ factor of 0.58, signal-to-background ratio of 34-fold and coefficient of
variation (CV) of 3.05% for control cells (GALC-WT) and 0.76% for GLD patient cells
(GALC-G270D). Figure 4 shows the scatter plots from the plate treated only with DMSO
(Fig.4B) and the plates treated with the lowest (4.6 µM; Fig.4C) and highest (230 µM; Fig.
4D) concentrations of the LOPAC. In order to identify for small molecules that carry
inherent fluorescence at the HTS conditions, a 1,536-well plate containing no cells and only
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the highest treatment concentration of small molecules (230 µM) was prepared and assayed
in parallel (Fig.4E). The plot results from the remaining four concentrations (9.2, 23, 46 and
115 µM) are shown in supplemental data (Fig.S2).

Concentration-response curve analysis of pilot quantitative HTS GALC assay
The main reason for performing the pilot GLD cell-based HTS assay in multiple
concentrations of the LOPAC library is to allow selection of small molecules based on their
active concentration response-curves (CRCs) generated, i.e. a dose-response enhancement of
GALC residual enzymatic activity [22]. Based on the classification of the CRCs previously
described [17; 22] (Table S1 in supplemental data), 19 small molecules (SM) showed active
CRC patterns within classes 1 to 3 (Table S1). In this HTS assay, an active CRC represents
the percentages of HMU signal increase (y axis) as a function of the increasing SM
concentrations (x axis) used to treat the SV40T GLD patient fibroblasts in the 1,536-well
plates (Fig.5). Of note, small molecules that showed inherent fluorescence on 1,536-well
plates containing no cells and the highest concentration of LOPAC (230 µM; Fig.5D) were
excluded. Table 2 describes the small molecules with their respective CRCs. One small
molecule showed active CRC of class 1.2 with partial efficacy <80% and good fit r2≥0.9
(SM-1; Fig.5A) and another showed active CRC of class 1.4 with also partial efficacy <80%
but poor fit r2<0.9 (SM-2; Fig.5B). Eleven other small molecules showed active CRCs of
class 2 (partial curves: only one asymptotes): 7 with CRCs of class 2.2 (Figs.5C, 5D and 5E)
- partial efficacy (<80%) and good fit (r2≥0.9); 4 with CRCs of class 2.4 (Fig.5F and 5G) -
partial efficacy (<80%) and poor fit (r2<0.9). Six other small molecules showed active
CRCs of class 3: “single point-activity” as shown in SM-14 (Fig.5H). The remaining small
molecules with active CRCs are depicted in figure S3 (supplemental data).

Confirmation of small molecule with active CRCs in primary GLD patient fibroblasts
Since this is a novel cell-based HTS assay for GALC enhancers, no specific cut-off and
criteria for selection of the small molecules with active CRCs is known. Therefore, all small
molecules from class 1 and 2.2 along with representatives of classes 2.4 and 3 were studied
further. Primary cells from controls and two GLD fibroblasts cells containing GALC-
G270D and GALC-G553R, which is also predicted to result in misfolded GALC [5], were
tested at multiple concentrations of the small molecules ranging from 1.9 to 150 µM (Fig.6).
Slight increases in the residual enzymatic activity of GALC-G270D, GALC-G553R and
GALC-WT were observed with TMPH HCl (SM-1) and O-6 benzylguanine (SM-2), two
small molecules with CRCs of class 1 (Figs.6A and 6B). However, none of these enzymatic
activity enhancements were statistically significant. Other small molecules with CRCs of
class 2.2, 2.4 and 3 showed no significant enhancements and some displayed a degree of
cytotoxicity reflected by reductions of GALC enzyme activity (Figs.6C), which was later
confirmed in cell-viability assays (Fig.S5 in supplemental data). The effects of GALC
enzymatic activity in control and GLD primary cells of other small molecules with CRCs of
class 2 and 3 are shown in Fig.S4 in the supplemental data.

DISCUSSION
GLD (or Krabbe disease) is a devastating neurological LSDs caused by the deficiency of
GALC, a lysosomal hydrolase that removes the galactose moiety in the β-anomeric
configuration from specific glycosphingolipids including galactosylceramide and
galactosylsphingosine, known as psychosine [6]. The progressive loss of oligodendrocytes
and myelin, and subsequent reactive astrocytic gliosis and infiltration of the unique “globoid
cells” are the pathologic hallmarks which labeled the name of “globoid-cell leukodystrophy”
for this LSD [25]. As in other LSDs, clinical problems are not manifested unless GALC
mutations encode a mutant GALC that functions below a critical threshold [11; 26]. In GLD
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patients, GALC residual enzymatic activity is detectable as mostly GALC missense
mutations encode misfolded mutant enzyme that retains a low percentage of catalytic
activity, although still below the critical threshold (usually ~10% of wild type enzyme) [11].
Therefore, based on the pathogenesis of GLD, enhancements of mutant GALC residual
activity just above the critical threshold can prevent the psychosine elevation, loss of
oligodendrocytes and subsequent demyelination. Clinically, this will potentially arrest and/
or reverse the neurological disease process in GLD.

Small molecule based-therapies, which are more likely to cross the BBB, have a substantial
role in treating the brain disease in LSDs. Specific small molecules have shown to enhance
the levels of the deficient lysosomal enzymes in several LSDs including GM2 gangliosidosis
[12; 27] and Gaucher disease [12; 13; 14; 15; 16] by assisting the folding of mutant enzymes
preventing their early degradation by ERAD. Other small molecules for Fabry disease and
GM1 gangliosidosis had been characterized earlier [28]. Here a cell-based HTS assay using
a representative GLD patient cell line (GALC-G270D) is firstly reported for the discovery of
small molecules that promote enhancements of the mutant GALC enzymatic activity. The
main advantage of the developed cell-based HTS assay is the possibility to identify small
molecules that promote enhancements of the residual GALC-G270D activity levels by
diverse mechanisms. Small molecules that assist the folding of unstable the mutant GALC-
G270D by direct interactions, functioning as pharmacological chaperones (PCs), can be
identified by the developed HTS assay. Other small molecules that increase the GALC-
G270D levels by interactions with alternative pathways, critical for the protein folding (ER
folding pathways) and degradation (ERAD) will be also identified [29]. These small
molecules are known as proteostasis regulators (PRs) [29]. Another advantage of the
reported HTS assay is the utilization of GLD patient cells already in the primary screen
stage, enabling access to several potentially altered molecular pathways and consequently
targets that will be exposed to the tens or hundred thousands small molecules. Thus, through
this HTS assay, novel molecular pathways that interact indirectly with the GALC mutant
folding, degradation and maturation pathways may be identified which, after
characterization, can be used as therapeutic targets. The transformation of primary
fibroblasts with pSV3 plasmid carrying the SV40 large T-antigen was necessary to provide
the high number of cells required to a quantitative HTS of large chemical libraries. The
SV40T cells from GLD patients and controls conserved the biochemical characteristics of
primary cells as described earlier [21]. By using a fluorescent substrate, HMUGal, routinely
used in the biochemical diagnosis of GLD, a robust HTS assay was developed using a GLD
patient fibroblast carrying GALC-G270D mutant. Based on the current GALC crystal
structure [5], the G270D mutation along with several others disease-associated missense
mutations buried within the structure of GALC are predicted to severely affect its folding
and stability. These GALC mutants are amenable to be rescued by small molecules [5]. One
small molecule, α-lobeline, showed increases of nearly 50% of residual enzymatic activity
of the GALC-D528N mutant, but failed to do so in other GALC mutants [19]. It is important
to state that the GLD patient cell line with the GALC-G270D was chosen for the HTS as it
is one the most common GALC mutants associated with the late onset GLD forms and
showed consistently measurable residual enzymatic activity confirmed in high-throughput
assay settings [2; 3] (Fig.3). In the plate uniformity assessment, consistent Z-factors >0.5
were observed (Fig.3A and 3E). The slight drift was observed in SV40T GLD patient
fibroblasts in plate 1 (Fig.S3A) may be due cell seeding problems. When preparing multi-
well plates, after trypsinazing and re-suspending from 75-cm2 tissue culture flasks,
fibroblasts not fully homogenized in the tissue culture medium can result in non-uniform
cell seeding, which can explain the increased GALC activity in some columns of the multi-
well plate.
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The developed GLD patient cellular assay showed robustness and feasibility when
automated in 1,536-well plates for a quantitative pilot HTS against a small compound
collection (LOPAC). The SV40T GLD patient fibroblasts were treated for 48h because
small molecules that either function as PCs or PRs require a minimum time to assist the
folding of misfolded GALC mutant, evading early degradation (ERAD) and increasing its
level in the lysosomal compartment [12; 29]. The 1,536-well plate containing no cells and
only the highest treatment concentration of small molecules (230 µM; Fig.4E) was able to
detect some small molecules with inherent fluorescence. However, some compound
fluorescence signals were not observed in the plate with SV40T GLD patient cells, which
was also treated with 230 µM of LOPAC (Fig.4D). In fact, after GALC assay was performed
in fibroblasts treated with some of the small molecule hits from LOPAC, quenching of the
compound inherent fluorescence was observed (Fig.S6). This observation may explain the
differences between the plate with only medium (Fig.4E) and the one with SV40T
fibroblasts (Fig.4D). The plot results from the remaining four concentrations (9.2, 23, 46 and
115 µM) are shown in supplemental data (Fig.S2). The pilot HTS identified 19 small
molecules demonstrating active CRCs of classes 1 to 3 (Figs.5 and S3), however none of
those were confirmed to increase the residual GALC activity in two primary fibroblasts lines
from GLD patients (Figs.6 and Fig.S4). Since this is the first patient cell-based HTS assay
for GALC, the selection criteria of candidate “hits” has not been established. The treatment
of primary fibroblasts from GLD patients with these small molecules, considering their
respective CRC classes, generated informative conclusions. First, only two small molecules
presented CRCs of class of class 1 (complete curve with two asymptotes) and one of them
(SM-1) showed a good curve fitness (r2>0.9) (Table S1, supplemental data) [22]. Both small
molecules showed partial efficacies (<80%), here represented as % of HMU signal
enhancements (Figs.6A and 6B). These results indicate that small molecules showing CRCs
of class 1 with efficacies within 30–60% are unlikely to be confirmed as “hits”. In addition,
none of the eleven small molecules presenting CRCs of class 2 (partial curves with one
asymptote) and nor the six molecules with CRCs of class 3 (single-point activity) were
confirmed as GALC enhancers in primary GLD patient cells. Given the considerable
number of representatives within these two CRC classes identified in the pilot HTS, CRCs
of class 2 and 3 are unlikely to correspond to potential “hits”, in particular with CRC
presenting partial efficacies (<80%). Since none of the 19 small molecules in the cell-based
GALC HTS assay showed active CRCs with complete efficacy (>80%) based on the
established CRC classification (Table S1, supplemental data) [22], efficacy may be a key
CRCs parameter in the developed assay that can be useful to prioritize and further selected
small molecule candidates when screening other libraries. Therefore, prioritizing small
molecules with active CRCs with higher efficacies, i.e. 100% or even 200% activation, may
produce a higher validation rate. Additionally, screening large libraries will increase the
likelihood of identifying the small molecules with active CRCs with higher efficacies.
Second, in previous studies of HTS assays using recombinant or purified lysosomal
enzymes, small molecule were only confirmed as “hits” and subsequently PCs, when tested
at different concentrations in cultured primary fibroblasts from patients with different
mutant enzymes [12; 13]. Third, as the developed HTS utilizes GLD patient cells already in
the primary stage, substantial selectivity is added to the HTS assay. Only small molecules
showing dose-response enhancements of residual GALC resulting in active CRCs are
identified. Therefore, given small size of chemical compound collection, which is designed
for pilot HTS, a low “hit” rate is expected as previously described [17].

In summary, this study describes the development of the first cell-based HTS assay to
identify small molecule “enhancers” of GALC using directly GLD patient cells at the
primary stage of the screen. The SV40 transformation of primary skin fibroblasts from GLD
patients conserved the residual GALC enzymatic activity levels, which was measurable in
different high-density microplates. The synthetic fluorescent substrate HMUGal, used in
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diagnosis of GLD, was useful in measuring consistently the residual enzymatic activity of
GALC mutants from different patient cell fibroblasts. The use of GLD patient cells in a
quantitative HTS assay will allow the use of CRCs analysis to identify and prioritize the
evaluation of potential therapeutic small molecules, as disease-cells are directly exposed to
different concentrations of a specific compound library. The implementation of the cell-
based HTS assay for GALC enhancers in large and structurally diverse small molecule
libraries will identify therapeutic agents to treat this devastating neurological LSD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviation list

BBB blood-brain barrier

CRC concentration-response curve

DMEM Dulbecco's Modified Eagle Medium

DMSO dimethyl sulfoxide

ER endoplasmic reticulum

ERAD ER-associate degradation

ERT enzyme replacement therapy

FCS fetal calf serum

GALC β-galactocerebrosidase

GLD globoid-cell leukodystrophy

HMU 6-hexadecanoylamino-4-methylumbelliferyl

HMUGal 6-hexadecanoylamino-4-methylumbelliferyl-β-D-galactoside

HTS high throughput screening

LOPAC Library of Pharmacologically Active Compounds

LSD lysosomal storage disease

PBS phosphate-saline buffer

PC pharmacological chaperones

PR proteostasis regulators

SM small molecule

SV40T SV40-transformed
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Figure 1. Comparison of primary and SV40 transformed GLD patient fibroblasts
(A) Using fluorescent synthetic substrate HMUGal, primary cultured skin fibroblasts from
controls with wild type (WT) GALC showed a higher enzymatic activity than several GLD
patient fibroblasts with described GALC mutants. (B) The ratio of enzymatic activity of
other lysosomal enzymes control/GLD cells including β-hexosaminidase (total), β-
galactosidase (Bgal) and glucocerebrosidase (GLCase) was close to 1 demonstrating that
other lysosomal enzymes are intact in GLD primary cultured cells. (C) SV40-transformed
GLD patient fibroblasts preserved the deficient GALC activity with a measurable enzymatic
activity. (D) When SV40 transformed cells were compared to primary cells from which they
originated, no significant difference of lysosomal enzymatic activity levels were observed as
shown by glucocerebrosidase activity using synthetic substrate 4-methylumbelliferyl β-D
glucopyranoside (MUGlc).
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Figure 2. Development of GALC assay in multi-well plates
Optimization of the assay was performed in multi-well plates. (A) Substrate concentration
assays were performed using cultured SV40T skin fibroblasts in 384-well plates. The cells
were cultured to full well-confluence and before starting the GALC assay. Substrate
concentrations in the assay reaction over 0.2 mM of HMUGal generate elevated signal-to-
background ratios (>5). GALC enzymatic activity from control cells with wild type (GALC-
WT) produced higher HMU fluorescence signal (white bars). HMUGal substrate was able to
detect a small residual activity of SV40T mutant GALC (GALC-G270D – dark gray
columns) above the background, which represent fluorescence signals from wells with
culture medium only (no cells). (B) The DMSO assay was performed in SV40T control cells
(GALC-WT) demonstrated that GALC activity is reduced as DMSO concentration is
increased in reaction solution. The DMSO concentrations of 2.5% or lower showed not to
affect GALC enzymatic activity.
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Figure 3. Plate uniformity assessment of the proposed GALC assay in 384-well plates
The SV40T fibroblasts from control (CTRL) and a GLD patient (GALC-G270D/G270D)
were cultured in three 384-well plates. (A) Scatter plot is shown representing assays
performed in three interleaved 384-well plates on different days using freshly prepared
reagents. CTRL, GLD patient cells and wells containing no cells (only medium) were
displayed in interleaved plate format (in different column-positions of each plate). In scatter
plot A (combined analysis of plates1, 2 and 3), the response was plotted against well
number, ordered firstly by row and then by column. In CTRL cells, GALC-WT activity
(black diamonds) generated consistently higher HMU fluorescence signals than those from
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GLD patient cells (with GALC-G270D; gray squares). Residual GALC-G270D activity was
measurable above background signal (white triangles). (B) Table describes the mean,
standard deviation (SD), coefficient of variation (CV), Z’ factor, Signal Window (SW) and
signal to background from the 3 interleaved combined analysis along with the individual
analysis of each plate. Consistency of the results of the 3 different interleaved-plates was
observed. For the purpose of calculations (Z’ factor and signal window), HMU fluorescence
signal obtained from CTRL (GALC-WT) cells was considered as maximum, and
fluorescence signal from GLD patient cells (G270D-GALC) as minimum. The Z’ factor
value for the plate uniformity assessment was 0.58.
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Figure 4. Cell-based GALC HTS design and scatter plot results from the quantitative pilot HTS
against the LOPAC library
(A) The time-line of events of the live-cell HTS assay. Since the HTS assay was
quantitative, the 1,280 small molecules from the LOPAC were tested in each plate. Scattered
plot results from the HTS against LOPAC is shown in panels B-E. Each color represents a
different column of 1,536-well plate. In each panel, column numbers 1 and 2 represent
HMU fluorescence signals from wells without cells (only medium); columns 3 and 4 depicts
HMU signals from wells with control cells with wild type (WT) GALC (highest HMU
signals), which were not exposed to small molecules. Columns 5 to 44 contained GLD
patient cells (GALC-G270D) treated with LOPAC library. In columns 45-48, GLD patient
cells received only the solvent of the chemical compounds (DMSO). The 1,536-well plates
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treated with the solvent only DMSO (0.57%; B), the lowest (4.6 µM; C) and the highest
(230 µM; D) LOPAC concentrations. (E) Scatter plot of a 1,536-well plate containing only
medium (no cells) and with the highest LOPAC treatment concentration (230 µM).
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Figure 5. The concentration-response curve analysis from the GALC quantitative HTS assay
against LOPAC library
In the cell-based HTS for GALC using LOPAC concentrations ranging 4.6 - 230 µM, 19
small molecules (SMs) presented active concentration-response curves (CRCs). For each
SM, a CRC is produced by the percentages of HMU signal increase (y axis) as a function of
the different SM concentrations (x axis) used to treat the GLD patient fibroblasts. Two small
molecules showed CRCs of class 1 (complete curves; high and partial efficacies): TMPH
HCl (SM-1) – class 1.2 (A) and O6 benzylguanine (SM-2) – class 1.4 (B). Seven small
molecules showed CRCs curve of class 2.2 (partial curve; r2≥0.9; efficacy≤80%) and three
of them are shown: 3-[(3-Chloro-4-hydroxyphenyl)amino]-4-(2-nitrophenyl)-1H-pyrrol-2,5-
dione (SM-3;C); isoproterenol HCl (SM-4; D); 3-bromo-7-nitroindazole (SM-7; E). Four
other SMs presented class 2.4 CRCs (partial curve; r2≤0.9; efficacy Min.-80%): including
isoetharine mesylate (SM-12; F) and bumetamide (SM-13; G). Six molecules presented
class 3 CRCs characterized by “single-point of activity”. Benzerazine HCl (SM-14; H) is
one of the SMs showing class 3 CRCs.
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Figure 6. Treatment of primary fibroblasts from GLD patients and control fibroblasts with
small molecules with active concentration-response curves
Several of the small molecules (SMs) that demonstrated active concentration-response
curves (CRCs) of classes 1 to 3 were used to treat two primary fibroblast lines from GLD
patients with GALC-G270D and GALCG553R mutants. A primary fibroblast control with
wild type GALC-WT was also tested. Two compounds presented CRCs of class 1, TMPH
HCl (SM-1; A) and O6-benzylguanine (SM-2; B). Other SMs tested and represented here
showed CRCs of class 2.2 including 3-[(3-Chloro-4-hydroxyphenyl)amino]-4-(2-
nitrophenyl)-1H-pyrrol-2,5-dione (SM-3; C) and isoproterenol HCl (SM-4; D). Two
representatives of SMs with CRCs of class 2.4, isoetharine mesylate (SM-12; E) and CRCs
of class 3, benserazine HCl (SM-14; F), are also shown in this figure. In each primary
fibroblast cell line, the average level of protein concentration per well each 96-well plate
was used to standardize the HMU fluorescence signals. None of the increases of HMU
fluorescence signals compared to non-treated cells were statistically significant (p<0.05).
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Table 1

HTS Assays Conditions in 1,536-well plate

Step Parameters Value Time Description

1 Dispense of cells in 1,536-
wells

2 µL - SV40T fibroblasts from a control (GALC-WT) and GLD patient (GALC-
G270D) were seeded into multiple 1,536-well plates. Wells without cells
(only medium) were placed in columns 1–2. Control cells were placed in
columns 3 and 4. GLD patient cells are seeded into columns 5–48. Cells

cultured in DMEM medium with 10% FCS at 37°C and 5% CO2

2 Incubation - 12h 37°C and 5% CO2

3 Pin dispense 23 nL - LOPAC compounds are diluted in DMSO

4 Incubation - 48h 37°C at 5%CO2

5 Dispense 2 µL - 0.2 m HMUGal – substrate buffer – final [HMUGal] of 0.1 mM

7 Incubation - 17h GALC assay performed at 37°C

8 Dispense 6 µL - Stop reaction buffer – 0.5 M NaHCO3/0.5 M NaCO3 + 1 mg/mL of TCD

9 Fluorescence Readout Ex=404 nm;
Em=450 nm

- *CCD-based Viewlux reader

*
Charged-couple device (CCD)
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Table 2

Small molecules from LOPAC that showed active concentration-response curves (CRCs) of class 1 to 3 in the
pilot HTS.

Small Molecule Name Molecular
Weight

CAS number Label CRC
class

2,2,6,6-tetramethylpiperidin-4-yl heptanoate HCl (TMPH) 305.88 849461-91-2 SM-1 1.2

O6-benzylguanine 241.25 19916-73-5 SM-2 1.4

3-[(3-Chloro-4-hydroxyphenyl)amino]-4-(2-nitrophenyl)-1H-pyrrol-2,5-dione or SB415286 359.72 264218-23-7 SM-3 2.2

isoproterenol HCl or (−)-Isoprenaline hydrochloride, (−)-N-Isopropyl-L-noradrenaline
hydrochloride, (R)-3,4-Dihydroxy-α-(isopropylaminomethyl)benzyl alcohol hydrochloride

247.72 5984-95-2 SM-4 2.2

guanabenz acetate salt 291.13 23256-50-0 SM-5 2.2

4-cyclohexylmethoxy-2,6-diamino-5-nitrosopyrimidine or NU6027 251.28 220036-08-8 SM-6 2.2

3-Bromo-7-nitroindazole 242.03 74209-34-0 SM-7 2.2

isoproterenol (+)-bitartrate salt 361.34 54750-10-6 SM-8 2.2

4-chloro-DL-phenylalanine methyl ester HCl 250.12 14173-40-1 SM-9 2.2

edrophonium chloride 201.69 116-38-1 SM-10 2.4

bromopheriramine maleate 435.31 980-71-2 SM-11 2.4

isoetharine mesylate salt or 4-[1-Hydroxy-2-[(1-methylethyl)amino]butyl]-1,2-benzenediol
mesylate salt

335.42 7279-75-6 SM-12 2.4

bumetanide or 3-(Aminosulfonyl)-5-(butylamino)-4-phenoxybenzoic acid 364.42 28395-03-1 SM-13 2.4

benserazide HCl or DL-serine 2-(2,3,4-trihydroxybenzyl)hydrazide HCl 293.70 14919-77-8 SM-14 3

pyridostigmine HCl or 3-(Dimethylaminocarbonyloxy)-1-methylpyridinium bromide 261.12 101-26-8 SM-15 3

R(−)-2,10,11-Trihydroxy-N-propylnoraporphine hydrobromide hydrate 392.29* 79640-85-0* SM-16 3

nialamide or N-Benzyl-β-(isonicotinylhydrazino)propionamide NIsonicotinoyl-N’-[β-(N-
benzylcarboxamido)ethyl]hydrazine Pyridine-4-carboxylic 2-[2-
(benzylcarbamoyl)ethyl]hydrazide

298.34 51-12-7 SM-17 3

(+/−)-cis-Piperidine-2 173.17 46026-75-9 SM-18 3

alloxapine or benzo[g]pteridine-2,4(1H,3H)-dione Isoalloxazine 214.18 490-59-5 SM-19 3

SM, small molecule;

*
anhydrous base
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