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Neurobiology of Disease

Altered Trafficking and Processing of GALC Mutants
Correlates with Globoid Cell Leukodystrophy Severity

Daesung Shin,"> M. Laura Feltri,'>* and Lawrence Wrabetz'->?
"Hunter James Kelly Research Institute and Departments of 2Biochemistry and *Neurology, Jacob School of Medicine and Biomedical Sciences, State
University of New York at Buffalo, Buffalo, New York 14203

Globoid cell leukodystrophy (GLD, Krabbe disease) is due to autosomal recessive mutations in the lysosomal enzyme galactosylcerami-
dase (GALC). Many GLD patients develop infantile-onset of progressive neurologic deterioration and death by 2 years of age, whereas
others have a later-onset, milder disease. Cord blood transplant slows disease progression much more effectively when performed
presymptomatically, highlighting the importance of early diagnosis. Current diagnosis is based on reduced GALC activity, DNA sequence,
and clinical examination. However, presymptomatic diagnosis is hampered by imperfect genotype-GALC activity-phenotype correla-
tions. In addition, three polymorphisms in the GALC gene are variably associated with disease mutations and have unknown effects on
GALC activity and disease outcome. Here, we study mutations that cause infantile or later-onset GLD, and show that GALC activity is
significantly lower in infantile versus later-onset mutants when measured in the lysosomal fraction, but not in whole-cell lysates. In
parallel, infantile-onset mutant GALCs showed reduced trafficking to lysosomes and processing than later-onset mutant GALCs. Finally,
the cis-polymorphisms also affected trafficking to the lysosome and processing of GALC. These differences potentially explain why the
activity of different mutations appears similar in whole-cell extracts from lymphocytes, and suggest that measure of GALC activity in
lysosomes may better predict the onset and severity of disease for a given GLD genotype.
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Globoid cell leukodystrophy (GLD, Krabbe disease) is diagnosed by measuring galactosylceramidase (GALC) activity and DNA
analysis. However, genotype and phenotype often do not correlate due to considerable clinical variability, even for the same
mutation, for unknown reasons. We find that altered trafficking to the lysosome and processing of GALC correlates with GLD
severity and is modulated by cis-polymorphisms. Current diagnosis of GLD is based on GALC activity of total cell lysates from
blood, which does not discriminate whether the activity comes from the lysosome or other subcellular organelles. Measurement of
GALC activity in lysosomes may predict which infants are at high risk for the infantile phenotype while distinguishing other
children who will develop later-onset phenotypes without onset of symptoms for years. j

ignificance Statement

lysosomal enzyme involved in the catabolism of galactosylcer-
amide, a major lipid in myelin, kidney, and epithelial cells of the
small intestine and colon (Chen YQ et al., 1993). More than 85%
of patients with GLD have the infantile form of the disease and
present with symptoms between the ages of 3 and 12 months,
which include extreme irritability, spasticity, developmental de-

Introduction

Globoid cell leukodystrophy (GLD, Krabbe disease) is a demyeli-
nating, neurodegenerative disease that affects both the central
and peripheral nervous systems, and is caused by mutations in
the galactosylceramidase (GALC) gene. GALC (EC 3.2.1.46) is a
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lay, and ultimately death within a few years. The remaining 10%—
15% of patients have a later-onset form of the disease, in which
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symptoms present between 13 months of age and the seventh
decade of life. Later-onset patients have a milder disease, which
may include weakness, loss of vision, and intellectual regres-
sion (Wenger, 2011a).

Current therapy aims to reduce demyelination by hematopoi-
etic cell transplantation (HCT), which generates cells that are
thought to transfer GALC to myelinating cells. However, judging
the efficacy of cord blood transplantation is complicated by
variable genotype—phenotype relationships in these patients.
Furthermore, for effective treatment in children with the
infantile-onset phenotype, transplantation must be performed
before the onset of symptoms (Duftner et al., 2012), but at this
age HCT is associated with a 20% mortality rate. Therefore, ac-
curate diagnosis and prognosis are extremely important for the
care of GLD patients.

Unfortunately, neither measurements of GALC enzymatic ac-
tivity nor documentation of GALC mutations reliably predicts
the severity of phenotype in GLD patients. For example, in new-
born screening, an infant with a low GALC activity and two doc-
umented mutant alleles may be diagnosed with the infantile form
of GLD, when indeed, the child may have the later-onset form of
the disease. This child would accordingly undergo HCT and in-
creased risk of mortality, despite the fact that disease would have
appeared significantly later.

The goal of this study is to understand why mutations with a
range of predicted severity do not always correlate with differ-
ences in GALC activity, and why the same mutation in GALC can
result in a broad spectrum of clinical variability. Three factors
have been suggested as potential contributors to clinical variabil-
ity: cis-polymorphisms (Raghavan et al., 2005), environmental
influences including diet (Pannuzzo et al., 2010), and modifier
genes such as saposinA/Psap (Yagi etal., 2004) or others (Lattanzi
et al., 2010). The GALC precursor protein is generated in the
endoplasmic reticulum (ER) and is transported to the lysosome,
where it is processed into 50 and 30 kDa subunits (Nagano et al.,
1998). Herein, we find that the trafficking and processing of
GALC are impaired more by infantile-onset than later-onset mu-
tations. In addition, we show that measuring GALC activity in
lysosome fractions better distinguishes between infantile- and
later-onset mutations. Furthermore, we find evidence that poly-
morphisms also contribute to the trafficking and processing of
GALC, thereby affecting the functional GALC activity. Thus, the
combination of cis-polymorphisms with known disease muta-
tions may alter the clinical phenotype of GLD. Overall, we pro-
pose that the development of more accurate strategies for the
diagnosis of GLD should include the measure of GALC activity in
lysosomal fractions.

Materials and Methods

Plasmid construction and site-directed mutagenesis. A full-length cDNA
clone of the human GALC gene was obtained from Open Biosystems
(#MHS1010-7295902) that harbors the ¢.1685C polymorphism. The
coding sequence of GALC was then amplified by PCR from the full-
length cDNA clone and ligated between the BamHI and Xhol sites of the
pCMVTag4A vector (Stratagene) to generate GALC-FLAG or GALC
only (with the GALC stop codon immediately upstream of the FLAG
fusion). The primers used were hGalc-cDNA-BamHI-s (5'-GGGGG
GGATCC GCCACC atg actgcggecg cgggttcgge-3') and hGalc-cDNA-
Xhol-as (5'-GGGGG CTCGAG gcgtgtggcttccacaagaaag-3') for the
FLAG fusion, and hGalc-cDNA-STOP-Xhol-as (5'-GGGGG CTCGAG
TTA gcgtgtggcttccacaagaaag-3') for GALC-only expression. The coding
sequence was also ligated between the Xhol and BamHI sites of
pEGFP-NI1 (Clontech) for the generation of hGalc-eGFP. The primers
used were hGalc-cDNA-Xhol-s (5'-GGGGG CTCGAG GCCACC atg
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actgeggeeg cgggttegge-3') and hGalc-cDNA-BamHI-as (5'-GGGGGG
GGATCC CG gcegtgtggcttecacaagaaag-3'). GALC-HA was generated by
modifying the hGalc-FLAG clone with the primers HA-fusion-Sall-s (5'-
TCGACT ACCCAT ACGAC GTCCC AGACT ACGCT TAGG-3') and
HA-fusion-Sall-as (5'-TCGAC CTAAG CGTAG TCTGG GACGT CGT
AT GGGTA G-3"). The QuikChange mutagenesis kit (Stratagene) was used
for site-directed mutagenesis, and the primers used were hGalc-change of
glycine to aspartate at the amino acid residue number 286 (G286D)-s (5'-
gacatgggtgcagactgcetggggtege-3'), hGalc-G286D-as (5'-gegaccccageagtctg-
cacccatgtc-3'), hGalc-change of threonine to methionine at the amino acid
residue number 529 (T529M)-s (5'-cctggcegageatcacttcatgctacgecaag-3'),
hGalc-T529M-as (5'-cttggcgtagcatgaagtgatgcetcgecagg-3'), hGalc-change of
tyrosine to serine at the amino acid residue number 567 (Y567S)-s (5'-
tgactacaaagtgtgatgttagcatagagacccctgacacag-3'), hGalc-Y567S-as (5'-
ctgtgtcaggggtctctatgctaacatcacactttgtagtca-3'), hGALC-change of glycine to
serine at the amino acid residue number 57 (G57S)-s (5'-ccgcgecgatgctgte-
gaactcceg-3'), hGALC-G57S-as (5'-cgggagttcgacagcatcggegegg-3'),
hGALC-change of aspartate to asparagine at the amino acid residue number
544 (D544N)-s (5'-gattgtgttggatgcattggcagcccatgtaatgg-3"), hGALC-
D544N-as (5'-ccattacatgggctgecaatgeatccaacacaatc-3'), hGALC-change of
leucine to serine at the amino acid residue number 634 (L634S)-s (5'-
aggtgaaatgacccttaatagttgacgtgagtgtataccattttttt-3'), and hGALC-L634S-as
(5"-aaaaaaatggtatacactcacgtcaactattaagggtcatttcacct-3') for the mutations.
For the polymorphisms, hGalc-C550T-s (5'-ggattgtgggcgccaagtgttaccat-
gatttggac-3), hGalc-C550T-as (5'-gtccaaatcatggtaacacttggegeccacaatec-3'),
hGalc-G742A-s (5'-cgaactcttcaaggtggttaatgttataggggctcatt-3'), hGalc-
G742A-as (5'-aatgagcccctataacattaaccaccttgaagagttcg-3'), hGalc-C1685T-s
(5'-tacaactggaccaatctgactataaagtgtgatgtatacatagag-3'), and hGalc-
C1685T-as (5'-ctctatgtatacatcacactttatagtcagattggtccagttgta-3') were used.
All the constructs were confirmed by DNA sequencing.

Animal cell culture and transfection. All animal experimentation was
performed in strict accord with Institutional Animal Care and Use Com-
mittee approved protocols (Roswell Park Cancer Institute and University
at Buffalo). HEK-293T cells were maintained in DMEM supplemented
with 10% FBS. Primary oligodendrocyte progenitor cell cultures were
obtained based on the immunopanning method (Dugas et al., 2006; Shin
etal., 2012). Oli-neu cells were cultured as previously described (Jung et
al., 1995). Primary rat Schwann cells were prepared from sciatic nerve
and passaged not more than 3 times as described previously (Feltri et al.,
1992). Lipofectamine 2000 (Invitrogen) was used for all transfections.
For the normalization of transfection, the pGL3-promoter luciferase
plasmid (Promega) was cotransfected with the hGALC clones. Luciferase
activities were measured as described previously (Shin et al., 2009).

Dermal fibroblast culture. Dermal fibroblasts from GLD patients and
normal age-matched controls were purchased from Telethon Biobank.
The code numbers are FFF0181994 (K359AfsX3+Y567S), FFF0751981
(30kbA+T529M), FFF0352007 (30kbA+G286D), FFF0161996 (ho-
mozygous E136EfsX35), FFF0332007 (E130K+N295T), FFF0482013
(R69X+594P), FFF0201984 (N295T+G609GfsX6), FFF0091993 (ho-
mozygous 30kbA), FFF1071983 (normal male; wild-type (WT)-1), and
FFF0551986 (normal female; WT-2). They were grown in Medium 106
(Invitrogen) containing Low Serum Growth Supplement (Invitrogen)
and maintained at 37°C in a humidified CO, incubator.

Western blot analyses. Total cell lysates or subcellular fractions in RIPA
buffer containing protease inhibitors (Roche) were separated by 12%
SDS-PAGE, transferred to PVDF membrane (Millipore), and blocked
with 5% skim milk or BSA in TBS-Tween 20. The primary antibodies
that were used were B-tubulin (Sigma-Aldrich), GALC (Lee et al.,
2010), FLAG (Sigma-Aldrich), LAMP2 (Abcam), and GRP78 (Novus
Biologicals). Protein band densities were quantified using Image]
(National Institutes of Health) and normalized by cotransfected lu-
ciferase activities.

Subcellular fractionation. Lysosomal and ER fractions were purified
using the Lysosome enrichment kit (Thermo Scientific) and the Endo-
plasmic Reticulum enrichment kit (Novus Biologicals), respectively, ac-
cording to the manufacturer’s instructions.

Immunocytochemistry. Forty-eight hours after transfection, cells were
fixed with 4% PFA or 100% ice-cold methanol, permeabilized with Tri-
ton X-100, blocked with 10% FCS and 1% BSA, and incubated overnight
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Figure1. GALCtraffickingand processingin transfected cellsisimpaired ininfantile-onset mutants but not in a later-onset mutant. 4, A scheme is shown of GALC structure and common missense

mutations found in GLD of European ancestry (Wenger, 2011a). The two most common infantile-onset missense mutations of GLD are T529M (exon 14) and Y5675 (exon 15). The most frequent
later-onset mutation is G286D (exon 8). B, Forty-eight hours after transfection of HEK-293T cells, total cell lysates were analyzed with a polyclonal anti-GALC antibody (Lee et al., 2010) that detects
the 80 kDa precursor, and both the 50 and 30 kDa processed forms of GALC protein. There were nonspecific bands ~90 and 40 kDa (asterisks). 3-Tubulin was used for loading control. FLAG and HA
fused to the C terminus of GALC were comparable with the untagged protein, in contrast fusion with eGFP markedly decreased GALC expression. GALC-FLAG and GALC-HA had similar enzyme
activities to the nontagged GALC, whereas GALC-GFP had lower enzymatic activity. Oligodendrocyte GALC enzymatic activities at 4 DIV from WT and Galc-deficient twitcher mice, an authentic mouse
model of GLD, were used for comparison. ¢, Compared with wild-type, the later-onset mutation (G286D) is significantly processed, whereas the infantile forms (T529M and Y5675) are much less
processed. D, Lysosomal fractions, which were purified from the lysate of GALC-transfected HEK-293T cells and analyzed by Western blotting with anti-GALC, 3-tubulin, and LAMP2 antibodies,
contain mostly the processed forms of GALC, but not the precursor form. In the lysosomal fractions, there are almost no processed forms of GALC for the infantile forms (T529M and Y5675) in contrast
to the later-onset form (G286D). E, F, In total cell lysates, the GALC activity of the later-onset mutant (G286D) is indistinguishable from that of the infantile forms (T529M and Y567S), whereas in
lysosomal fractions, there is residual GALC activity for the later-onset mutant, but almost no activity for the infantile-forms, revealing a correlation between lysosomal GALC activity and severity of
disease. Error bars indicate SD of triplicates. *p << 0.05 (Student’s t test). **p < 0.01 (Student’s  test). ***p << 0.001 (Student’s ¢ test). n.s., Not significant. G, Inmunofluorescence for WT or the
three mutant GALCs in HEK-293T cells with anti-GALC (red) and anti-KDEL, anti-58k, anti-EEA1, or anti-LAMP2, antibodies (all green) showed that WT and later-onset mutant GALC colocalized with
all four subcellular markers, whereas the infantile-onset GALC mutants were not (or minimally) detectable in the lysosome, and mainly found in the ER and Golgi. The same analyses in transfected
oli-neu cells at 4 DIV (H) and primary rat Schwann cells (/) with anti-GALC (red) and anti-LAMP2 (green) confirmed that the WT GALC and later-onset mutant are present in the lysosome, whereas
the infantile-forms are not. Arrows indicate overlapping lysosomal puncta and GALC (yellow). Orthogonal views (XY, XZ, and YZ) of a z-stack are shown. White lines indicate section positions. Nuclei
were labeled with DAPI. DIV, Days of in vitro differentiation. Scale bars: G-I, 5 um.

with primary GALC (Lee et al., 2010), LAMP2 (BD Biosciences and Santa
Cruz Biotechnology), KDEL (Enzo Life Sciences), 58k (Sigma-Aldrich),
or EEA1 (Cell Signaling Technology) antibodies. After washing with PBS,
samples were incubated with secondary antibodies. After an additional
washing with PBS, coverslips were mounted with Vectashield (Vector
Laboratories) mounting medium, and DAPI. All images were captured in
63 X magnification using an Apotome.2 (Zeiss) and 100X magnification
using a confocal TCS SP5 II microscope (Leica). z-axis series spanning
2-2.5 wm were acquired as 1024 X 1024 pixel images by sequentially
scanning (between frames), using a step size of 0.13 wm. The diameter of
lysosomes is in a range of 0.1-1.2 um (Kuehnel, 2003). Nonspecific
background staining was determined by omitting the primary antibody.

GALC enzyme assay. GALC activity was determined by the method
described previously (Martino et al., 2009).

Chemicals. DMSO, a-lobeline, 4-phenylbutyrate (4-PBA), betaine,
glycerol, sucrose, curcumin, proline, sarcosine, taurine, trehalose,
and ectoine were all purchased from Sigma-Aldrich. Tauroursode-
oxycholate was from EMD Millipore, and trimethylamine N-oxide
dehydrate was from Cole-Parmer.

Results

Trafficking and processing of GALC are impaired by
infantile- but not later-onset mutations

To explore possible causes of variable genotype-GALC activity-
phenotype correlations in GLD, we generated WT and common
missense mutants of GALC cDNA (Fig. 1A), which were fused to
epitope tags at the carboxyl terminus. Tags of small size (e.g., V5
and 6xHis) on the carboxyl terminus of GALC were previously
shown to have no influence on GALC function (Lee et al., 2010).
We thus cloned the human GALC coding region into the mam-
malian expression vector under the CMV promoter and fused it
to various carboxyl terminal tags, including FLAG, HA, or eGFP.
Western blot studies of transfected HEK-293T cells hybridized
with polyclonal anti-GALC antibody (Lee et al., 2010) confirmed
that the expression and processing from FLAG fused GALC
(GALC-FLAG) and HA fused GALC (GALC-HA) were compa-
rable with that of GALC with no tag (GALC), whereas eGFP fused
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GALC (GALC-GFP) resulted in aberrant GALC expression (Fig.
1B). Furthermore, the enzymatic activities of GALC-FLAG and
GALC-HA were similar to the nontagged GALC (range 15-16
nmol/h/mg in the whole cell), whereas GALC-GFP had lower
enzymatic activity (Fig. 1B). We therefore used the GALC-FLAG
construct for our experiments. Oligodendrocyte GALC enzy-
matic activities from wild-type (WT) and Galc-deficient twitcher
mice, an authentic mouse model of GLD, were used for compar-
ison. Interestingly, twitcher oligodendrocytes had higher GALC
activity than nontransfected HEK-293T cells (Fig. 1B). Because
nonsense-mediated mRNA decay suppresses Galc expression in
the twitcher mice (Lee et al., 2006), the difference of basal activity
level between both cell types may indicate the presence of another
enzyme that can apparently increase GALC activity in oligoden-
drocytes, but not in HEK-293T cells.

To determine how three common missense mutations
(G286D, 2%; T529M and Y567S, each 8%, in individuals of Eu-
ropean ancestry; Fig. 1A) in patients with GLD (Wenger, 2011a)
influence the expression, processing, and trafficking of GALC,
we performed site-directed mutagenesis on the human GALC
gene with the FLAG tag at its carboxyl terminus. The mutations
are numbered according to Human Genome Variation Society
(HGVS) nomenclature recommendations, in which numbering
begins from the first methionine of the putative 42 residue signal
sequence. These mutations have elsewhere been described as
G270D, T513M, and Y5518, respectively.

Western blot analyses on cell lysates using a polyclonal
anti-GALC antibody (Lee et al., 2010) showed that WT-GALC
was normally processed from its 80 kDa precursor into 50 and
30 kDa fragments (Fig. 1C). In contrast, mainly the 80 kDa
precursor protein was detected in the infantile mutations
T529M and Y5678, suggesting that processing of GALC is im-
paired in infantile mutations. Interestingly, the later-onset
mutation G286D was processed normally into the 50 and 30
kDa fragments; however, the amount of the processed forms
was less than those of WT (Fig. 1C). Lysosomal fractions pu-
rified from cells transfected with WT GALC (Fig. 1D) showed
that the processed GALC proteins (50 and 30 kDa) were in-
deed detected in the lysosomal fraction, whereas the precursor
form (80 kDa) was barely detectable, indicating that the lyso-
some contains mostly processed GALC. Similarly, the later-
onset G286D GALC mutant also showed processed GALC
proteins in lysosomal fractions, whereas the infantile-onset
mutations showed barely detectable processed GALC proteins
(Fig. 1D). It has been postulated that later-onset patients
might have minimal, yet clinically significant, residual GALC
activity in the nervous system, which could theoretically ex-
plain their milder disease (Harzer et al., 2002; Wenger, 2011b).
However, when total cell lysate GALC activity is measured in
leukocytes from GLD, there is no apparent difference between
the enzymatic activity of patients with the later-onset G286D
mutation and patients with mutations causing the infantile-
onset form (Duffner et al., 2012). We confirmed this finding
by measuring GALC activity in total lysates from cells trans-
fected with our site-directed mutated constructs (Fig. 1E). In
contrast, by measuring the activity of GALC in lysosomal frac-
tions, we found that the later-onset mutation has residual
enzymatic activity in the lysosome, whereas the infantile-
forms do not (Fig. 1F). These data suggest that trafficking to
the lysosomes may be limited in a mutation-specific manner,
and suggest, for the first time, a potential correlation between
GALC activity in the lysosomes with severity of the phenotype.

J. Neurosci., February 10,2016 - 36(6):1858 1870 « 1861

To confirm that the trafficking of severe GALC mutants
was impaired, we performed double-immunofluorescent la-
beling of GALC and subcellular markers. WT GALC and
G286D GALC each showed some colocalization with ER
(KDEL), Golgi (58k), and lysosomal markers (LAMP2 and
EEA1) (Fig. 1G), which suggest that they are trafficked
through the conventional ER/Golgi path to reach the lyso-
some. However, the infantile-onset mutants T529M and
Y567S were present only in the ER and Golgi and were rarely
found in the lysosome, suggesting that trafficking of these
GALC mutants to the lysosome was disrupted (Fig. 1G). The
same trafficking analyses in transfected oli-neu mouse oligo-
dendrocytes (Jung et al., 1995) and primary rat Schwann cells
(Feltri et al., 1992) stained for LAMP2 confirmed that the
later-onset mutant is better translocated into the lysosome
than the infantile forms (Fig. 1H,I). These findings suggest
that the severity of infantile GLD mutations may be explained
by impaired trafficking and processing of GALC in the lyso-
some, whereas the milder phenotype of later-onset mutations
may be due to a partially retained ability to traffic and process
GALC in lysosomes.

cis-polymorphisms that are commonly found with mutations
affect the activity and trafficking of GALC

Although each parent of an affected child with GLD usually car-
ries one normal and one mutated GALC allele, GALC enzyme
activity can range widely in carriers. The reason for this variability
is unknown, but it is possible that cis-polymorphisms that encode
additional amino acid changes modulate GALC activity (Fig. 2A).
To remain consistent with HGVS nomenclature, the polymor-
phisms previously noted as ¢.502T, c.694A, and c.1637C are here
referred to as ¢.550T, ¢.742A, and ¢.1685C, respectively. These
common polymorphisms have each been shown to reduce WT
GALC activity by ~10-50% (De Gasperi et al., 1996; Luzi et al.,
1996; Furuya et al., 1997). The ¢.1685C polymorphism has also
been shown to reduce later-onset G286D GALC activity (Hossain
etal.,2014). These normal variants in the GALC coding region do
not result in clinical disease in the homozygous state and are not
thought to cause disease as compound heterozygotes with one
copy of a disease-causing mutation (Wenger, 2011a). Interest-
ingly, the G286D later-onset mutation is always found with either
the ¢.550T or ¢.1685C polymorphism, the T529M infantile
mutation with the ¢.550T, c.742A, or ¢.1685C polymorphism,
and the Y567S with the c.1685C polymorphism (Fig. 2A). Be-
cause of these additional amino acid changes, it is possible that
these normal variants may also affect GALC trafficking to the
lysosome, which is indispensable for GALC processing and acti-
vation, thereby influencing the phenotype.

To determine the effect of specific polymorphisms on GALC
activity, human GALC constructs were engineered to contain all
combinations of mutations and polymorphisms previously men-
tioned. All of the constructs previously tested in Figure 1 har-
bored the ¢.1685C polymorphism contained in the human cDNA
clone. The new clones were then transfected into HEK-293T cells
and used for measurement of GALC activity in total cell lysates.
Both ¢.550T and ¢.742A polymorphisms were found to reduce
WT GALC activity, whereas ¢.1685C did not affect WT GALC
significantly (Fig. 2B). Interestingly, the effects of polymor-
phisms were disease mutation-specific. The ¢.550T polymor-
phism reduced GALC activity of the later-onset G286D. The
infantile T529M mutation had a very low GALC activity, even
without the addition of these polymorphisms, and was not de-
creased further when combined with additional polymorphisms.
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Benign cis-polymorphisms affect total enzymatic activity and trafficking of GALC. A, Diagram of the genomic structure of GALCand common benign polymorphisms (blue) found in GLD

patients. Anew numbering classification, starting from the upstream translational start site, was used to define the residue numbers. The G286D later-onset mutation is always found with the ¢.550T
or ¢.1685C polymorphism. The T529M infantile-onset mutation is always found with the ¢.550T, ¢.742A, or ¢.1685C polymorphism. The Y567S infantile-onset mutation is always found with the
¢.1685C polymorphism. These three common polymorphisms were introduced by site-directed mutagenesis. B, GALC activities were measured in total lysates prepared from cells transfected with
wild-type or mutant GALC in combination with indicated cis-polymorphisms. Both ¢.550T and ¢.742A reduced WT GALC activity, whereas only ¢.550T or c.1685C reduced G286D or Y5675 activity,
respectively. Error bars indicate SD of triplicates. *p << 0.05 (Student’s t test). **p << 0.01 (Student's ¢ test). ***p < 0.001 (Student's t test). C, HEK-293T cells transfected with WT or mutant GALCs
in combination with indicated cis-polymorphisms were costained for GALC (red) and LAMP2 (green). Nuclei were labeled with DAPI. Orthogonal views (XY, XZ, and YZ) of a z-stack. White lines
indicate section positions. D, Quantification of colocalized GALC and LAMP2 signals was obtained by counting the number of yellow puncta. C, D, All polymorphisms reduced lysosomal targeting of
WT GALC. The ¢.550T and ¢.1685C polymorphisms reduced lysosomal targeting of G286D and Y567, respectively. More than three independent experiments were performed with qualitatively
similar results. Quantification was performed on 8 —16 cells. Error bars indicate SD. **p << 0.01 (Student’s ¢ test). ***p << 0.001 (Student’s ¢ test). Scale bar: G, 5 wm.

In contrast, the infantile-onset Y567S mutation was significantly
reduced by the ¢.1685C polymorphism, indicating that the
combination of certain cis-polymorphisms with certain disease
mutations can significantly impair GALC activity. Parallel immu-
nocytochemical analyses (Fig. 2C) revealed that the polymor-
phisms also affected lysosomal targeting of the GALC proteins.
These changes were quantified by counting yellow puncta that
represent GALC colocalized with the lysosomal marker LAMP2
(Fig. 2D). This quantification mirrored the results of the GALC
activity experiment (Fig. 2B): all three polymorphisms reduced
the lysosomal trafficking of WT GALC; ¢.550T reduced the lyso-
somal trafficking of G286D GALC; and ¢.1685C dramatically re-
duced the lysosomal trafficking of Y567S GALC (Fig. 2D).
Together, it is clear that in combination with specific disease-
causing mutations in GALC, cis-polymorphisms can indeed af-
fect the trafficking and total enzymatic activity of GALC.

cis-polymorphisms change the total level and processing

of GALC

To ask whether the polymorphisms affected the processing of
GALC, we next performed Western blot analyses on total cell
lysates of transfected HEK-293T cells. We found that the poly-
morphisms had various effects on the levels of precursor and
cleaved forms of WT or mutant GALC (Fig. 3A). Total GALC

levels in the cell were calculated by quantifying and summing the
80 kDa precursor and the 50 and 30 kDa cleaved forms of GALC
(Fig. 3B). We found that both the ¢.550T polymorphism and the
c.742A polymorphism reduced total WT GALC levels, whereas
the ¢.1685C polymorphism did not. The ¢.1685C and ¢.550T
polymorphisms also reduced the total level of the later-onset
G286D GALC. In contrast, ¢.1685C only reduced total T529M
GALC marginally, whereas this polymorphism dramatically re-
duced total Y567S GALC. Notably, no mutation, with or without
combined polymorphisms, completely abolished GALC levels.

We defined the level of processed forms as the ratio of cleaved
50 kDa or 30 kDa GALC fragments relative to the 80 kDa precur-
sor form. For example, the level of WT 50 kDa or 30 kDa relative
to WT 80 kDa precursor showed that the ¢.1685C polymorphism
only marginally reduced the processing of WT GALC, whereas
the ¢.550T and ¢.742A polymorphisms reduced the processing of
WT GALC significantly. Both the ¢.1685C and ¢.550T polymor-
phisms reduced the processing of the later-onset G286D GALC
mutant. No polymorphisms had an effect on the processing of the
T529M GALC infantile-onset mutant. Interestingly, the c¢.1685C
polymorphism dramatically reduced the processing of the Y5675
GALC mutant. Indeed, Y567S GALC has normal processing
without the ¢.1685C polymorphism; albeit this combination has
not been documented in human.
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cis-polymorphisms affect GALC processing. A, Lysates from HEK-293T expressing GALC mutations in combination with various cis-polymorphisms were analyzed by Western blot using

anti-GALC antibody. Both the GALC mutations and some of the polymorphisms affect the level and processing of GALC. B, Quantification of levels in four independent experiments, normalized by
cotransfection of luciferase plasmid, showed that both the ¢.550T and c.742A polymorphisms reduced total GALC (defined as the sum of the GALC levels for the 80, 50, and 30 kDa forms) in the WT
context, but ¢.1685C did not have any effect. In the case of later-onset G286D mutant, both ¢.1685C and ¢.550T reduced total GALC levels. The ¢.1685C polymorphism reduced total GALCs of both
T529M and Y567S. Interestingly, none of the mutations with (or without) polymorphisms completely abolished GALC expression. Error bars indicate SD of triplicates. *p << 0.05 (Student's t test).
*¥p < 0.01 (Student’s ¢ test). ***p < 0.001 (Student's  test). , The ratio of 50 versus 80 kDa levels and (D) 30 versus 80 kDa levels showed that both ¢.550T and c.742A reduce the processing of
WT. Both ¢.1685C and ¢.550T reduce processing of the later-onset G286D GALC. None of the polymorphisms had any effect on the infantile-onset T529M GALC, whereas c.1685C reduced the
infantile-onset Y5675 GALC processing, indicating a critical pathogenic role of this polymorphism in patients harboring the Y5675 mutation. Error bars indicate SD of triplicates. *p << 0.05 (Student’s

ttest). **p << 0.01 (Student's t test). ***p << 0.001 (Student’s ¢ test).

In addition to the processing, the cis-polymorphisms also af-
fect the level of the 80 kDa precursor form of GALC, suggesting
that the polymorphisms may change synthesis or stability of
GALCas well (Fig. 3A). We confirmed the relative amounts of the
80 kDa precursor protein with monoclonal anti-FLAG antibody
(Fig. 4A), and noted the similar pattern using either GALC or
FLAG antibodies (compare Figs. 34, 4A). We next quantified the
80 kDa GALC precursor shown in both Figures 3A and 4A (Fig.
4B). The ¢.550T polymorphism increased the level of 80 kDa WT
GALC, whereas none of the polymorphisms affected the level of
80 kDa G286D GALC. Both ¢.1685C and c.742A polymorphisms
reduced the level of 80 kDa T529M GALC, whereas the ¢.1685C
polymorphism did not have much of an effect on the level of
80 kDa Y567S GALC. Together, these data suggest that cis-
polymorphisms, in combination with specific mutations in
GALC, can reduce the total level, trafficking, and processing of
GALC. In this way, the main effect of the mutations may be to
cause incorrect targeting and consequently a critical deficit in
enzyme processing and activity.

Additionally, we noticed that Western analysis using a
FLAG antibody detected only the 80 kDa precursor form of
GALC, even though the 30 kDa carboxyl terminal fragment
should also contain FLAG (Fig. 4A). Similarly, a carboxyl HA
tag was only detected on the 80 kDa form and not on the 30
kDa fragment by Western blot with HA antibody (data not
shown). Instead, both 30 kDa epitope-tagged fragments were
easily detected by the GALC antibody (Fig. 1B). This was pre-
viously observed also with the carboxyl terminal V5 tags, for
unknown reasons (Lee et al., 2010). It is possible that short-

sized tags (FLAG, V5, and HA) at the carboxyl terminus
slightly modify the 30 kDa structure after GALC processing
and mask the epitope tag, without affecting enzyme activity.

The amount of GALC precursor form in the ER has a
substantial effect on total cell GALC activity in GALC mutants
Because the precursor form of GALC was almost absent in the
lysosomal fractions (Fig. 1D), it may instead be localized in
another organelle, where it may potentially have enzymatic
activity. The cleavage site for GALC processing is in the loop of
the B-sandwich domain, which is far from the active site
(Deane et al., 2011), indicating that the cleavage event may
have no relevance for enzyme activity. Indeed, it is known that
secreted GALC in the 80 kDa precursor form retains GALC
activity (Lee et al., 2010). Therefore, we hypothesized that
GALC located outside of the lysosome could confound mea-
sures of GALC activity, derived from total cell lysates, as is
currently done for diagnostic purposes.

To directly determine whether the precursor GALC in non-
lysosomal organelles has enzymatic activity, ER or lysosomal
fractions were purified from total cell lysates and analyzed by
Western blot (Fig. 5A,C) and evaluated for GALC activity
(Fig. 5B,D). The WT GALC activity generated from the ER
was low, but not zero, and accounted for only 11%-24% of
total WT cellular activity. Mutant GALC activities from the ER
were similarly low but accounted for a more substantial 30%—
68% (G286D), 32%—89% (T529M), and 35%-75% (Y567S) of
total mutant cellular activity (Fig. 5E, F). These data indicate
that GALC activity from nonlysosomal origins, for example
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the age of onset of GLD.
Measurements of GALC activity in

total lysates from HEK-293T cells tr-
ansfected with the mutated constructs
showed that both later-onset G57S and
L634S GALCs have higher enzymatic ac-
tivities than that of the infantile D544N
(Fig. 6A, right bar of each GALC), and this
propensity is maintained more evidently
in the lysosomal fraction (Fig. 6B, right
bar of each GALC). Because these muta-
tions are always found with the ¢.1685C
polymorphism (Rafi et al., 1996; Satoh et
al., 1997; Lissens et al., 2007), we also
made additional mutants, each contain-
ing ¢.1685C as well (Fig. 6 A, B, left bar of
each GALC). The ¢.1685C polymorphism
reduced the activities of G57S and D544N, but not that of L634S
in total cell lysates (Fig. 6A, left bar of each GALC). However, in
the lysosomal fractions, the c.1685C significantly reduced enzy-
matic activities of all of G57S, D544N, and L634S (Fig. 6B, left bar
of each GALC). Interestingly, infantile D544N GALC has some
residual activity without the ¢.1685C polymorphism in both total
lysates and lysosomal fraction, but the activity was not detectable
with the polymorphism (Fig. 6A,B). This suggests that the
c.1685C polymorphism may augment the severity of the
infantile-onset phenotype of D544N GALC mutation.

Western blot analyses on total cell lysates using a polyclonal anti-
GALC antibody demonstrated that mainly the 80 kDa precursor
protein was detected in both infantile- and later-onset mutations
(Fig. 6C). However, the lysosomal fractions confirmed that the later-
onset G57S or L634S GALC mutant was processed more than the
infantile-onset D544N. The ¢.1685C polymorphism reduced the
processing of all mutant GALC forms (Fig. 6C), in line with the
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cis-polymorphisms affect the level of precursor 80 kDa GALC. 4, Lysates of cells transfected with the GALCmutants and
cis-polymorphisms were analyzed by Western blot with anti-FLAG antibody, which detected only the 80 kDa precursor form. The
FLAG antibody did not detect the 30 kDa fragment, suggesting that the FLAG tag at the C terminus might slightly modify the 30 kDa
structure and mask the epitope. B, Quantification of the 80 kDa GALC densities showed that the ¢.550T polymorphismincreased the
unprocessed WT GALC, whereas none of the polymorphisms significantly affected the unprocessed G286D GALC. Both ¢.1685Cand
.742A polymorphisms reduced the unprocessed level of T529M GALC. The polymorphism ¢.1685C did not have much effect on the
unprocessed Y5675 GALC. Error bars indicate SD of triplicates. *p << 0.05 (Student’s t test). **p << 0.01 (Student’s t test). ***p <

lysosomal mutant GALC activities (Fig. 6B). Parallel immunocyto-
chemical analyses revealed that both later-onset G57S and L634S
GALC:s colocalized with LAMP2 (Fig. 6D), whereas the infantile-
onset mutant D544N was rarely found in the lysosome as already
shown in the previous study (Lee et al., 2010). These findings con-
firmed that the milder phenotype of later-onset mutations may be
due to a partially retained ability to traffic and process GALC in
lysosomes.

Dermal fibroblasts from later-onset patients have minimal,
yet significantly higher, GALC activities than those of
infantile-onset patients

To validate that the differences that we observed in lysosomal
GALC activity between infantile- and later-onset forms were rel-
evant for GLD, we used cells from GLD patients. Eight different
GLD dermal fibroblasts and two age-matched normal cells (Fig.
7A) were cultured and analyzed by lysosomal fractionation and
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GALCin the ER has substantial enzyme activity. A, Purified ER fractions from total cell lysates of transfected HEK-293T cells showed that the 80 kDa GALC precursor form is present in the

ER. GRP78 was used as an ER loading control. B, GALC activity assay performed with ER fractions reveals that the precursor protein possesses some enzymatic activity. Error bars indicate SD of
triplicates. *p << 0.05 (Student’s t test). **p << 0.01 (Student's ¢ test). ***p << 0.001 (Student’s t test). C, Purified lysosomal fractions contain mainly the processed GALCs. D, The same lysosomal
fractions were also used for determination of GALC activities. Error bars indicate SD of duplicates. E, The GALC activities from ER (red bar) and lysosome (blue bar) were combined to show the relative
contributions to actual cellular activity. F, Percentage of the activities from each subcellular organelle shows that the GALCin ER contributes significantly to the total activities in the mutants (G286D,

T529M, and Y567S), but not in WT.

GALC enzyme activity (Fig. 7B). Unfortunately, homozygous
cells having the G286D, T529M, and Y567S mutations were not
available, so we obtained the three mutants in compound
heterozygosity with a large deletion mutant, such as the 30 kb
GALC deletion (A) or K359AfsX3 (Tappino et al., 2010). We
assumed that GALC produced from the large deletions in the
GALC locus would be low due to nonsense-mediated mRNA
decay associated with the premature stop codons, or to protein
instability. Therefore, the GALC activity from the fibroblasts can
be considered to derive mainly from the missense mutations. We
also analyzed one more later-onset (N295T+G609GfsX6) and
four more infantile-onset (homozygous E136EfsX35, E130
K+N295T, R69X+594P, and homozygous 30-kbA) GLD fibro-
blasts (Fig. 7A).

When GALC activities were measured in whole-cell extracts
prepared from the GLD fibroblasts, there was no distinction be-
tween patients with later-onset mutations (G286D+30-kbA or
N295T+G609GfsX6) and patients with the infantile-onset forms
(T529M+30-kbA, Y567S+K359AfsX3, homozygous E136Efs
X35, E130K+N295T, R69X+S594P, and homozygous 30-kbA)
(Fig. 7B), as has been previously documented in blood samples
(Fig. 7A; % GALC activity) (Tappino et al., 2010; Mirella Filo-
camo, personal communication). However, when GALC acti-
vities were measured in lysosomal fractions from the GLD
fibroblasts, both later-onset mutations had low (0.31-0.32 nmol/

h/mg) but significantly higher GALC activity than infantile forms
(range, 0.04—0.23 nmol/h/mg), confirming that there is a corre-
lation between GALC activity in the lysosome and the severity of
the phenotype. As expected, homozygous 30 kbA fibroblast did
not produce any GALC activity in total cell lysates and barely
detectable activity in lysosomal fractions (Fig. 7B). In addition,
there was a significant difference in the GALC activity from total
cell lysates between the two normal controls (0.79 vs 3.05 nmol/
h/mg). We do not have full DNA sequence of the GALC alleles
from these controls, but there could be cis-polymorphisms that
alter WT GALC activities. Also, the effect of cis-polymorphisms
on the mutants was not testable with only eight mutant fibroblast
lines. However, a future study with more patient and control lines
can address this question.

4-PBA increases the level and activity of GALC mutants

Pharmacological small chaperones are promising therapeutics
for misfolded protein diseases, which based on altered protein
trafficking, could also include GLD. To promote trafficking of
GALC mutants to the lysosome, we tested 14 chemicals that are
known to behave as chaperones: DMSO, a-lobeline, 4-PBA, be-
taine, glycerol, sucrose, curcumin, proline, sarcosine, taurine,
trehalose, ectoine, tauroursodeoxycholate, and trimethylamine
N-oxide dehydrate, in transfected HEK-293T cells that express
WT, G286D, T529M, or Y567S GALCs. Two different concentra-
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Additional later-onset GALC mutations also retain partial trafficking and processing of GALCin lysosomes. Two more later-onset (G575 and L634S) and one more infantile (D544N) GALC

mutations were generated with or without the ¢.1685C polymorphism. Measurements of GALC activities in both total lysates (4) and lysosomal fractions (B) from HEK-293T transfected with the
mutant constructs show that both later-onset mutants G575 and L634S have significantly higher residual GALC activities compared with the infantile D544N form, revealing a strong correlation
between residual GALC activity and severity of disease. Error bars indicate SD of triplicates. *p << 0.05 (Student’s t test). **p << 0.07 (Student’s t test). ***p < 0.001 (Student’s ¢ test). n.s., Not
significant. G, In total cell lysates, both later- and infantile-onset mutations are processed less than the WT. However, in lysosomal fractions, the later-onset forms (G575 and L634S) are more
processed than the infantile form (D544N). D, Immunofluorescence for the three mutant GALCs in HEK-293T cells with anti-GALC (red) and anti-LAMP2 antibodies (green) shows that later-onset
mutant GALCs colocalized (yellow) more with the lysosomal marker, whereas the infantile-onset GALC mutant was minimally detectable in the lysosome. Orthogonal sections (XY, XZ, and YZ) of a

z-stack are shown. White lines indicate the position of sections. Nuclei were labeled with DAPI.

tions of each chaperone were used to treat cells for 24 hours,
followed by Western analyses with a GALC antibody. Interest-
ingly, we find that 4-PBA enhances levels of the precursor GALC
(Fig. 8A). Treatment with 4-PBA increased only the precursor or
sometimes increased both the precursor and processed forms of
GALGs, in part dependent on associated cis-polymorphisms (Fig.
8A). 4-PBA also increased the amount of the precursor form of
the infantile-onset T529 GALC mutants, but never its processed
forms (Fig. 8A). As shown before, the ¢.1685T polymorphism
increased remarkably the processing of the Y567S mutants, and
4-PBA did not appear to modify the Y567S processed forms, but
to increase the overall amount of GALC.

Collectively, these data suggest that 4-PBA may only affect the
precursor level of GALC, not its processing. Because of the in-
creased total GALC level, the addition of 4-PBA enhanced the
activities of WT, G286D, and T529M significantly in total cells
(Fig. 8B). The effect on Y567S was not statistically significant.
Interestingly, GALC activity was also increased in the empty vec-
tor control by 4-PBA treatment, indicating that there could be a
basal level of GALC expression in HEK-293T cells that is negligi-
ble in normal conditions. Trafficking analysis using anti-GALC
and anti-LAMP2 antibodies showed that 4-PBA increased the
localization of WT and all mutants GALCs to the lysosome
(Fig. 8C), possibly due to the overall increase in GALC precur-
sor by 4-PBA.

Discussion
In this study, we showed that measuring GALC activity in lyso-
somal fractions provides a better correlation between the GALC

Scale bar, 5 um.

mutation and disease severity. We further show that common
polymorphisms modulate GALC activity in ways that are pre-
dicted by disease severity and that may be exploited for improv-
ing the clinical outcome. These novel findings are important for
the diagnosis, prognosis, and design of novel therapies for GLD.

Our study confirms and significantly extends upon the previ-
ous study (Lee et al., 2010). They showed alterations in process-
ing, trafficking, and enzymatic activity of one infantile- and two
later-onset GALC mutants. We have extended that analysis to
three more infantile- and three later-onset mutants, in combina-
tion with various common cis-polymorphisms, to show that lack
of arrival to lysosomes correlates with lack of processing of GALC
and the severity of disease. Second, cis-polymorphisms can have
important effects on trafficking, processing, and activity of GALC
mutants. Furthermore, we confirmed that the differential traf-
ficking of GALC mutants is conserved among cell types, includ-
ing myelinating glia (oligodendrocytes and Schwann cells) and
HEK-293T embryonic kidney cells. Finally, we follow up on these
observations to show that direct measure of GALC activity from
lysosomal fractions in transfected cells, as well as from patient
fibroblasts, better distinguishes the GALC activities of infantile
GLD from the later-onset GLD mutants.

Current diagnosis of GLD in newborn screening is based on
reduced GALC activity in total cell lysates from blood and DNA
analysis (http://www.wadsworth.org/). However, the mutation—
phenotype relationship often does not correlate with clinical out-
comes, such as age of onset and survival. The reason for the
variability in the genotype—phenotype relationship for GLD was
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A Sex Age ofonset Age atexam  GALC activity GALC alleles Polymorphism
(% normal) (c.550T, 742A, or 1685C)
F 3y 6 m (Later) 4y [30-kbA] + [G286D] ¢.550T
M 4y (Later) 5y 15 [N295T] + [G609GfsX6] c.1685C
B 3 m (Infantile) 7m 217 [K359AfsX3] + [Y567S] c.1685C
M 4 m (Infantile) 8m 5 [30-kbA] + [T529M] ¢.550T, c.742A
M 3 m (Infantile) 4m 18 [E136EfsX35] + [E136EfsX35] none
M 5 m (Infantile) 6m 0 [E130K] + [N295T] none
B = 5 m (Infantile) 5m 10 [R69X] + [S94P] not available
M 4-5 m (Infantile) 18 m 1.97 [30-kbA] + [30-kbA] ¢.550T
B total cell lysosome
r—.‘—\

GALC activity (nmolthr/mg)

infantile

Figure 7.

infantile

Lysosomal fractions of dermal fibroblasts from later-onset patients have significantly higher GALC activities than those from infantile-onset patients. A, The table shows clinical and

molecularinformation of GLD dermal fibroblasts used in this study, which were from published (Tappino etal., 2010) and unpublished samples (Mirella Filocamo, Telethon Biobank, Italy). K359AfsX3
(lysine 359 substituted by alanine followed by a frame-shift translational termination) is located close to the frequent 30 kb deletion GLD mutation and therefore will generate a truncation similar
to the 30 kb deletion. B, GALC activities in total cell lysates or lysosomal fractions of the dermal fibroblasts from GLD patients and age-matched normal controls (<4 years old). GALC activities from
total cell lysates of the later-onset mutants are many times indistinguishable from those of the infantile forms. However, GALC activities from the lysosomal fractions showed that the later-onset
mutants have more enzyme activity in the lysosome and are more reliably distinguished from those of the infantile forms. WT-11is male and WT-2 is female. Error bars indicate SD of triplicates. *p <
0.05 (Student’s t test). **p << 0.01 (Student’s  test). ***p << 0.001 (Student’s ¢ test). n.s., Not significant.

previously unknown (Wenger, 2011b). In the lysosome, GALC
catabolizes galactolipids, such as galactosylceramide and psycho-
sine (Suzuki, 2004). Because clinical laboratories use total cell
lysates from blood cells or skin fibroblasts to measure GALC
activity, it is possible that GALC present in other subcellular or-
ganelles could falsely skew the enzymatic activity measured in
total cells after lysis but would not reflect the useful activity of
GALC in vivo in the lysosome.

In this study, we postulated that this confounding error is one
reason why GALC activity from total cell lysates may not always
be a good prognostic predictor. Our data support this hypothesis.
We showed that infantile-onset mutation in GALC results in al-
terations in trafficking and processing of GALC associated with
severely reduced lysosomal GALC activity. In contrast, a later-
onset mutation retains partial ability to traffic GALC to lyso-
somes where it is processed at lower levels and retains a low,
but existent, GALC activity. Furthermore, we show that cis-
polymorphisms can modify trafficking and processing of a mu-
tant GALC, including its insertion into the lysosome, and access
to its substrates. These data provide the first evidence for how
cis-polymorphisms may modulate the function of a mutant
GALC and produce genotype/phenotype variability in patients.

At first glance, analysis of lysosomal extracts appears to be
designed to eliminate GALC-specific activities that are falsely
high because this approach would remove other confounding
cellular sources of GALC (Fig. 9). However, falsely high values are
not the problem in presymptomatic or newborn screening. In the
latter, the problem is to distinguish very low infantile-onset GLD

GALC activities from low, later-onset GLD GALC activities and
from falsely low, not disease-causing GALC activities (e.g., carri-
ers and other false positives). Nonetheless, comparing Figure 1F
(lysosomal) with Figure 1E (whole cell) shows how lysosomal
extracts actually succeed. The specific activities of WT or later-
onset G286D increase by 2.5- to 3.5-fold in the lysosomal frac-
tion, largely because GALC per unit protein values are much
higher in the lysosome, whereas the specific activities of infantile-
onset T529M or Y5678 values fall slightly; here there is only the
small amount of GALC in the lysosome in either extract. As a
result, the somewhat low levels of later-onset G286D are now
easily distinguished from very low infantile-onset levels. In addi-
tion, we note that the range of GALC activities are expanded over
alarger range (from 3 to 55 in the lysosome instead of from 2.5 to
20 nmol/h/mg in the whole cell) potentially helping to distin-
guish all true GALC levels from background noise and to
better separate lower GALC levels due to carrier or polymor-
phism effects from GLD-causing levels.

A total of 5% of normal GALC activity is considered to be the
general cutoff for diagnosis of GLD. We propose that, if the ma-
jority of this GALC activity (<5%) is present in the lysosome,
then the patient will have a milder phenotype and will present
with the later-onset form of the disease (Fig. 9A). In contrast, if
this GALC activity is localized aberrantly to the ER or Golgi, due
to a defect in trafficking of GALC protein, then the patient will
have a more severe phenotype and will present with the infantile-
onset form of the disease (Fig. 9B). Indeed, it has been recently
reported that the GALC precursor protein undergoes more effec-
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Figure 8.

4-PBA enhances GALC levels and activity. A, GALC levels were measured from total lysates of transfected cells expressing WT or mutant GALC in combination with various cis-

polymorphisms after treatment with 2 mm 4-PBA for 24 h. The chaperone increased the 80 kDa GALC precursor in WT and in all mutants, but not relative levels of processed GALC fragments. B, GALC
activities were measured from transfected cells expressing the WT and G286D GALCs with or without treatment with 2 mm of 4-PBA. 4-PBA significantly enhanced the GALC activities in cells
expressing WT, G286D, and T529M GALCs. *p << 0.05 (Student's t test). **p << 0.01 (Student's t test). ***p << 0.001 (Student's t test). n.s., Not significant. €, The addition of 4-PBA for 24 hincreased
the trafficking to the lysosome (LAMP2; green) of WT and all mutant GALCs (red) in transfected HEK-293T cells, possibly due to the overallincrease in GALC precursor by 4-PBA. Orthogonal views (XY,

XZ, and YZ) of a z-stack. White lines indicate section positions. Scale bar: , 5 m.
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Model for how measured GALC activities may not correlate with disease severity in GLD; 5% of normal GALC activity is regarded as the general cutoff for diagnosis of GLD. The diagram

represents two different possibilities for the localization of GALC that can produce the same whole-cell lysate GALC activity when measured in patient blood. A, If the majority of remaining GALCis
<<5% but is found concentrated in the lysosome, then the patient will have milder phenotype and present with a later-onset form of the disease. B, If, however, most of the remaining GALC is
localized to the ER or Golgi, due to defective trafficking, then the patient will have a more severe phenotype and may manifest with the infantile-onset form of the disease.
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tive processing in the later-onset form of the disease than in the
infantile-onset form (Hossain et al., 2014), indicating that the
factor most responsible for the pathogenesis of the disease may
indeed be the ability to process the precursor form of GALC to the
mature form. Therefore, we think that it is necessary to measure
GALC-specific activity in various subcellular organelles, includ-
ing the lysosome, to better understand the different sources that
may contribute to overall GALC activity in whole-cell lysates,
currently measured in the clinic.

In addition to being trafficked directly to the lysosome, the
GALC precursor is also secreted into the extracellular space and
then taken up either by the secreting cell itself or by adjacent cells,
at which point it is finally delivered to lysosomes (Nagano et al.,
1998). GLD mutations also lead to impaired GALC secretion
and/or reduced cellular reuptake (Lee et al., 2010), indicating that
the mutations may prevent cross-correction of adjacent cells with
significant GALC enzyme. The cis-polymorphisms could also im-
pact this secretion/uptake process by affecting GALC trafficking.
In a future study, we plan to measure the effects of these muta-
tions and cis-polymorphisms on GALC secretion and cellular
reuptake.

The use of the chemical chaperone strategy is theoretically
attractive because it is applicable to a wide range of pathologic
conditions. Interestingly, we identified 4-PBA as an enhancer of
the GALC precursor level, which is a low-molecular weight fatty
acid that increases protein stability by the binding to and masking
of exposed hydrophobic regions of misfolded proteins. 4-PBA is
already used clinically in children with urea cycle disorders (Mae-
stri et al., 1996), as a chemotherapeutic agent (Chen WY et al,,
1997), and in cystic fibrosis, where it partially facilitates traffick-
ing of the mutant cystic fibrosis transmembrane conductance
regulator AF508 (Rubenstein and Zeitlin, 2000). Partial effects of
chaperones for the treatment of GLD may be sufficient because it
is generally accepted that a residual enzyme activity of only ~10%
provides clinical efficacy in lysosomal storage diseases (Parenti,
2009). Also, because of their small size, chaperones have the po-
tential to be taken orally with broad bioavailability, including to
the brain. Indeed, a-lobeline, a pharmacological chaperone and
weak inhibitor of GALC, was found to rescue function of the
D544N infantile-onset GLD mutant in transfected cells (Lee et
al., 2010). Another recent study has also demonstrated that
N-octyl-4-epi-B-valienamine significantly increases the enzyme
activity and the processing of later-onset GALC mutants (Hos-
sain etal., 2015). Additionally, a cellular high-throughput screen-
ing assay using GLD fibroblasts has been developed for small
molecules that enhance the residual mutant GALC activity (Rib-
bens et al., 2013). Unfortunately, in many contexts (Fig. 8A),
4-PBA affects mainly the level of precursor GALC and not its
processed fragments, thus limiting the therapeutic application. In
addition, accumulation of precursor proteins has the potential to
cause other side effects, including an unfolded protein response
(D’Antonio et al., 2013). It will be necessary to screen for other
chemical chaperones that facilitate trafficking of mutant GALCs
to the lysosome.

In conclusion, we found that cis-polymorphisms that are as-
sociated with specific mutations explain, in part, the clinical vari-
ability associated with a given genetic mutation. We suggest that
measurement of GALC activity in a subcellular organelle-specific
manner may better predict which infants with low GALC activity
are at higher risk for the infantile phenotype and are therefore
more suitable as potential candidates for HCT. This method will
also help to distinguish other children with low GALC activity
that will eventually develop later-onset phenotypes, perhaps
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many years before the initial onset of symptoms. Although the
majority of this study has been performed in transfected cells on
exogenously expressed GALC, we did confirm the improved dis-
crimination of infantile- and later-onset GALC levels in lyso-
somal fractions prepared from patient fibroblasts. In a future
study, we will extend this analysis to total cell lysates versus lyso-
somal fractions in induced pluripotent stem cells and induced
pluripotent stem cell-derived oligodendrocytes from GLD
patients (Tappino et al., 2010) to confirm the difference bet-
ween infantile- and later-onset forms, and the effect of cis-
polymorphisms, on trafficking, lysosomal processing, and GALC
activity.
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