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Abstract

Recently, we identified neuropathy target esterase (NTE) mutation as the cause of an autosomal
recessive motor neuron disease (NTE-MND). Subsequently, we showed that NTE-MND
mutations reduced specific activity (SA) and altered inhibitory kinetics of NTE catalytic domain
constructs. Recent preliminary results showed that NTE is expressed in cultured human skin
fibroblasts, and others have used mutant forms of neuronal proteins expressed in fibroblasts as
biomarkers of neurogenetic diseases. Therefore, the present study was carried out to test the
hypothesis that NTE in cultured skin fibroblasts from NTE-MND subjects also exhibit altered
enzymological properties assessed by SA and ICgq values of mipafox (MIP) and chlorpyrifos oxon
(CPO). NTE SA was reduced to 65% of control (wild type NTE from commercially obtained
fibroblasts) in homozygous M1012V fibroblasts and 59-61% of control in compound
heterozygous R890H/c2946_2947InsCAGC fibroblasts. MIP 1C5 values were unaffected by the
NTE mutations, but the CPO ICsq increased 4.5-fold in homozygous M1012V fibroblasts.
Interestingly, markedly reduced NTE SAs (40-43% of control) were observed in fibroblasts from
asymptomatic subjects heterozygous for NTE insertion c2946_2947InsCAGC. This insertion is
predicted to produce truncated NTE missing the last 235 residues of its catalytic domain. These
observations confirm that NTE-MND mutations reduce NTE SA in vitro. Moreover, to the extent
observations made in cultured fibroblasts may be generalized to events in the nervous system, lack
of correlation between reduced fibroblast NTE SA and the occurrence of NTE-MND in NTE
insertion mutation heterozygotes indicates that reduction of NTE SA alone is insufficient to cause
MND.
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1. Introduction

Neuropathy target esterase (NTE) is a widely expressed endoplasmic reticulum (ER)
membrane-associated phospholipase that deacylates intracellular membrane
phosphatidylcholine to glycerophosphocholine (Fernandez-Murray and McMaster, 2007;
Glynn, 2005; Zaccheo et al., 2004). Known initially for its critical role in organophosphorus
(OP) compound-induced delayed neuropathy (OPIDN) (Johnson, 1970; Lotti and Moretto,
2005), NTE is increasingly recognized as an important factor in nervous system
development and maintenance (Read et al., 2009; Vose et al., 2008). Brain-specific
knockout of NTE in mice leads to progressive neurodegeneration (Moser et al. 2004;
Akassoglou et al. 2004). Mutation of NTE's Drosophila homologue sws leads to
neurodegeneration, motor impairment, and reduced life span in the insect (Kretzschmar et al.
1997; Mihlig-Versen et al. 2005). Homozygous NTE M1012V mutation and compound
heterozygous NTE R890H/c2946_2947InsCAGC mutation cause human autosomal
recessive motor neuron disease (NTE-MND) (Rainier et al. ,2008). (Hereafter in this paper,
NTE mutation c2946_2947InsCAGC will be abbreviated “NTE insertion” [NTE!S])

Using site-directed mutagenesis and a bacterial expression system, we showed that NTE-
MND-specific mutations result in reduced specific activity and altered inhibitory kinetics in
constructs of the NTE catalytic domain (NEST) (Hein et al., 2010). Moreover, preliminary
studies in our laboratory showed that cultured skin fibroblasts expressed NTE. Therefore,
we carried out the present study to test the hypothesis that NTE in cultured skin fibroblasts
from NTE-MND subjects also exhibits altered enzymological properties. These
investigations confirm that disease-specific NTE mutations reduce NTE specific activity in
vitro and demonstrate the usefulness of fibroblast cultures for analysis of NTE biochemistry.
Moreover, the finding of reduced NTE specific activity in neurologically normal NTE-MND
carriers indicates that reduced NTE specific activity alone is insufficient to cause NTE-
MND.

2. Methods

2.1. Human subjects

Human subject participation was approved by the University of Michigan Institutional
Review Board. NTE-MND subjects were previously described (Rainier et al., 2008; Rainier
et al., 2010). Following sterile preparation, drape, and 1% (w/v) sc lidocaine injection, 3 mm
superficial skin punch biopsies were obtained.

NTE gene analysis for each subject has been previously reported (Rainier et al., 2008),
except subjects 3 and 9 for whom NTE coding sequence was analyzed for this study. Subject
1 was an unaffected individual shown by DNA sequencing not to have pathogenic NTE
mutations present in affected siblings. Subjects 2 and 3 (both unaffected) were heterozygous
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for NTE R890H mutation. Subject 4 (unaffected) was heterozygous for NTE M1012V
mutation. Subject 5 (affected) was homozygous for NTE M1012V mutation. Subjects 6 and
7 (both affected) were compound heterozygous for NTE mutations R890H and NTE
insertion. Subjects 8 and 9 (both unaffected) were heterozygous for NTE insertion mutation.

2.2. Human skin fibroblast cultures

Human skin fibroblasts from a control subject were obtained from Invitrogen (Carlsbad,
CA). Fibroblast cultures from this control sample and from skin punch biopsies were
established and maintained using published methods. Briefly, cells were maintained in T75
flasks with minimum essential medium (GIBCO, Invitrogen) containing 20% (w/v) fetal
bovine serum (Hyclone, Thermo Fisher Scientific, Waltham, MA), 100 U/mL penicillin, 100
ug/mL streptomycin, and 250 ng/mL fungizone (GIBCO, Invitrogen) at 37 °C with 5% (v/v)
CO». Passages 5 through 13 were used for data measurements throughout. Confluent flasks
were split 1:2 by volume, and harvested 48 h later for NTE assay. Cells were washed twice
with PBS, harvested with 0.25% (w/v) trypsin, and spun 1000 x g for 10 min. The cell pellet
was washed twice with buffer containing 50 mM Tris-HCI (pH 8.0 at 25 °C) and 0.1 mM
EDTA. The cell pellet was resuspended in buffer containing 100 mM Tris-HCI (pH 8.0 at 25
°C), 1 mM CaCl,, and 0.01% (w/v) Triton-X 100 (Vose et al., 2008) and sonicated three
times on ice for 6 sec.

2.3. DNA sequencing

NTE sequencing was performed previously (Rainier et al., 2008) in leukocyte DNA samples
from each participant except subjects 3 and 9. Fibroblast DNA from subjects 3 and 9 was
extracted and NTE exons 25 and 27 (the location of previously identified NTE mutations in
family members) were sequenced as previously described (Rainier et al., 2008). Control
fibroblast DNA was extracted and the entire NTE coding sequence analyzed as previously
described (Rainier et al., 2008).

2.4. Chemicals for NTE enzymologic analysis

Diethyl-3,4,5-trichloro-2-pyridyl phosphate (chlorpyrifos oxon, CPO; 96% by GC) was
furnished by Dow AgroSciences (Indianapolis, IN). Diethyl 4-nitrophenyl phosphate
(paraoxon, PO; 98% by HPLC) was purchased from Sigma Aldrich (St. Louis, MO). N, N’
diisopropylphosphorodiamidofluoridate (mipafox, MIP; 99% by HPLC) was synthesized by
ChemSyn (Lenexa, KS), and purchased from the Midwest Research Institute (Kansas City,
MO). Phenyl valerate (PV) was synthesized and purified as described (Johnson, 1977). All
other chemicals were reagent grade or the highest grade commercially available. Aqueous
solutions were prepared in deionized distilled water. CPO, MIP, and PO present a potential
neurotoxic hazard. Therefore, these chemicals were handled in a chemical fume hood and all
items that contacted them were decontaminated by soaking in 1 M NaOH overnight.

2.5. NTE specific activity

NTE activity was defined as the portion of PV hydrolase activity that was inhibited by PO
but not abolished by MIP. An adaptation of the colorimetric assay of Johnson (1977) as
modified by Kayyali et al. (1991) and Kropp and Richardson (2003) was used. A 112.5 uL
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aliquot of sonicated fibroblasts was preincubated for 20 min at 37 °C with either 12.5 uL of
400 puM paraoxon to inhibit background esterase activity or 12.5 pL of 400 uM paraoxon
plus 500 UM mipafox to inhibit background and NTE activity. Following this preincubation,
50 pL aliquots of the preincubation mixture were mixed with 100 pL of a substrate solution
containing 2.71 mM PV/0.03% (w/v) N,N’-dimethylformamide in 0.03% (w/v) Triton
X-100, and the reaction was allowed to proceed for 20 min at 37 °C. Production of phenol
was stopped by adding 100 uL of 5.0 mg/mL sodium dodecyl sulfate/1.2 mM 4-
aminoantipyrine followed by 50 pL of 12.1 mM K3Fe(CN)g, and color was allowed to
develop and stabilize for 10 min. Endpoint absorbance was measured at 486 nm using a
SpectraMax 340 microplate reader (Molecular Devices, Sunnydale, CA). Protein
concentration was determined colorimetrically using the Bio-Rad Protein Assay Dye
Reagent (Hercules, CA), and dilutions of bovine serum albumin (New England BioLabs,
Ipswich, MA) were used as standards. In this paper, 1 unit of NTE specific activity = 1 nmol
phenol produced/min/mg protein.

2.6. NTE ICgg determinations

NTE inhibition was carried out by a modification of the procedure of Davis and Richardson
(1987). CPO or MIP (10 pL in incubation buffer with 0.1% v/v acetone) were added to 40
pL aliquots of preincubation mixtures at the end of the first preincubation interval, and
inhibition was allowed to continue for 20 min at 37 °C before addition of substrate. Residual
NTE activity was then measured as described above. The concentration of acetone used to
solubilize the inhibitors did not affect enzyme activity. For each experiment, 5
concentrations of inhibitor were used over two log-orders of concentration. 1Csq values were
determined by fitting plots of percent inhibition vs log concentration to a sigmoid curve
using GraphPad Prism 5.03 for Windows (GraphPad Software, Inc., San Diego, CA).

2.7. Statistical analysis

Data are presented as mean = SEM, with the number of separate determinations indicated in
each case. Significance of differences between test means and the control mean was
determined by one-way analysis of variance (ANOVA) followed by Dunnett's test. In
addition, in order to discuss comparisons of means within test groups, we examined all
pairwise comparisons within the groups of NTE activity, MIP ICg, and CPO ICgq using
one-way ANOVA with Tukey's post-test. For all analyses, the maximum p-value for
significance was 0.05. Statistical analysis was carried out using GraphPad Prism 5.03 for
Windows (GraphPad Software, Inc., San Diego, CA).

3. Results

3.1. Clinical examinations

All subjects were interviewed and examined (by J.K.F.). Clinical features of NTE-MND
affected subjects have been described previously (Rainier et al., 2008; Rainier et al., 2010).
Parents and unaffected siblings of NTE-MND subjects were neurologically asymptomatic
and had normal neurologic examinations.
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3.2. NTE sequencing

Sequence analysis of each NTE exon from the control fibroblast DNA did not identify any
sequence variations (data not shown). DNA sequence analysis of the affected subjects and
obligate (parental) carriers of NTE mutation and one unaffected sibling has been previously
reported (Rainier et al., 2008). NTE sequencing analysis was performed on skin fibroblast
DNA from subjects 3 and 9 who had two NTE-MND-affected siblings (compound
heterozygotes for NTE mutation R890H/NTE insertion). One unaffected sibling (subject 3)
carried the R890H mutation and the other unaffected sibling (subject 9) carried the NTE
insertion (data not shown).

3.3. NTE specific activity

Fig. 1 shows NTE specific activity in fibroblasts with the indicated NTE genotypes. NTE
activity in commercially obtained, control fibroblasts (15 units) was similar to that of the
unaffected subject without pathogenic NTE mutation (subject 1, 14 units). The 3 clinically
affected subjects had moderate, statistically significant decreases in specific activity
(59-65% of control). Interestingly, two unaffected subjects heterozygous for NTE insertion
mutation (Fig. 1, subjects 8 and 9) had even further reductions in NTE specific activity (40—
43% of control). The NTE activity (12.4-14.3 units) in fibroblasts from three other
unaffected NTE mutation carriers (subjects 2 and 3, heterozygous for R890H; and subject 4,
heterozygous for M1012V) did not differ from the control.

3.4. NTE inhibition studies

As shown in Fig. 2, all of the MIP 1Csq values were in a comparable range of 7.2 to 11.4
UM, and none of the values differed statistically from that of the WT/WT control.

Fig. 3 depicts the distribution of ICgq values for CPO. Fibroblasts homozygous for the
M1012V mutation had a significantly elevated value that was 4.5 times that of the control.
Although fibroblasts heterozygous for this mutation (M1012V) had a CPO 1Cs value that
was over twice that of the control value, this was not statistically significant.

4. Discussion

NTE activity has been measured in cultured cells from a variety of sources. These include
human neuroblastoma (SH-SY5Y and variants) (Ehrich et al., 1994; Hong et al, 2003;
Massicotte et al., 2005; Nostrandt and Ehrich, 1992; Pope et al., 1995; Veronesi and Ehrich,
1993); mouse neuroblastoma (NB41A3) (Veronesi and Ehrich, 1993); human cervical
adenocarcinoma (HeLa); rat adrenal pheochromocytoma (PC-12) and rat glioma (C6) (Li
and Casida, 1997; 1998); bovine and porcine adrenal medullary chromaffin cells (Romero et
al., 2006); mouse primary cortical and cerebellar granule cells and astrocytes (Read et al.,
2007); mouse inner medullary collecting duct cells (Gallazzini et al., 2006); and, most
recently, mouse embryonic stem cells (Pamies et al., 2010).

To our knowledge, our data represent the first demonstration of NTE activity in cultured
human skin fibroblasts. Our findings indicate that analysis of NTE in cultured skin
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fibroblasts provides a useful resource to study the biochemistry of NTE-related
neurodegeneration and by extension its pathogenesis.

NTE specific activities from control fibroblasts (15 units) and fibroblasts from subject 1
without NTE pathogenic mutation (14 units) are comparable to values reported for human
neuroblastoma cell lines SK-N-SH (7.2 units), SY-5Y (7.6 units), and differentiated SH-
SY5Y (21 units) (Ehrich and Veronesi 1995; Nostrandt and Ehrich, 1992). Moreover, the
20-min ICxq values for MIP against the NTE activity in fibroblasts from the control subject
and the unaffected subject with normal NTE sequence (8.2 and 9.5 UM, respectively) are
within the range of values previously reported for hen or human brain NTE or NEST
(median 7.3 pM; interquartile range, 4.4-10.8 pM) (Hein et al., 2010). Similarly, the 20-min
ICgq values for CPO against the NTE activity in control fibroblasts of 0.16 UM and those
from subject 1 (0.19 uM) are within the range of previously reported values for hen or
human NTE or NEST (median, 0.20 pM; interquartile range, 0.13-0.27 uM) (Hein et al.,
2010). Taken together, these biochemical parameters serve to establish the suitability of
cultured skin fibroblasts for NTE studies.

Our studies demonstrate conclusively that NTE-MND subjects bearing homozygous or
compound heterozygous disease-specific NTE mutations have reduced NTE specific activity
in cultured skin fibroblasts. These results confirm prior studies that demonstrated reduced
activity when disease-specific NTE mutations were introduced into NEST constructs (Hein
et al., 2010). There was no significant difference in NTE specific activity between
fibroblasts from the NTE-MND subject who was homozygous for the M1012V mutation
(Fig. 1, subject 5) and the two NTE-MND subjects who were compound heterozygous for
mutations R890H and NTE insertion (Fig. 1, subjects 6 and 7).

Interestingly, we observed greater reductions in fibroblast NTE activity in two unaffected
subjects who were heterozygous for NTE insertion mutation (Fig. 1, subjects 8 and 9)
compared to affected subjects (either homozygous for NTE M1012V or compound
heterozygous for NTE R890H and NTE insertion). These unaffected subjects were
asymptomatic and had normal neurologic examinations. As these unaffected NTE insertion
heterozygotes were three (sibling) and seven (parent) decades older than the age-of-
symptom onset (early childhood), it is considered quite likely that they will remain
neurologically unaffected.

These findings indicate that reduced NTE specific activity, as measured by phenyl valerate
hydrolysis, is not sufficient to cause progressive neurodegeneration. This conclusion must be
tempered by consideration of the fact that the analysis was performed on non-neuronal cells
(fibroblasts) and the assumption that NTE specific activity in neurons would be similar.

Our studies also indicate that some but not all disease-specific NTE mutations altered the
enzymological characteristics of NTE. Whereas fibroblasts with homozygous M1012V
mutation, compound heterozygous R890H/NTE insertion mutations, and heterozygous NTE
insertion mutation displayed reduced PV hydrolase activity, only fibroblasts homozygous
for M1012V mutation exhibited significant increase in the CPO ICsgq (all pairwise
comparisons, p < 0.01 for comparison with subject 4 and p < 0.001 for comparisons with all
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other subjects). This result is consistent with our recent findings (Hein et al., 2010) in NEST
constructs, where the M1012V mutation produced changes in inhibitory constants as well as
specific activity, but the R890H mutation produced changes only in specific activity. The
fact that the heterozygosity for the NTE insertion mutation reduced the specific activity to
40-43% of control is consistent with abolishing the activity contributed by one allele without
any other effect on the enzymological characteristics that were investigated.

Our results underscore the importance of examining mechanisms other than reduction of
NTE specific activity by which NTE disturbance (both through organophosphorylation and
by genetic mutation) may be pathogenic. For example, recent work has shown that the
Drosophila NTE homologue SWS binds to cAMP protein kinase (PKA) catalytic subunit C3
and acts similarly to the PKA R1 regulatory subunit to inhibit PKA-C3 (Bettencourt da Cruz
et al., 2008). Furthermore, neurodegeneration in sws Drosophila mutants is exacerbated by
increased PKA-C3 expression. Whereas expression of wild-type sws cDNA rescued
neurodegeneration, expression of sws cDNA bearing mutations that disturbed PKA-C3
interaction had significantly reduced rescue ability. From these observations, the authors
proposed that disruption of SWS regulation of PKA-C3 leads to neurodegeneration
(Bettencourt da Cruz et al., 2008). Finding that mammalian NTE has similar PKA regulatory
properties as its SWS homologue would expand the possible mechanisms (including altered
phosphorylation of target proteins and/or cAMP-regulated gene expression) by which NTE
disturbance leads to neurodegeneration.

It is also possible that NTE-mediated motor neuron degeneration is unrelated to either
reduction in its catalytic activity or its putative role in cAMP-dependent protein kinase
regulation. In particular, protein misfolding and consequent ER stress is emerging as a
mechanism common to many neurodegenerative disorders (Luo and Le, 2010), including
Alzheimer's disease (Salminen et al., 2009), amyotrophic lateral sclerosis (Johnson et al.,
2009; Kerman et al., 2010), Parkinson's disease (Bandopadhyay and de Belleroche, 2010),
and polyglutamine-expansion disorders (Williams and Paulson, 2008). Moreover, axonal
degeneration is increasingly being recognized as an early event in neurodegenerative
diseases previously classified as primary neuronopathies (Vickers et al., 2009). Furthermore,
NTE is localized in the ER and either its inhibition by neuropathic OP compounds or
disruption of its encoding gene results in intraaxonal membranous inclusions and axonal
degeneration (Glynn, 2006; Read et al., 2010). Thus, it is possible that NTE disturbance by
irreversible organophosphorylation and/or pathogenic mutation leads to progressive axonal
degeneration via protein misfolding and initiation of the unfolded protein response.
Examining these mechanisms will provide insight into NTE-mediated pathogenesis and
treatment possibilities.
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Clinical Status

Specific activity (nmol phenol produced/min/mg protein) of NTE in control fibroblasts
(WT/WT [control]) and in subject fibroblasts with NTE genotype indicated. Subject number
is shown in square brackets. Clinical status of subjects is indicated as affected or unaffected
with NTE-MND. Data are mean values + SEM; number of separate determinations shown in

parentheses. *** Significantly different from WT/WT [control], p < 0.001.
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Mipafox (MIP) 20-min 1C5q values (uM) at 37 °C, pH 8.0 against NTE in control fibroblasts
(WT/WT [control]) and in subject fibroblasts with the NTE genotype indicated. Subject
number is shown in square brackets. Clinical status of subjects is indicated as affected or

unaffected with NTE-MND. Data are mean values + SEM; number of separate

determinations shown in parentheses. None of the values was significantly different from
that of WT/WT [control] (p > 0.05).
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Figure 3.

Chlorpyrifos oxon (CPO) 20-min I1Csq values (uM) at 37 °C, pH 8.0 against NTE in control
fibroblasts (WT/WT [control]) and in subject fibroblasts with the NTE genotype indicated.
Subject number is shown in square brackets. Clinical status of subjects is indicated as
affected or unaffected with NTE-MND. Data are mean values + SEM; number of separate
determinations shown in parentheses. ***Significantly different from WT/WT [control], p <

0.001.
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