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Context: Gordon Holmes syndrome (GHS) is characterized by cerebellar ataxia/atrophy and nor-
mosmic hypogonadotropic hypogonadism (nHH). The underlying pathophysiology of this com-
bined neurodegeneration and nHH remains unknown.

Objective: We aimed to provide insight into the disease mechanism in GHS.

Methods: We studied a cohort of 6 multiplex families with GHS through autozygosity mapping and
whole-exome sequencing.

Results: We identified 6 patients from 3 independent families carrying loss-of-function mutations
in PNPLA6, which encodes neuropathy target esterase (NTE), a lysophospholipase that maintains
intracellular phospholipid homeostasis by converting lysophosphatidylcholine to glycerophospho-
choline. Wild-type PNPLA6, but not PNPLA6 bearing these mutations, rescued a well-established
Drosophila neurodegenerative phenotype caused by the absence of sws, the fly ortholog of mam-
malian PNPLA6. Inhibition of NTE activity in the L�T2 gonadotrope cell line diminished LH response
to GnRH by reducing GnRH-stimulated LH exocytosis, without affecting GnRH receptor signaling
or LH� synthesis.

Conclusion: These results suggest that NTE-dependent alteration of phospholipid homeostasis in
GHS causes both neurodegeneration and impaired LH release from pituitary gonadotropes, lead-
ing to nHH. (J Clin Endocrinol Metab 99: E2067–E2075, 2014)
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Gordon Holmes syndrome (GHS) (MIM 212840) is
characterized by cerebellar ataxia/atrophy and nor-

mosmic hypogonadotropic hypogonadism (nHH), which
was first described in 1908 (1). The closely associated
Boucher-Neuhäuser syndrome (BNS) (MIM 215470) has
chorioretinal dystrophy as an additional feature (2). BNS
is believed to be a continuum of GHS. Neurological char-
acteristics of these syndromes become gradually obvious
during mostly the second or third decade and appear to be
a progressive neurodegeneration. nHH, on the other
hand, manifests itself as pubertal failure. Inactivating mu-
tations in 3 ubiquitination-related genes, RNF216 (3),
OTUD4 (3), and STUB1 (4), were reported in some pa-
tients with GHS, indicating genetic heterogeneity of this
syndrome. Very recently, when we were preparing this
manuscript for publication, a report appeared demon-
strating that that BNS and GHS are caused by mutations
in PNPLA6 (5). However, none of these studies provide an
explanation of how these gene deficiencies relate to neu-
rodegeneration or nHH. To shed light into the disease
mechanism in these syndromes, we studied a group of
multiplex families with GHS or BNS through autozygosity
mapping and whole-exome sequencing and identified
loss-of-function mutations in PNPLA6. Complementary
studies provided significant insight into how the clinical
features of these syndromes are brought about.

Subjects and Methods

Case presentations
We studied a cohort of 6 multiplex families with GHS or BNS.

The ethics committee of the Cukurova University Faculty of
Medicine approved this study, and full informed consent was
obtained from each participant.

Family 1
The proband (II-1) is a 51-year-old Turkish man who was

noted to have micropenis and undescended testicles as a child and
poor sexual development as a teenager. He has 2-mL testes in the
scrotum and a 4.5-cm prepubertal penis. His unsteady gait
started at age 37; speech difficulty followed 1 year later.

His affected sister (II-3) is a 46-year-old woman with ataxia
and primary amenorrhea. Only after starting estrogen replace-
ment at age 19 did she begin to have breast development. She had
an unsteady gait from childhood and developed speech difficul-
ties and tremor in her 20s.

An electromyography showed sensory and motor neuropathy
in both siblings. They had normal ophthalmological features.

Family 2
The clinical features of the Dutch siblings have been previ-

ously reported (2). Briefly, a 25-year-old man was seen for his
poor sexual development. He had a very small scrotum and pe-
nis. A standard GnRH stimulation test did not elicit any LH
response. Furthermore, after a daily sc injection of GnRH at 0.1

mg for 1 week, plasma LH levels remained below the detection
limit of 0.1 mIU/mL.

His 2-years-younger sister was first seen at age 21 for primary
amenorrhea and poor sexual development. On examination, a
disturbed balance and gait was evident in both patients. Both
siblings were diagnosed with atypical chorioretinal dystrophy at
23 years of age.

Family 3
The proband (II-1) is an 18-year-old-male Turkish patient

who presented with absence of pubertal development. He had
testicles of 1 mL with a penis length of 2 cm. He developed
nystagmus, ataxic gait, and dysarthria at age 12. His 15-year-old
brother also suffers from absence of pubertal development. He
had a testicular volume of 1.5 mL and a penis length of 3 cm. He
developed nystagmus without other cerebellar signs at age 14.
These siblings had normal ophthalmological features.

The pedigrees of the 3 families are shown in Figure 1A. All 6
patients had a normal sense of smell by conventional testing. All
patients but the younger brother in family 3 have cerebellar at-
rophy on brain magnetic resonance imaging (MRI) (Figure 1B).
The patients had otherwise normal anterior pituitary functions
with no evidence of structural lesions on MRI of olfactory bulbs
and sulci or hypothalamus and pituitary regions. Their off-treat-
ment hormonal profiles showed low or normal serum gonado-
tropins in the face of severely decreased serum estradiol or tes-
tosterone levels, clearly indicating HH. Additionally, GnRH
stimulation test results, when available, were consistent with HH
(Supplemental Table 1).

Laboratory Methods

Genetic studies
For genome-wide single-nucleotide polymorphism (SNP)

analysis we used 250K NspI SNP microarrays (Affymetrix) and
analyzed data using AutoSNPa software (AutoSNPa.org). For
exome sequencing, samples were prepared as an Illumina se-
quencing library, and in the second step, the sequencing libraries
were enriched for the desired target using the Illumina Exome
Enrichment protocol. The captured libraries were sequenced us-
ing Illumina HiSeq 2000 Sequencer (Macrogen). The reads were
mapped against UCSC hg18. For Sanger sequencing, PCR-am-
plified exons and splice junctions of PNPLA6 were sequenced on
an ABI PRISM 3130 autosequencer (Applied Biosystems).

To study functional effects of human mutations, we used a
pCMV6_XL6 expression vector (SC115919; Origene) contain-
ing a human cDNA encoding PNPLA6 transcript variant 2
(NM_006702.2). Each of the 3 mutations found in patients were
introduced into this cDNA by site-directed mutagenesis using the
Quikchange Lightning site-directed mutagenesis kit according to
the instructions of the manufacturer (Stratagene).

Neuropathy target esterase activity
L�T2 cells were plated at a density of 2 million cells per well

in poly-lysine–treated 12-well plates and incubated overnight in
complete culture medium with or without 3�M chlorpyrifos
oxon (CPO) (Accustandard), an inhibitor of neuropathy target
esterase (NTE) activity (6, 7). Next day, cells were washed twice
with cold PBS and snap-frozen on dry ice. NTE activity was
detected according to Ref. 8 with some modifications. Briefly,
the cells were resuspended in 200 �L assay buffer (20mM Tris
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base, 0.2mM EDTA [pH 8]) and sonicated 10 seconds using an
ultrasonic cell disruptor (Thermo Fisher Scientific) (amplitude �
1). Supernatants were collected after a 5-minute centrifugation at
12 000g. The assay detects the conversion of phenyl valerate into
phenol, which is read spectrophotometrically. Because the NTE
as well as cellular acetylcholinesterases convert phenyl valerate
into phenol, NTE activity is calculated as the difference between
the absorbance in a sample treated with paraoxon (PA), an in-
hibitor of acetylcholinesterases, from the absorbance of a sample
treated with PA plus CPO (which inhibits both types of enzymes).
In short, 50 �L lysate was used to determine NTE activity in the
presence of 0.07 mg/mL PA (AccuStandard) or PA plus
0.170mM CPO in a microplate incubated 30 minutes at 37°C in
the presence of the substrate (0.7 g/mL phenyl valerate, kindly
provided by Marion Ehrich, Virginia Polytechnic Institute). The

reaction was terminated by adding 50 �L 5% sodium dodecyl
sulfate, 0.02% 4-aminoantipyrine, 0.5M Tris base (pH 9.6), fol-
lowed by 50 �L 0.4% potassium ferricyanide. After 15 minutes
of color development, absorbance was measured at 510 nm using
a Spectramax M5 plate reader (Molecular Devices). The absor-
bance was plotted against a phenol standard curve. Protein con-
tent was determined using the 660-nm protein assay (Thermo
Fisher Scientific). NTE activity was expressed as nanomoles phe-
nyl valerate converted per minute per milligram protein.

GnRH-stimulated exocytosis
To assess the effect of NTE deficiency on GnRH-stimulated

exocytosis, we used the fluorescent dye FM1–43, an amphi-
pathic molecule that allows the visualization of membranes dur-

Figure 1. Pedigrees of the families with genotypes and cerebellar atrophy evident on MRI. A, In each family, genotype status for each of 2 alleles
of PNPLA6 is given below individuals in the nuclear family available to genetic study. B, Severe cerebellar atrophy evident on MRI of patient (II-3) in
family 1 (left) and patient (II-1) in family 3 (right). For brain images of patients in family 2 see Ref. 2. Abbreviation: WT, wild-type.
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ing the exocytosis/endocytosis cycle by virtue of its ability to
reversibly partition into lipid membranes. L�T2 cells were plated
at a density of 400 000 cells per well in poly-lysine–treated glass
coverslips inside a 6-well plate and incubated in DMEM without
phenol red containing 1% serum in the absence or presence of
3�M CPO to inhibit NTE activity. Twenty-four hours later, the
cells were washed once in Hanks’ balanced salt solution (HBSS)
and loaded with 5�M FM1–43FX in HBSS for 10 minutes at
room temperature followed by 10 minutes incubation with the
dye in the presence or absence of 50nM GnRH. Cells were rinsed
6 times with cold HBSS for 8 minutes each time and fixed with
4% paraformaldehyde/PBS for 20 minutes at 4°C followed by 10
minutes incubation with 0.1 �g/mL Hoechst 33258 (to label cell
nuclei) and 0.5 �g/mL wheat germ agglutinin (WGA) (Invitro-
gen) (to label cell membrane glycoproteins) in PBS. Coverslips
were mounted on glass slides for later microscopy (9).

Cells were imaged using a Leica SP5 AOBS laser scanning
confocal with a HCX Pl APO lambda blue 63 � 1.4 objective
with pixels of 120 � 120 nm2 and 1 �m distance between planes.
Three fluorescence channels (Hoechst 33258 excitation 405 nm/
emission 410–450 nm, FM1–43FX excitation 488/emission
500–500 nm, and WGA-Alexa 633 excitation 633 nm/emission
650–700 nm) were acquired in sequential mode. To avoid bias,
fields to be imaged were selected based on the 4=,6-diamidino-
2-phenylindole channel with no prior information regarding the
FM1–43FX distribution. Images were processed in ImageJ (10)
by applying conditions similar to the ones used for pituitary
lactotrophs (9): background subtraction of an image processed
by smoothing the images (Gaussian blur, � � 10), intensity
threshold and analyzed particles filtered by size (100–1000 nm)
and by circularity factor 0.7 to 1. Cellular contours were iden-
tified using the WGA signal and applied as a mask on top of the
images to identify particles on a per-cell basis.

The procedures used for Drosophila transgenic line studies,
GnRH receptor (GnRHR) signaling in Hela cells, culture of
L�T2 cells, transfection of small interfering RNAs (siRNAs),
RT-PCR, proliferation assays, LH immunoassay, measurement
of intracellular calcium levels, and LH immunofluorescence are
described in the Supplemental Materials and Methods.

Results

PNPLA6 mutations are detected in individuals with
pubertal failure and cerebellar ataxia

All living members of family 1 were subjected to ge-
nome-wide SNP analysis, and we identified 3 regions of
homozygosity. These regions were a 2.4-Mb region on
chromosome 5 from 104.4 to 106.8 Mb, a 2.1-Mb region
on chromosome 8 from 99.3 to 101.4 Mb, and a 2.0-Mb
region on chromosome 19 from 5.7 to 7.7 Mb. A sub-
sequent whole-exome sequencing identified a mutation
in PNPLA6 (HUGO Gene Nomenclature Committee:
16268, NM_006702) on the homozygous region on chro-
mosome 19. This mutation (PNPLA6-F1M) was a ho-
mozygous c.C3380G leading to p.Ser1127Cys in the cat-
alytic domain of the NTE and was confirmed by Sanger
sequencing. This mutation segregated perfectly within the

nuclear family according to the rules of autosomal reces-
sive inheritance. Upon screening for mutations in PN-
PLA6 in the 5 additional families with GHS/BNS in our
cohort, we identified compound heterozygous mutations
in 2 families. In family 2, mutation 1 (PNPLA6-F2M1)
was a c.1127insG leading to a frameshift and a stop codon
(p.Asp376GlyfsX18), which was inherited from the
mother. The resultant protein is predicted to lack the entire
catalytic domain and the C-terminal portion of the regu-
latory domain. The other heterozygous mutation, the fam-
ily 2 mutation 2 (PNPLA6-F2M2), was a c.C3295T lead-
ing to a p.Arg1099Cys, which was inherited from the
father.

In affected brothers from family 3, we identified 2 mu-
tations, each inherited from one parent: a C-to-T change
at cDNA 3931 creating the mutation p.Arg1311Trp from
the mother and a Gly832fsX13 mutation due to insertion
of TGTGGGCCTGGGG at cDNA 2494 from the father.

SIFT and Polypene2 predict that these substitutions af-
fect protein function. They were not found in 100 ethni-
cally matched healthy adult controls and were not seen in
public databases including dbSNP, 1000 genomes, and
Exome Variant Server. Mutations and their inheritance
can be seen in Figure 1A. Mutation details including mu-
tation pictures can be found in Supplemental Figure 1.
Most notably, no mutations in the recently reported GHS
genes, RNF216, OTUD4, and STUB1, were detected in
the 3 families studied (3, 4). Neither these genes nor PN-
PLA6 exhibited mutations in 3 other multiplex families of
our cohort affected by nHH and ataxia.

PNPL6 mutants fail to rescue neurodegeneration
defects caused by loss of sws in Drosophila

Due to NTE being evolutionarily conserved, we used a
fly model to determine whether the identified mutations
interfere with the ability of PNPLA6 to rescue the neuro-
degenerative defect caused by loss of the Drosophila or-
tholog SWS. Transgenic lines were created using the
PhiC31 system to achieve equal expression levels (11). The
UAS-PNPLA6 constructs were then induced with the pan-
neuronal Appl-GAL4 driver and the flies analyzed at 14
days of age. As shown in Figure 2, a paraffin head section
from a control fly expressing only the Appl-GAL4 dem-
onstrated the wild-type phenotype (Figure 2A). An sws fly
mutant1 showed the characteristic vacuoles described in
this mutant (Figure 2B). Expressing wild-type PNPLA6 in
the sws1 mutant significantly reduced the lesions (Figure
2C), although it did not completely revert the phenotype
to wild-type. In contrast, expression of PNPLA6-F1M did
not rescue the degeneration but seemed to enhance the
vacuolization (Figure 2D). Because this indicated a dom-
inant-negative effect, we expressed this construct in a
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wild-type background but could not detect a phenotype
(data not shown). Expressing PNPLA6-F2M1 (Figure 2E)
or PNPLA6-F2M2 (Figure 2F) in sws1 also failed to rescue
the vacuolization when compared with the sws mutant
alone. To quantify the effects on the vacuolization, we
measured the area of vacuoles (in a double-blind analysis)
in a distinct and easily identifiable brain region, the deu-
tocerebral neuropil (dn in Figure 2A). As shown in Figure
2G, this revealed a significant reduction of the vacuoliza-
tion when the wild-type PNPLA6 construct was expressed
in sws1 but not with PNPLA6-F2M1 or PNPLA6-F2M2.
This study also confirmed that expression of PNPLA6-
F1M significantly enhanced the vacuolization. Expression
of the constructs was confirmed by Western blots (Figure
2H).

Human PNPLA6 does not change GnRHR signaling
We first ascertained whether mutated PNPLA6 influ-

enced GnRHR signaling. Results are shown in Supple-
mental Results along with related Supplemental Figure 2.

Inhibition of NTE activity reduces the LH response
to GnRH

To generate a model of pituitary dysfunction similar to
that seen in our patients with GHS, we used the immor-

talized mouse pituitary gonadotrope cell line L�T2 (12).
We could transfect siRNAs into L�T2 cells with only mod-
erate (50%) efficiency, resulting in about 40% decrease in
PNPLA6 mRNA abundance (Figure 3A) and no change in
NTE activity (Figure 3B). We determined the maximal
inhibitory concentration of the NTE inhibitor CPO (Fig-
ure 3C). We chose 3�M as a dose that does not affect cell
proliferation (Figure 3D) and found that this dose not only
suppresses NTE activity in L�T2 cells by nearly 70% (Fig-
ure 3C) but also inhibits significantly the LH response to
GnRH (Figure 3E). This effect is not due to inhibition of
acetylcholinesterase activity because no Ache mRNA or
enzymatic activity was detected in L�T2 cells (Supplemen-
tal Figure 3, A and B, respectively). Also, CPO-dependent
inhibition of GnRH-induced LH release was due neither to
inhibition of GnRH-dependent intracellular calcium mo-
bilization (Figure 3F) nor suppression of L�T2 gene ex-
pression (Figure 3G).

Inhibition of NTE activity decreases
GnRH-stimulated LH exocytosis in pituitary
gonadotropes

To determine whether NTE is involved in vesicle recy-
cling in mammalian cells, and more specifically in pitu-

Figure 2. Expression of mutant PNPLA6 does not rescue the neuronal degeneration in sws1. A, Paraffin head section from a control fly expressing
only the Appl-GAL4 driver construct. B, A head section from an sws1 control fly reveals the vacuoles characteristic for this mutant. C–F, Expressing
wild-type PNPLA6 in sws1 (C) reduced vacuole formation, whereas expressing PNPLA6-F1M (D), PNPLA6-F2M1 (E), or PNPLA6-F2M2 (F) in sws1 did
not result in fewer vacuoles. The arrows point to some of the vacuoles found in these flies. Abbreviations: cb, central brain; dn, deutocerebral
neuropil; ol, optic lobes; re, retina. Scale bar, 50 �m. G, Mean area of vacuoles in square micrometers in the different genotypes tested. Whereas
expression of the wild-type PNPLA6 reduced the vacuolization significantly (P � .05), PNPLA6-F1M significantly enhanced it (P � .01). The other 2
constructs had no significant effect on the vacuolization in sws1. SEMs and the number of brain hemispheres analyzed are indicated. All flies were
14-day-old males. H, Western blot showing similar expression levels of the different constructs with the exception of PNPLA6-F2M1, which cannot
be detected by the antibody. Homogenates from 5 fly heads were loaded in each lane. Flies were 1- to 3-day-old males. A loading control using
antitubulin is shown below.
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itary gonadotropes, we evaluated the effect of NTE defi-
ciency in L�T2 cells after a single exposure to GnRH.
Individual exocytic events can be optically monitored us-
ing the fluorescent dye FM1–43 in both neurons and neu-
roendocrine cells (9). Under basal conditions L�T2 cells
show very little FM1–43FX dye uptake, indicating that, as
shown earlier in pituitary lactotropes (9), membrane re-
cycling is very slow under resting conditions in L�T2 cells.
Exposing the cells to GnRH resulted in a striking increase
in the number of FM43-labeled vesicular membranes (Fig-
ure 4, A and B), indicating that GnRH activates the exo-
cytosis/endocytosis cycle in pituitary gonadotropes. CPO
dramatically prevented this activation. Immunohistofluo-
rescence detection of LH in cells treated with GnRH dem-
onstrated that most FM1–43–labeled granules also con-
tained LH (Figure 4C). The reason for the increase in basal
vesicular content after CPO-only treatment is unclear. A
potential explanation is that CPO diminishes only vesic-
ular exocytosis without affecting endocytosis. This would
result in a net increase in vesicular content under resting
conditions.

Discussion

In this study, we identified loss-of-function mutations in
the PNPLA6 gene in patients with GHS or BNS from 3
unrelated families. Because mutations in the same gene, ie,
PNPLA6, account for patients from all 3 families, the
conclusion that GHS and BNS are indeed the same entity
(2) is now confirmed. Henceforth, we refer to the pheno-
type as GHS because Gordon Holmes was the first to de-
scribe this clinical constellation (1).

PNPLA6 encodes NTE, a lysophospholipase that con-
verts lysophosphatidylcholine (LPC) to glycerophospho-
choline. PNPLA6 is expressed in neurons throughout the
brain, particularly in the cortex, Purkinje cells of the cer-
ebellum, and hippocampus (13).

The first human mutations in PNPLA6 were reported
in 2008 (14). The patients in that report had a specific
neurodegenerative phenotype without cerebellar involve-
ment, which was named hereditary spastic paraplegia
(SPG39 HSP) (14, 15). The authors did not specify the
status of puberty/reproductive function in their patients.

Figure 3. Inhibition of NTE activity in L�T2 cells decreases GnRH-induced LH release. A, Treatment of L�T2 cells with a pool of siRNAs against
Pnpla6 significantly, but moderately, reduced Pnpla6 mRNA levels. B, The treatment failed to decrease NTE activity. C, Identification of the maximal
inhibitory concentration of CPO on NTE activity. D, Treating L�T2 cells overnight with 3�M CPO does not change L�T2 cell proliferation
(proliferation was calculated as a percentage of proliferation seen in the untreated group). E–G, Treating L�T2 cells with 3�M CPO reduces GnRH-
induced LH release (E), without altering either the effect of GnRH on the intracellular Ca2� concentration (F) or the effect of GnRH on LH� mRNA
content (G) (n � 4–6 independent observations per group). Columns are means, and vertical bars are SEMs. *, P � .05; ***, P � .001 vs control
groups (Student’s t test).
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However, in their family 1, male and female patients par-
ented children, which suggests, unlike in our patients, ab-
sence of an overt reproductive dysfunction (14). There-
fore, it appears that these 2 different phenotypes are due
to a deficit of the same gene; ie, SPG39 HSP and GHS are
allelic disorders. Very recently, an article describing PN-
PLA6 mutations as the cause of GHS/BNS as well as HSP
was published (5). However, like previous articles (3, 4)
reporting GHS caused by gene mutations, this report also
does not address the underlying pathophysiology of this
syndrome.

NTE is an evolutionarily con-
served protein that can also be found
in invertebrates (16) including yeast
(17). In Drosophila, it is encoded by
the Swiss-cheese (sws) gene, and the
SWS protein shows 61% overall
identity to human and mouse NTE in
its catalytic domain. The Drosophila
sws mutant is characterized by pro-
gressive degeneration of the adult
nervous system, associated with ap-
optotic cell death and the formation
of spongiform lesions (Swiss cheese
appearance) (18). Therefore, we
used the fly model to determine
whether the identified mutations in
our patients interfere with the func-
tion of PNPLA6 in the nervous sys-
tem. Whereas wild-type human PN-
PLA6 significantly reduced the
degeneration in sws, the mutant con-
structs did not, which clearly dem-
onstrates the deleterious character of
these mutations and points to the un-
derlying cause of neurodegeneration
in GHS.

However, establishing a causal
link between PNPLA6 and the re-
productive component of the syn-
drome is less straightforward be-
cause there is no existing literature
describing an involvement of PN-
PLA6 in hypothalamo-pituitary-go-
nadal function.

When we stimulated one of our
probands with GnRH in an extended
fashion, the patient did not show a
noticeable LH response, suggesting
that the response of the pituitary
gland to GnRH is compromised.
Several others also made similar ob-
servations in multiple patients with

GHS (19–23).
Given the fact that the LH response to extended exog-

enous GnRH stimulation in human patients is poor and
that overt hypogonadism is absent in brain-specific
knockout mice (24, 25), we focused on the pituitary as the
site of dysfunction leading to nHH.

We first ascertained whether mutated PNPLA6 influ-
enced GnRHR signaling. Because GnRHR is primarily a
Gq/11-coupled receptor, we expressed wild-type and mu-
tated PNPLA6 plus human GnRHR in HeLa cells also

Figure 4. Inhibition of NTE activity represses GnRH-induced membrane recycling in L�T2 cells.
Membrane recycling was studied in L�T2 cells using the membrane dye FM1–43FX. A and B,
Under basal conditions, the FM dye shows very little incorporation into the cell. When cells are
stimulated with GnRH, the FM dye gets rapidly incorporated into vesicular-like structures (GnRH
group in A, and control GnRH in B), indicating an increase in membrane dynamics. When NTE
activity is blocked with CPO, the stimulatory effect of GnRH on vesicular recycling is inhibited. C,
Vesicular structures labeled with FM1–43 contain LH� as detected by immunofluorescence. In A,
columns are means, and vertical bars are SEMs. ***, P � .001 vs all other groups (ANOVA
followed by the Student-Newman-Keuls multiple-comparison test for unequal replications).
Numbers in bars indicate the number of cells analyzed per treatment. B, High magnification of a
representative group of cells for each treatment showing the FM1–43FX dye (labeling recently
formed vesicles, in green), WGA (labeling glycoproteins of the cell membrane, in red), and
Hoechst 33258 (labeling cell nuclei, in blue). Scale bars, 10 �m. C, Examples of cells with
colocalization of the FM1–43FX dye (green) and LH� immunoreactivity (red). Nuclei were
identified by staining with Hoechst 33258 (blue). Scale bars, 10 �m.
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transfected with an nuclear factor of activated T-cells
(NFAT)1c-Emerald fluorescent protein reporter gene.
Translocation of NFAT-EFP from the cytoplasm to the
nucleus was used as a readout for GnRHR-mediated ac-
tivation of the Ca2�/calmodulin/calcineurin/NFAT path-
way. As a second approach, fluorescence immunohisto-
chemistry was used to quantify phosphorylated PKR like
ERK, as a readout for GnRHR-mediated activation of the
Raf/MAPK kinase/ERK pathway. We observed the ex-
pected stimulatory and inhibitory effects with GnRH and
the GnRHR antagonist cetrorelix, but no significant ef-
fects of either wild-type or mutated PNPLA6, indicating
that NTE actions do not involve GnRH signaling through
its receptor (Supplemental Figure 2).

Then we created a state of NTE deficiency in L�T2
pituitary gonadotropes using a pharmacological ap-
proach to model GHS. Although CPO is more potent in
inhibiting acetylcholinesterase than NTE (6, 7), acetyl-
cholinesterases have been associated with increased LH
secretion instead of a reduction (26). In addition, in this
study, no Ache mRNA or enzymatic activity was detected
in L�T2 cells (Supplemental Figure 3, A and B, respec-
tively). In the present study, we observed that GnRH stim-
ulation of NTE-deficient L�T2 cells resulted in diminished
LH release without altering LH� mRNA levels. These ob-
servations indicate that the reduction in LH response was
not due to impaired LH synthesis. Furthermore, the lack
of alterations in intracellular calcium in response to GnRH
in CPO-treated cells supports the contention that NTE
does not directly participate in GnRHR signaling.

Having largely excluded potential causes in afferent
receptor signaling and hormone synthesis, we next inves-
tigated the regulated secretory pathway, which involves
packing of peptide hormones by neuroendocrine cells into
secretory vesicles for release upon calcium stimulation. In
this process, fusion of the cargo vesicles to the cell mem-
brane and release of the contents (exocytosis) is followed
by endocytosis as part of a recycling mechanism (27).
There is ample evidence that intracellular lipids, particu-
larly phospholipids, are involved in this mechanism (27,
28). In yeast, LPC homeostasis and vesicular transport are
linked via the phospholipid-binding protein, sec14p (17,
28–30). An inactivating mutation of the Sec14p gene dis-
rupts vesicular transport, resulting in cell death. These
effects are overcome by the overexpression of exogenous
NTE (17). In addition, excess LPC has been shown to be
toxic to the yeast secretory pathway (31). Based on these
observations, we hypothesized that the inhibition of LH
release seen in CPO-treated L�T2 cells could be due to
impaired vesicular transport. When we inhibited NTE ac-
tivity using CPO in cultured L�T2 gonadotropes, we de-
tected a significant reduction in GnRH-stimulated LH ex-

ocytosis, which suggests that, consistent with its
evolutionary conservation, NTE contributes to maintain-
ing membrane trafficking in mammalian cells. It would
not be surprising that altered membrane trafficking shares
a common biological pathway with ubiquitination (3, 4)
so that alteration of either component would result in the
same phenotype. Collectively, our findings suggest that
NTE deficiency caused by deleterious PNPLA6 mutations
interferes with gonadotropin release from pituitary go-
nadotropes, leading to nHH and pubertal failure. This site
of action notwithstanding, the present study does not rule
out the concomitant compromise of hypothalamic sys-
tems regulating GnRH output and/or GnRH neurons
themselves.

In conclusion, deficiency of PNPLA6-encoded NTE
may cause a delayed neurodegeneration with altered in-
tracellular phospholipid homeostasis particularly affect-
ing cerebellum and a reproductive failure likely to be due
to impaired gonadotropin release, thus collectively ac-
counting for GHS.
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