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Abstract

GNE myopathy is a rare and mildly progressive autosomal recessive myopathy caused by GNE mutations. Respiratory dysfunction
has not been reported in GNE myopathy patients. In this study, we retrospectively reviewed the respiratory function of 39 severely
affected GNE myopathy patients (13 men, 26 women) from medical records, and compared these parameters with various other
patient characteristics (e.g., GNE mutations, age at onset, creatine kinase levels, and being wheelchair-bound) for correlations. The
mean % forced vital capacity [FVC] was 92 (26) (range, 16-128). In 12/39 (31%) patients, %FVC was <80%. Of these 12 patients, 11
(92%) were entirely wheelchair-dependent. These patients exhibited significantly earlier onset (20 [4] vs. 30 [8] years, p < 0.001) and
lower creatine kinase levels (56 [71] vs. 279 [185}IU/L) than patients with normal respiratory function. Two patients exhibited severe
respiratory failure and required non-invasive positive pressure ventilation. Patients with a homozygous mutation in the
N-acetylmannosamine kinase domain exhibited lower %FVC, while only one compound heterozygous patient with separate
mutations in the uridinediphosphate-N-acetylglucosamine 2-epimerase and the N-acetylmannosamine kinase domains had respiratory
dysfunction. Our results collectively suggest that GNE myopathy can cause severe respiratory failure. Respiratory dysfunction should
be carefully monitored in patients with advanced GNE myopathy characterized by early onset and homozygous homozygous
mutations in the N-acetylmannosamine kinase domain.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

GNE myopathy, also known as distal myopathy with
rimmed vacuoles (DMRYV), Nonaka myopathy, or heredi-
tary inclusion body myopathy (hIBM), is an early adult-
onset, slowly progressive myopathy that preferentially
affects the tibialis anterior muscle but relatively spares the
quadriceps femoris muscles [1,2]. Respiratory dysfunction
has not been reported in GNE myopathy [3]. Nonaka
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et al. reported that respiratory muscles were rarely involved
even in bed-ridden patients, but no data were presented [1].
However, we had noticed that a few patients with GNE
myopathy exhibited mild but progressive respiratory loss,
with some experiencing recurrent pneumonia due to
reduced airway clearance. Recent recommendations sug-
gest training patients with neuromuscular disease with
respiratory dysfunction using the air stacking technique
to increase their thorax capacity and assisted cough peak
flow (CPF) from an early stage to maintain lung compli-
ance and chest mobility, and to clean the airways [4]. If
respiratory dysfunction is not rare in patients with GNE
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myopathy, then, physicians should punctually monitor
their respiratory function with pulmonary function tests
to look for early signs of respiratory dysfunction, perform
respiratory training, coup with airway infection using a
mechanical in-exsufflator (MI-E), and induce mechanical
ventilation if required, as they do for patients with neuro-
muscular disease who exhibit respiratory failure.

The aim of this study is to evaluate past and present
clinical respiratory function test parameters of GNE myop-
athy patients, and analyze factors that correlate with dis-
ease severity.

2. Patients and methods
2.1. Study population

Medical records of all genetically confirmed GNE myop-
athy patients who underwent pulmonary function tests at the
National Center Hospital, National Center of Neurology
and Psychiatry, were retrospectively reviewed. We collected
data on genetic diagnosis, respiratory function (% vital
capacity [%VC], % force vital capacity [FVC], cough peak
flow [CPFY), creatine kinase (CK), chest X-ray and/or CT
scan and body mass index (BMI) for analysis.

2.2. Data handling and analysis

Data were summarized using descriptive statistics, and
each variable was compared against age, sex, respiratory
dysfunction (whether their %FVC was up to or over
80%), and domain mutation (i.e., within the UDP-GlcNAc
2-epimerase domain: ED or N-acetylmannosamine kinase
domain: KD). The #-test was used to compare the means
of each group. Data for the two study populations were
calculated using chi-square contingency table analysis.
Multivariate regression analysis was performed with
%FVC as the dependent variable. Explanatory variables
included age at disease onset, CK and BMI. We found that
the variables age, duration from onset to present, age upon
wheelchair use, age at loss of ambulation, were highly cor-
related (over 0.5) with age at disease onset. As such, we
eliminated these three due to multicolinearity in the multi-
variate regression analysis. When past %FVC data were
available, the present data were compared with serial
changes in respiratory function during the preceding 5-
7 years, and changes in %FVC over time were determined
by calculating the difference between past and present data.
All analyses were performed using SPSS for Macintosh
(Version 18; SPSS Inc., Chicago, IL).

3. Results
3.1. General characteristics
A total of 39 Japanese patients (13 men, 26 women) were

recruited. The mean age at the time of data collection was
43.1 (11.3) years (mean [standard deviation, SDJ) (Table 1).

The mean age at first appearance of symptoms was 26.8
(9.0) years (range, 15-58 years; median, 25 years). Present
age, age at disease onset, age at wheelchair use, and present
ambulation status were not significantly different between
men and women; 20.5% (8/39) had symptom onset before
age 20. Of the 39 patients, 51.3% (20/39) could walk but
needed assistance, and 69.2% (27/39) were wheelchair-
bound (8/27 and 19/27 were partially and totally wheel-
chair-bound, respectively). Age at first use of a wheelchair
was 33.3 (10.8) years (range, 18-59 years; median,
31.5years) and that for loss of ambulation was 36.9
(11.9) years (Table 1).

3.2. GNE mutations

Of the 39 patients, 30.7% (12/39) carried homozygous
mutations, while 69.2% (27/39) harbored compound het-
erozygous mutations (Supplementary Table 1). Among
the homozygous patients, 66.7% (8/12) harbored the
p-V572L mutation. Among the compound heterozygous
patients, 25.9% (7/27) exhibited the p.D176V/p.V572L
genotype, while the other patients each bad a different
mutation. With respect to the location of the mutation
(i.e., protein domain), 28.2% (11/39) homozygous patients
carried mutations only in ED (ED/ED), 46.2% patients
(18/39) were compound heterozygotes with 1 mutation
each in the ED and KD (ED/KD), and 25.6% patients
(10/39) had a mutation in the KD of both genes (KD/
KD) (Table 2). The allelic frequencies of p.V572L,
p.D165V, p.CI3S, and p.R129Q were 35.9% (28/78),
28.2% (22/78), 11.5% (9/78), and 2.6% (2/78), respectively,
while all other mutations had only 1 allele each (Supple-
mentary Table 1).

3.3. Respiratory function

None of the patients had lung and/or thoracic diseases
that could affect their respiratory function in chest X-ray
and/or chest computed tomography. The %VC and
%FVC in patients with GNE myopathy were 91.9 (26.9)
(range, 18.2-126.3; median, 100.3) and 92.0 (25.8) (range,
16.4-128.5; median, 100.5; Table 1), respectively.

3.4. Patients with respiratory dysfunction

In 30.7% of patients (12/39), %FVC was <80. Of these
12 patients, 91.6% (11/12) were wheelchair-dependent and
83.3% (10/12) had already lost ambulation. Their onset
was significantly earlier (19.3 [4.4] vs. 30.3 [84] .
p<0.001) and mean CK level was significantly lower
(55.8 [71.61 vs. 279.0 [184.7], p =0.004) than those of
patients with normal respiratory function. Four patients
exhibited advanced respiratory dysfunction
(%FVC < 50% and cough peak flow [CPF]< 160 L/min)
(Table 2). All 4 patients had experienced recurrent pneu-
monia, and 2 patients required nocturnal NPPV. They
were all early onset (before 20 years old) and non-ambu-
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Table 1
Patient characteristics by respiratory function.

Total %FVC > 80% %FVC < 80%
n 39 27 12 V4
Age (years) 43.0+11.3 4434117 39.9+10.3 0.267
Age at onset (years) 26.8+9.0 302484 19.2+44 <0.001
GNE/GNE 10 (25.6%0) 7 (70.0%) 3 (30.0%) 0.640
GNE/MNK 18 (46.2%) 16 (88.9%) 2(11.1%) 0.018
MNK/MNK 11 (28.2%) 4 (36.4%) 7 (63.6%) 0.009
Duration from onset of disease to present 162484 141478 20.8 £8.2 0,021
Wheelchair use (%) 27 (69.2%) 16 (59.3%) 11 (40.7%) 0.141
Wheelchair use since (years) 3334108 379+113 26.6 + 5.1 0.002
Lost ambulation 19 (48.7%) 8 (42.1%) 11 (57.9%) 0.014
Age at lost ambulation (years) 369+119 4124117 282464 0.018
CK (1U/L) 2013+ 1875 279.0 £ 184.7 558 +71.6 0.004
BMI 211442 20.84+3.2 219458 0.457
FVC (%) 91.9 +26.9 106.9 +12.5 58.2+18.7 <0.001
VC (%) 92.0 +25.8 106.4 +11.6 59.5+17.6 <0.001
CPF (L/min) 3342+ 139.5 378.0 + 105.7 250.2 & 161.5 0.008

Most patients with reduced respiratory function had already lost ambulation and were entirely wheelchair-dependent. Their onset was significantly earlier
and CK levels significantly lower than those of patients with normal respiratory function. FVC: forced vital capacity, VC: vital capacity, CPF: cough peak

flow, BMI: body mass index, CK: creatine kinase.

Table 2

Patients with FVC < 50% and CPF < 160 L/min.

Case Age Sex Mutation  Mutant Ambulation Disease Disease Age atlost %VC %FVC CPF  Reccurent  NPPV CK BMI

domain status onset  duration ambulation L/ pneumonea au/
min) L)

1 51 Man p.Ci3S ED/ED Non- 17 34 25 18.2 164 480 Yes Nocturnal 13 18.6
homozygote ambulant

2 42  'Woman p.V572L KD/KD Non- 16 26 23 376 344 1416 Yes Nocturnal 13 22.2
homozygote ambulant

3 45 Woman p.V572L KD/KD Non- 17 28 31 49.0 483 1476 Yes No 8 31.6
homozygote ambulant

4 37 Woman p.V572L KD/KD Non- 16 21 24 53.7 486 118.8 Yes No No 204
homozygote ambulant data

Table 3 function were significantly greater than those of patients

Multivariate regression analysis of predictive factors for respiratory
dysfunction.

Regression p Lower limit of 95%  Upper limit
coefficient confidence interval  of 95% Cl1
Age at onset 0.949 0.042 0.038 1.86
CK 0.068 0.008 0.02 0.115
BMI —-1.8 0.09 —-3.811 0.302

Multivariate linear regression analysis was performed to evaluate the
relationship between %FVC and other clinical parameters. Age at onset
and CK were significantly correlated with %FVC.

lant. The majority (7/12) of patients had KXD/KD muta-
tions, whereas significantly fewer patients with respiratory
dysfunction had ED/KD mutations.

In order to identify predictive factors for respiratory
dysfunction in GNE myopathy, we performed multivariate
analysis to determine the relationship with %FVC. This
revealed age at onset (p = 0.042) and CK (p = 0.008) as sig-
nificantly correlated to %FVC (Table 3, Fig. 1).

Past (5-7 years ago) data were available for 9 patients.
The %FVC decrements in 5 patients with respiratory dys-

without dysfunction (20.9 [6.0] vs. 0.8 [9.7], p = 0.004; Sup-
plementary Table 2).

4. Discussion

To our knowledge, we are the first to report respiratory
dysfunction in GNE myopathy. Our study demonstrates
that (1) certain GNE myopathy patients in Japan exhibit
respiratory dysfunction, and (2) early onset and lower
CK levels resulting from severe muscle atrophy and weak-
ness, and KD/KD mutations can be risk factors for respi-
ratory dysfunction.

Malicdan et al. reported that pathological changes in the
diaphragms of the GNE (—/-) hGNEDI176V-Tg model
mice were variable and ranged from almost normal to the
presence of marked fibrosis and rimmed vacuoles. On the
other hand, the gastrocnemius muscles of all mice exhibited
myopathic features [5]. The features in these mice corre-
spond to individual differences observed in the patients of
our study. The fact that not all cases in our study exhibited
respiratory dysfunction as observed in the GNE (—/-)
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Fig. 1. Scatterplots of %FVC as functions of age, age at disease onset, disease duration, and creatine kinase (CK) level. Age at disease onset, disease

duration, and CK level were correlated with %FVC.

hGNEDI176V-Tg mice indicates that severe respiratory
muscle involvement is not a constant feature of GNE
myopathy. Yet, since about 30% of patients had decreased
%FVC and severe respiratory dysfunction was overlooked
by neurologists or physicians, clinicians should be made
more aware of the possibility of respiratory dysfunction,
particularly in patients with advanced GNE myopathy. If
%VC decreases to 70%, patients should be taught air stack-
ing as with other neuromuscular disorders [4,6]. CPF
should be routinely measured in patients with GNE myop-
athy, given that its decrement was associated with recurrent
pneumonia in our study. Early induction of assisted CPF
and/or MI-E is required if patients with reduced CPF have
an airway infection. Serial data suggest that %FVC
decreased from the normal range to %FVC < 80, indicating
that continuous monitoring is required even in patients
with normal respiratory function. Moreover, respiratory
function parameters may provide quantitatively useful data
for clinical trials, particularly those directed to non-ambu-
lant patients.

All 4 patients with severe respiratory dysfunction exhib-
ited early onset, homozygous mutations, and advanced
muscle weakness. However, not all early onset, homozy-
gous, or non-ambulant patients exhibited severe respira-
tory dysfunction. Although the underlying reasons are
unclear, we also found that ED/KD mutations were less
associated with decreased respiratory function, while many
patients with KD/KD mutations showed respiratory dys-
function. A large scale, cross-sectional study could better
identify key factors responsible for respiratory dysfunction
and genotype-phenotype correlations.

We are aware that the recruitment of patients from
NCNP, highly specialized for muscle disease, is a potential

source of selection bias, because they may be particularly
more severely affected than the general patient population.
Therefore, our study may not correctly reflect the general
patient population. Investigations of small populations
may underestimate the statistical significance as well. How-
ever, our previous GNE myopathy questionnaire study
revealed a similar correlation between genotypes and phe-
notypes [7]. We are currently in the process of establishing
a Japanese national GNE myopathy patient registry called
Registration of Muscular Dystrophy (REMUDY, http://
www.remudy.jp) to perform a broader epidemic investiga-
tion of associated conditions, including respiratory dys-
function. To clarify the relationship between respiratory
dysfunction and other clinical/laboratory factors, we have
initiated a prospective observational study on GNE
myopathy. '

Three of 4 patients with severe respiratory dysfunction
had homozygous p.V572L mutations. Given the frequency
of the p. V5721 mutation in the Japanese population, it will
be interesting to determine whether non-Japanese individu-
als harboring this mutation also exhibit respiratory
dysfunction.

In conclusion, advanced GNE myopathy patients are at
risk for respiratory dysfunction. The KD/KD genotype,
early onset, loss of ambulation/wheelchair use, and low
CK level resulted in advanced muscle atrophy may be asso-
ciated with respiratory dysfunction.
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Abstract X-linked Myopathy with Excessive Autophagy
(XMEA) is a childhood onset disease characterized by
progressive vacuolation and atrophy of skeletal muscle. We
show that XMEA is caused by hypomorphic alleles of the
VMAZ21 gene, that VMAZ21 is the diverged human ortholog
of the yeast Vma2lp protein, and that like Vma2lp,
VMAZ21 is an essential assembly chaperone of the vacuolar
ATPase (V-ATPase), the principal mammalian proton
pump complex. Decreased VMAZ2I raises lysosomal pH
which reduces lysosomal degradative ability and blocks
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autophagy. This reduces cellular free amino acids which
leads to downregulation of the mTORCI1 pathway, and
consequent increased macroautophagy resulting in prolif-
eration of large and ineffective autolysosomes that engulf
sections of cytoplasm, merge, and vacuolate the cell. Our
results uncover a novel mechanism of disease, namely
macroautophagic overcompensation leading to cell vacu-
olation and tissue atrophy.
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Introduction

Vacuolar ATPases (V-ATPases) are ubiquitous in endo-
membrane systems of all eukaryotic cells. They are vital
proton pumps that acidify lysosomes and regulate the pH of
multiple cell processes, including the secretory endove-
sicular systems which use gradated pH to accomplish
stepwise modifications. The V-ATPase is composed of 14
subunits organized into a transmembrane (Vg) and a
cytoplasmic (V) sector, and has a unique rotary pumping
mechanism (Supplemental Fig. 1) [8]. In yeast, Vj
assembly occurs in the endoplasmic reticulum (ER),
coordinated by the Vma2lp chaperone [18]. V-ATPase
subunits are highly conserved from yeast to man, but the
closest mammalian sequence to yeast Vma2lp has <22 %
similarity and lacks a critical dilysine signal [18] making it
unclear whether this predicted protein (LOC203547) is
indeed the VmaZ2l1p ortholog. To date, all disease-causing
mutations in V-ATPase subunits are in specialized subunit
isoforms that confer specialized functions [8]. For exam-
ple, mutations in the a3 isoform of subunit ‘a’ cause
osteopetrosis [9]. This isoform is osteoclast-specific and
targets the V-ATPase to the osteoclast plasma membrane to
acidify its extracellular space to resorb bone. Diseases with
mutations in the ubiquitous subunits common to all
V-ATPases have not been reported [8].

X-linked myopathy with excessive autophagy (XMEA,
OMIM 310440) [12] is a skeletal muscle disorder affecting
boys and sparing carrier females. Onset is in childhood
with weakness of the proximal muscles of the lower
extremities, progressing slowly to involve other muscle
groups, and toward loss of independent ambulation after
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age 50. Other organs, including heart and brain, are clini-
cally unaffected. Pathological analysis of skeletal muscle
shows no inflammation, necrosis or apoptosis (Supple-
mental Figs. 2, 3). Instead, myofiber demise occurs through
a novel form of autophagic cell death characterized by
giant autophagic vacuoles 2-10 pm in size encircling
sections of cytoplasm including organelles. These vacuoles
contain lysosomal hydrolases, yet are unable to complete
digestion of their contents. Instead, they migrate to the
myofiber surface, fuse with the sarcolemma, and extrude
their contents extracellularly forming a field of cell debris
around the fiber (Supplemental Fig. 2) [12, 36].

We show that LOC203547 is the human ortholog of
VmaZ2lp, and that hypomorphic mutations of the VMA2I
gene disrupt autophagy and cause XMEA. XMEA presents
an unusual mechanism of disease where a major house-
keeping complex (the V-ATPase) essential to numerous
functions of all cells is impaired, but only to the extent of
clinically affecting the function with highest V-ATPase
dependence, autophagy, in a tissue with high reliance on
this function [22, 28] i.e., skeletal muscle.

Patients, materials, and methods
Patients

All patients in this study were males with childhood onset
progressive weakness and wasting of skeletal muscle.
Proximal muscles of the lower extremities were always
initially and later predominantly affected. No other organ
system was affected clinically. At least one patient from
each family underwent a biopsy, and all biopsies showed the
pathognomonic features of XMEA as briefly summarized in
the introduction. Detailed clinical and pathological descrip-
tions in the proband from each family are provided in
Supplemental Patient Information. Representative micro-
scopic slides are shown in Supplemental Fig. 2. The patients
belong to 14 families (XMEA1 through XMEA14). Patient
fibroblast cell lines used throughout the paper were from
probands from families XMEA 12 and 13, which in the
figures, for space considerations, are abbreviated as P1, P2,
respectively. Lymphoblasts of probands from families
XMEA1, XMEA4, XMEA10, XMEA 12, and 13 were
designated as P3, P4, P5, and P6, respectively. Cell lines
from normal control individuals are indicated as C.

Mutation identification, RT-PCR, qRT-PCR,
and minigene studies

Primer sequences and PCR conditions to amplify
LOC203547 exons and flanking sequences for mutation
detection are in Supplemental Table 1, which also contains
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all other primer sequences used in this study. For RT-PCR
of LOC203547 mRNA in patient lymphoblasts or fibro-
blasts and of minigene mRNAs following transfection in
C2C12 cells, 1 pg total RNA was converted into cDNA
using oligo (dT) primers and then PCR-amplified for 20
cycles. For qRT-PCR of these mRNAs, relative standard
curves normalized to B-actin were used. The standard
curves were prepared from control lymphoblasts or
C2C12 ¢DNA at 1, 10, 10%, 10°, and 10* dilution factors.
Individual reactions contained 0.5 pL. template cDNA of
appropriate concentration for linear amplification based
on the standard curve, 100 ng of each primer, and
1xSYBR Green PCR master mix (Applied Biosystems) to
a final volume of 20 pL. Reactions were carried out using
Applied Biosystems 7900HT for 40 cycles (95 °C, 15”;
60 °C, 60”). PCR product purity was determined by
melting curve analysis. Each cDNA preparation was tes-
ted in triplicate. Data were analyzed using SDS2.1
v.2.1.0.3 (Applied Biosystems). Values exceeding two
standard deviations were excluded. Construction of the
minigenes is described in Supplemental Methods and
Supplemental Fig. 5.

V-ATPase assays

Total protein was measured using the Bradford assay and a
BSA standard curve. Hydrolysis of ATP by V-ATPase was
measured by the bafilomycin Al-sensitive method adapted
from Huss et al. [11]. Microsomal pellets were thawed on
ice and suspended in ATPase buffer (10 mM HEPES-Tris
pH 7, 5 mM MgCl2, 50 mM KCI, 10 mM NaNj, 1 mM
levamisole-10 mM NaF, 0.7 pg/ml leupeptin, 0.7 pg/ml
pepstatin A, 48.72 pg/L PMSF) to a protein concentration
of 0.75-1.75 mg/ml (see Supplemental methods for sub-
cellular fractionation procedures). The reaction mix
contained 1 mM ATP substrate, 3 pg total protein samples,
5 puM valinomycin, 5 uM nigericin, 1 mM orthovanadate,
10 pg/mL oligomycin in ATPase buffer made to 70 pL
final volume and incubated in the presence and absence of
10 nM bafilomycin for 30" at 37 °C. ATP hydrolysis was
terminated with 13 % SDS and 100 mM EDTA. Control
reactions were done to correct any non-enzymatic hydro-
lysis of ATP or orthophosphate contamination from
reagents by adding the stop solution prior to ATP substrate
addition. Reaction was initiated by addition of Taussky-
Shorr color reagent (0.5 % w/v FeSOy, 0.5 % w/v ammo-
nium molybdate, and 0.5 M H,SO,) [35]. The reaction was
incubated for 20’ at RT and inorganic phosphate (P;) was
measured by absorbance at 650 nm. Standard calibration
curve was generated using (P;) standards (0, 2.5, 5, 10, 25,
50, 100, and 150 nmole). Mean values and standard devi-
ation were calculated from three independent assay repeats
done in triplicate.

Complementation assay

Saccharomyces cerevisiae BY4742 wild-type strain
(MATa, his3A1, leu2AQ, lys2A0, and ura3A0) and vima2lA
mutant (BY4742, Mata, his3A1, 1eu2A0, 1ys2A0, ura3A0,
and YGR105w::kanMX4) were obtained from the Euro-
pean Saccharomyces Cerevisiae Archive for Functional
Analysis (Euroscarf). LOC203547 was cloned into yeast
expression plasmid pCADNS under alcohol dehydrogenase
(ADH) promoter, terminator, and transformed into strains
BY4742 and vma2lA. Transformants were selected on
synthetic complete media without leucine and assayed for
viability on medium containing 10 mM CaCl,, YPD pH
7.5 (alkaline conditions), and ability to grow on glycerol as
the sole carbon source.

Determination of lysosomal pH

Lysosomal pH was measured according to Demaurex et al.
[6]. Fibroblasts were seeded on 25 mm circular glass cover
slips and grown to confluence in DMEM with 10 % FBS at
37 °C and 5 % CO,. At confluence, cells were washed
twice with PBS and serum-starved by adding DMEM
containing 2 % FBS for 40 min. Lysosomes were loaded
overnight with 0.5 mg/ml dextran-coupled Oregon Green
514 (Molecular Probes) in DMEM supplemented with
10 % FBS, chased for 2 h in DMEM (10 % FBS), and
washed to remove residual dextran. Ratiometric fluores-
cence microscopy was performed using a Leica DMIRB
microscope with 100X (1.4 NA) oil objective. Fluores-
cence images were acquired at excitation wavelengths of
440 4+ 10 and 490 + 10 nm. Image acquisition and anal-
ysis were performed using software MetaMorph (Universal
Imaging). Regions of interest (ROI), representing late en-
dosomes/lysosomes as resolved by light microscopy, were
defined as areas above a certain fluorescence threshold in
the 490 nm excitation channel. Mean intensity ratio
between 490 and 440 nm excitation channels was calcu-
lated for each ROI, and mean ratio weighted by ROI size
was then calculated for each imaged fibroblast. Calibration
curves were obtained after 4 min equilibration in nigericin
(5 pm) containing MES buffers (in mM: 30 NaCl, 130
KCl, 30 MgCl,, 25 MES, and 20 glucose) with different pH
values adjusted between pH 3.0 and 7.0. Ratios were
converted to pH using the calibration curve fitted to a
sigmoidal equation. At least six lysosomes within the same
cell (at least five cells per sample) were covered, and the
experiment was repeated six times for significance.

Long-lived protein degradation

Intracellular protein degradation was measured as descri-
bed by Cuervo et al. [5]. Confluent cells were labeled with
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200 pCi/ml [S]Imethionine/[S]cysteine Redivue in vitro cell
labeling mix for 48 h at 37 °C, and washed and maintained
in complete medium with excess of unlabeled methionine
and leucine. Following this, aliquots of media and cells were
taken at different times for 72 h and precipitated in TCA,
and proteolysis was measured. Media contained MG-132 to
eliminate proteasomal contribution. Total radioactivity
incorporated in cellular proteins was determined in triplicate
samples as the amount of acid-precipitable radioactivity.
Proteolysis was calculated as the % acid-precipitable
radioactivity (protein) transformed into acid-soluble radio-
activity (amino acids and peptides) at the different analyzed
time points. Values were expressed as % protein degraded.
In separate sets, the above proteolysis experiments were
performed in the presence of 15 mM NH,Cl and 100 uM
leupeptin or 10 mM 3-methyladenine (3MA) in the culture
medium during the chase. The former combination effec-
tively blocks all types of autophagy [27] and 3MA blocks
macroautophagy [20]. The inhibitory effect on the lysosomal
system was calculated as the decrease in protein degradation
sensitive to NH;Cl/leupeptin. Non-lysosomal proteolysis
was subtracted from total proteolysis (the former was neg-
ligible, <3 %, and unvarying). The inhibitory effect on
macroautophagy was determined as the decrease in protein
degradation sensitive to NH,Cl/leupeptin that is also inhib-
ited by 3MA. Non-macroautophagy-dependent degradation
was calculated as the % protein degradation sensitive to
NH,Cl/leupeptin that is not inhibited by 3MA.

Knockdown of VMA21 mRNA

pSUPER RNAI system [3] was used for specific downregu-
lation of mouse Vma2l expression. RNAi expressing
sequences (Supplemental Table 1) for targeting the 3'UTR
region of Vma2l were cloned into pSUPER RNAI system.
Forward and reverse strands of the oligonucleotides were
annealed to form a duplex and were inserted into Bglll-
HindIIl cleavage site of the pSUPER RNAi vector prelinea-
rized with restriction enzymes. The recombinant plasmid was
transformed into XLBlue E.coli strain, and the resultant cells
were cultured in LB-ampicillin containing media. Recombi-
nant clones positive for siRNA were selected and used to
transfect NIH3T3 cells. Downregulation of Vma2l was
assessed using quantitative RT-PCR and Western blotting. A
mock transfection with empty pSUPER vector was used to
control any non-specific effects. The transfected cells were
examined for phenotypic changes with electron microscopy.

Amino acid starvation, and stimulation
with leucine or leucine ester

Amino acid starvation methods were adapted from Zoncu
and colleagues [38]. Control and patient fibroblasts grown
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in DMEM with 10 % dialysed FCS were rinsed three times
with amino acid-free RPMI and incubated in the same for
4 h. After a 4-hour starvation period, cells were stimulated
by adding leucine or leucine methyl ester for 20 min (not
exceeding a final concentration of 0.05 mM) in RPMI in
independent experiments. The cells were lysed using RIPA
buffer with protease inhibitor cocktail, and Western blot
was performed using anti-phospho p70S6 kinase antibody.

Measurement of total amino acids

The samples for estimation of free amino acid concentra-
tion were prepared based on a previously described method
[10]. Fibroblasts grown to confluence in DMEM with 10 %
FBS were scraped and frozen in 200 pl of phosphate buf-
fered saline at —80 °C for 15 min and thawed at 4 °C
followed by 20 °C for one cycle. For the next cycle of
freeze—thaw, samples were kept at 4 °C for an hour fol-
lowed by 68 min at 20 °C. For the third freeze thaw cycle,
cells were frozen again at —80 °C for 15 min, and thawed
40 min at 4 °C and 8 min at 20 °C. The third cycle was
repeated three times. The free amino acid concentration
was determined by a colorimetric method (A = 570 nm)
using the amino acid quantitative kit from Biovision as per
the manufacturer’s instructions. To generate a standard
curve, 0, 2, 4, 6, 8, and 10 pl of L-amino acid standard was
added to each well to generate 0, 8, 16, 24, 32, and
40 nmol/well concentration. The final volume was adjusted
to 100 pl/well using L-amino acid assay buffer. The reac-
tion mix consisted of 46 ul of amino acid assay buffer, 2 pl
amino acid probe, and 2 il L-amino acid enzyme mix. To
measure the concentration in test samples, the standards
and the samples were incubated in 50 pl of reaction mix in
a total volume of 150 pl made up with the assay buffer and
incubated for 30 min at 37 °C. L-amino acid amount
(nmol) was calculated from the standard curve based on
absorbance at OD 570 and expressed as nmol/number of
cells in each well. Additional controls including a protein
BSA sample, a mixture of pure amino acids, and a mixture
of protein with amino acids were used to check for false
positive results.

Mass spectrometric analyses of intracellular leucine

The intracellular leucine concentrations in patient and
control fibroblasts were quantified using LC-MS-MS,
applying a modification of a previously described method
[30]. Fibroblasts grown to confluence were scraped and
centrifuged at 3000 rpm for 10 min at 4 °C. Cell pellets
were resuspended in 500 pl methanol and subjected to
sonication. 75 pl of cell homogenate was transferred into
eppendorf tubes, internal standard (r-leucine-diO 5 ng)
added and made up to 1 ml with methanol for protein
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precipitation. The mixture was vortexed and centrifuged at
15,000xg for 15 min at 4 °C. Supernatants were trans-
ferred to new screw cap tubes and dried under nitrogen gas.
Dried residues were derivatized with 100 pl 3 M HCI-
butanol at 65 °C for 20 min. The dried butylated samples
were reconstituted in 1 ml of 20 % acetonitrile and 0.1 %
formic acid, and transferred to a set of borosilicate auto-
sampler vials for injection. Both samples and standard
curve were analyzed by liquid chromatography-mass
spectrometry MS/MS in a API 4000 triple quadrupole mass
spectrometry system (Applied Biosystems). Prior to
entering the triple quadrupole MS, leucine was separated
from isoleucine using a Dionex Acclaim (Thermo Scien-
tific) organic acid column (5 pm 120 A, 4.0 x 250 mm;
Dionex), and was eluted over 6 min at a flow rate of
450 pl/min with an Agilent HPLC 1200. The following
butylated transitions were employed: for leucine m/z
188.10/86.100 and for leucine-d10 m/z 198.200/86.100.
The concentration of L-leucine was measured by running
against L-leucine standard curve (0.5-500 ng) spiked with
the same amount of internal standard (L-eucine-d10 5 ng).
Endogenous leucine concentrations were calculated using
the slope and the positive y-intercept of the calibrators by
the Analyst 1.5.2 software (Applied Biosystems/MDS
SCIEX). The expected ratio of leucine to the IS (leucine-
d10) was plotted against the observed peak area ratio of the
analyte to IS to extract the slope and intercept.

Statistical analysis

All statistical analysis was performed by 2-tailed Student’s
t test using Microsoft Excel. A P value <0.05 were con-
sidered significant. Data are expressed as mean + SEM or
as mean + SD as indicated in corresponding legends. All
Western blots were repeated three times to validate the
results. Where protein levels were compared, the band
intensities measured using Image J program are specified in
the corresponding figure legends.

Results

Hypomorphic mutations in the LOC203547 gene cause
XMEA

We previously mapped the XMEA gene to a 0.58 Mb
region of Xq28 containing four known genes and a pre-
dicted fifth gene, LOC203547 [23] (Fig. la). We
sequenced the exons and flanking intronic sequences of all
five genes in XMEA patients from 14 families, and found
sequence changes only in LOC203547 which in all families
segregated with the disease. To confirm that the changes
are mutations, we sequenced LOC203547 in over 450

control chromosomes, including 100 from ethnically mat-
ched individuals for each mutation, none of which
contained the identified changes (Fig. 1b).

LOC203547 has three exons, and a 4.7 Kb transcript
expressed ubiquitously (Supplemental Fig. 4a). The muta-
tions consist of six different single-nucleotide substitutions.
The first two, ¢.54-27A>T and ¢.54-27A>C, eliminate the
A nucleotide defining the splice branch point of intron 1.
The third, ¢.1634+4A>G, removes the A in the +4 position
after exon 2, which contributes to optimal Ul snRNA
binding during splicing. The fourth, ¢.164-7T>G, disrupts
the polypyrimidine tract in intron 2, which would reduce
the binding efficiency of the U2AF splice factor. The fifth,
¢.272G>C, is in coding sequence replacing a glycine with
alanine, but also abolishes a predicted splice enhancer site.
The sixth, ¢.*6A>G, occurs six nucleotides past the ter-
mination codon in the 3'UTR (Fig. 1).

Splice site mutations cause disease by generating
abnormal isoforms, or by decreasing mRNA quantity
through reduced splicing efficiency. We detected no splice
variants by RT-PCR or by Northern blotting (Supplemental
Fig. 4B), but a comparison of means of RNA levels by
quantitative RT-PCR (qRT-PCR) from patient fibroblasts
and lymphoblasts revealed 32-58 % reduction in
LOC203547 mRNA, including in patients with the 3’'UTR
mutation (Fig. 2a, b). Western blots and immunocyto-
chemistry showed that LOC203547 is also reduced at the
protein level (Fig. 2c, d). To confirm that these reductions
are directly caused by the LOC203547 variants and not
secondary disease effects, we generated minigene expres-
sion vectors for each splice site change (Supplemental
Methods and Supplemental Fig. 5) and transfected them
into C2C12 myoblasts. In these experiments, the only
difference between each minigene and corresponding wild-
type minigene are the single altered LOC203547 nucleo-
tides observed in the patients. qRT-PCR showed >40 %
decrease in mRNA from the variant minigenes compared to
wild-type (Fig. 2e, ), confirming that the changes cause
LOC203547 mRNA downregulation.

LOC203547 is the human ortholog of the yeast
V-ATPase assembly chaperone Vma2lp

Toward determining whether LOC203547 is the human
ortholog of Vma2lp we first asked whether its downregu-
lation in XMEA affects the V-ATPase and whether this
effect is comparable to the previously characterized effect
of Vma2lp deficiency in yeast. The yeast vima2l deletion
mutant vma2lA has markedly reduced V-ATPase levels
and V-ATPase activity and defective growth. It also
exhibits increased free V, sector proteins in the cytosol,
because V; subunits are produced in the cytosol and sub-
sequently added to the V sector assembled in the ER [18].
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Fig. 1 LOC203547 and XMEA mutations. a The LOC203547 gene
has three exons (open boxes). The positions of the six XMEA
mutations relative to the LOC203547 exons are depicted by bullets.
The LOC203547 protein has two predicted transmembrane domains
(grey boxes). b Table of mutations. In the electropherogram panels,
top is normal sequence and bottom sequence is the patient’s.
* numbers of chromosomes from normal individuals genotyped for

We measured V-ATPase activity in the light membrane
fraction (includes all organelles) of XMEA patient lym-
phoblast extracts and found that it is reduced to 12-22 % of
normal (Fig. 3a). In fibroblasts, V-ATPase activity was
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each mutation, T is the total number of chromosomes, E is the number
of chromosomes from ethnically matched individuals; ** Prediction
by Splicing Sequences Finder—Branch Point Sequence (http://www.
umd.be:2300/searchBP.html); *** Prediction by Exonic Splicing
Enhancer Finder (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.
cgi?process=home)

reduced to 11-13 % of normal, and in fresh-frozen muscle
biopsies to 21-33 % (Fig. 3b). We next assessed the
amount of V-ATPases in the light membrane fractions
by performing immunoprecipitation and Western blot
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Fig. 2 Effects of XMEA mutations on LOC203547 mRNA and
protein. a RT-PCR of LOC203547 from patient and control lympho-
blast RNA. b Quantitative RT-PCR of LOC203547 in lymphoblast
RNA measured as a ratio to B-actin. ¢ LOC203547 protein in frozen
patient and control skeletal muscle by Western blot; mean band
intensities were measured using Image J: Control (n = 2)
1.19 & 0.074; patient (n = 3) 0.46 £ 0.045. Similar results in
fibroblasts shown in Supplemental Fig. 4c. d LOC203547 protein in

experiments with antibodies against the V-ATPase subunits
a and E which showed reduced signal in patients (Fig. 3c,
d) indicating that the decreased V-ATPase activity was due
to decreased V-ATPase levels which we confirmed by
directly counting V-ATPase complexes on intact mem-
branes of intact neutrophils using immunogold electron
microscopy (Fig. 3e, f). Western blots of cytosolic and
light membrane fractions showed that V; subunit E was
increased in patient cytosols to an extent similar to its
reduction from organellar membranes (Fig. 3d), indicating
that the decrease in V-ATPases is due to decreased for-
mation of Vo complexes. As an assembly chaperone, yeast
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patient (XMEA-13) and control fibroblasts by immunofiuorescence
light microscopy. e RT-PCR of four LOC203547 minigene constructs
following transfection into C2C12 myoblasts, the PRDMS gene (in
pcDNA 3.1) was cotransfected as transfection efficiency control,
endogenous GAPDH expression was used as control for cDNA
synthesis. f Quantitative RT-PCR of above minigenes relative to
B-actin. Bars in panels b and f represent mean =+ standard deviation
of three independent experiments

Vma2lp expectedly interacts with the V, complex, and
immunoprecipitating it co-precipitates the complex [18].
We show that immunoprecipitating LOC203547 in light
membrane fractions of mammalian cells likewise co-
precipitates Vo (Fig. 4a, b), and immunocytochemical
experiments show co-localization of LOC203547 with
V-ATPase subunits (Supplemental Fig. 6). The contact
between yeast Vma2lp and Vg is the Vg subunit ¢’ [18].
Subunits ¢’ as well as ¢ and c¢” are highly homologous
proteins that form the yeast V, intramembranous rotating
cylinder (Supplemental Fig. 1). ¢’ does not exist in mam-
malian proteomes, and in mammals the V, rotating core
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utilizes only proteins ¢ and c¢” [8]. We, therefore, tested
whether LOC203547 interacts with either of these proteins.
Immunoprecipitating LOC203547 following full denatur-
ation revealed that subunit ¢”, but not subunit ¢, remained
bound (Fig. 4c), suggesting that LOC203547 interfaces
with the Vo complex at least in part through c”.
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Finally, we asked whether LOC203547 can complement
vima2lA. The vma2lA yeast strain is characterized by a
well-defined set of growth defects including poor growth on
complete media, and the absence of growth on media
with nonfermentable carbon sources or with high pH or
calcium [18]. We cultured vma21A, LOC203547-transformed
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<«Fig. 3 Defective V-ATPase activity and assembly in XMEA. a, b V-
ATPase activity in lymphoblast and skeletal muscle light membrane
fractions; bars mean =+ standard error of three independent experi-
ments. ¢ Immunoprecipitation and Western blotting of lymphoblast
light membrane fractions with subunit a antibody, non-denaturing
conditions (DTSSP crosslinking and detergent C12E9) used to favor
maintaining Vg assembled. Vg, which includes subunit a, is 250 kDa
in size; subunit a is 116 kDa. In patients, both are reduced (subunit a
is known to undergo rapid degradation when unassembled) (2).
d Western blots of V; subunit E in light membrane (Mem) and
cytosolic (Cyt) fractions. E is decreased from light membrane
fractions and increased in cytosol; band intensities in patients
determined using image J software: in fibroblasts from patient
c.6¥A>G, 0.509 (Mem) and 0.711 (Cyt) vs 1.293 (Mem) and 0.298
(Cyt) in control; in lymphoblasts from patient c.164-7T>G, 0.120
(Mem) and 0.743 (Cyt), and patient ¢.272G>C, 0.213 (Mem) and
1.251 (Cyt) compared to averages of 0.753 (Mem) and 0.208 (Cyt) in
controls. GAPDH and Calnexin used to verify fraction purity. e,
f Representative EM of neutrophils from normal (e) and XMEA
() cells immunogold labeled against subunit a; neutrophils possess
large V-ATPase-rich phagosomes, and V-ATPases in the plasma
membrane utilized for migration through tissues. In XMEA, gold
particle numbers are reduced (black dots at the plasma membrane and
on the membranes of the phagosomes); bar, 0.5 um. Actual mean
counts from 150 neutrophils from three controls (50 cells per control)
and 100 neutrophils from two patients (50 cells/patient) were, in
particles/linear pm: control plasma membrane, 2.7 £ 0.5, patient
plasma membrane, 0.4 = 0.1; control phagosome membrane,
4.3 + 0.75, patient phagosome membrane, 1.25 & 0.06; significance
<0.001 (student’s ¢ test)

vma2lA, and wild-type yeast for 3 days in YP-glycerol pH
5.5 (glycerol as sole carbon source), YPD pH 7.5 (elevated
pH), or YPD pH 5.5 with 10 mM CaCl,. Vima2lA showed
characteristic negligible growth, while LOC203547-trans-
formed vma21A grew proficiently, and equal to wild-type, on
all three media (Fig. 4d), showing that LOC203547 fully
rescues vma2lA. Collectively, these results establish that
LOC203547 is the human ortholog of Vma2lp, and is,
hereafter, named VMAZ21.

The subcellular stations of VMA21 diverge
from those of Vma2lp

In yeast, Vma2lp first interacts in the ER membrane with
the Vg subunit ¢’. This initiates a stepwise assembly of the
other Vo components, and the presence of Vma2lp is
necessary throughout the process. Once V, is formed,
Vma2lp accompanies it on COPII vesicles to the Golgi
apparatus, where V; subunits are added to complete the
V-ATPase [18]. Vma2lp is retargeted by its carboxy-ter-
minal dilysine signal to the ER, while each V-ATPase is
directed to its particular destination based on which
isoform of the ‘a’ subunit was incorporated during Vy
“assembly [18]. To determine the subcellular locations in
which human VMAZ21 acts, we stained human fibro-
blasts (Fig. 5) and C2C12 cells (Supplemental Fig. 7) with
VMA21 and organelle-specific antibodies. VMA21

strongly localizes at ER, COPII vesicles, and the ER-Golgi
intermediate compartment (ERGIC). It is not present at the
Golgi, or beyond (trans-golgi network). VMAZ2I1 lacks a
dilysine ER return signal consistent with which we find that
it has minimal, if any, presence on COPI, the ER return
vesicle. There was also no localization on mitochondria
and minimal, likely negligible, signal in few peroxisomes
and lysosomes (Fig. 5). In summary, the route of VMA21
is diverged from that of its yeast counterpart. It follows the
latter’s path from ER to ERGIC, but not on to the Golgi,
and it does not appear to cycle back to the ER.

Block in the completion of autophagy, associated
with upregulation of its initial phases

Autophagy is the degradation of long-lived proteins and
other cell components. It is composed of three processes
with a common final stage, digestion at low pH by lyso-
somal hydrolases. In chaperone-mediated autophagy,
proteins are taken into lysosomes via receptors. In micro-
autophagy, they are engulfed by lysosomes. In
macroautophagy, isolation membranes form in the cyto-
plasm, surround targeted proteins and other constituents,
and fuse with lysosomes. The transitional structures prior
to merger with lysosomes are called autophagosomes, and
the final organelles autolysosomes. Macroautophagy is the
largest contributor to autophagy, and is the process that
expands to compensate for insufficiencies in the non-macro
autophagic processes, or to meet increased autophagic
demands such as during starvation [21].

Based on our finding of decreased V-ATPase activity in
XMEA, we predicted that XMEA cells have elevated
lysosomal pH and a resultant partial block in the common
final degradative stage of autophagy. To test this, we first
measured lysosomal pH. We incubated fibroblasts with
Oregon green dextran overnight, during which dextran is
endocytosed to the lysosome where it fluoresces with an
intensity proportional to pH and emits two wavelengths
around an isobestic point; fluorescence intensity at one
wavelength is inversely proportional to the intensity at the
other and their ratio corrects for focal plane artifacts
(Supplemental Fig. 8) [26]. pH of patient lysosomes was
0.5 units higher (pH 5.2 vs. 4.7), i.e., three times less [H™],
than that of controls (Fig. 6a). Next, we measured
autophagy, by quantifying the degradation of long-lived
proteins. We cultured lymphoblasts and fibroblasts for 48 h
with radioactive cysteine and methionine. After washing,
we chased protein degradation by measuring the TCA
soluble fraction of total radioactivity for 72 h. Three types
of chase media were used for the calculation of total
autophagy, macroautophagy, and non-macro autophagy:
routine media, media with lysosomal protease inhibitors
(NH4C1 and leupeptin), and media containing 3-methyl
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Fig. 4 LOC203547 interacts with V, via ¢”, and LOC203547 rescues
yeast vima2lA. a LOC203547 antibody co-precipitates Vo under non-
denaturing conditions. Proteins from HEK293 cells solubilized in the
presence of detergent C12E9 and DTSSP crosslinking were immu-
noprecipitated using an anti-LOC203547 antibody. The Western blot
probed with anti-a antibody reveals the 250 kDa complete Vj,
indicating that LOC203547 interacts with V. Subunit a is the
dominant Vg subunit (Supplemental Fig. 1). In yeast, V, assembly
does not involve an initial interaction of Vma21p with subunit a, and
Vma21p antibodies do not co-precipitate a except as part of intact Vg
(2). Absence of a 116 kDa band (subunit a) indicates that LOC203547
likewise does not separately interact with a. b When immunoprecip-
itation with the LOC203547 antibody was repeated in the presence of
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C12E9 but no crosslinking, the 250 kDa V, complex and subunits a
(116 kDa) and d (37 kDa) were detected. Under these conditions,
some amounts of at least these two subunits separates from the
complex during SDS-PAGE, enabling their detection. ¢ Under full
denaturing conditions (no C12E9 and DTSSP crosslinking), immu-
noprecipitation using LOC203547 antibody and western blot using an
antibody that recognizes both subunits ¢ and c¢” detects only the
21 kDa ¢” subunit, no 250 kDa V, band, and no 16 kDa band
corresponding to subunit c. d Comparison of growth patterns of yeast
strains BY4741 (wild-type), vma2lA, LOC203547-transformed
vma2lA, and controls. Successive dilutions (107'-10™) of synchro-
nously grown cultures of each strain plated in three different growth
media. LOC203547 rescues the vima2lA growth defect

- 150 -



Acta Neuropathol

Fig. 5 Intracellular localization a
of VMA21. a Human fibroblasts
were treated with VMA21
antibody and co-stained with
antibodies against
compartment-specific markers.
Yellow fluorescence indicates
co-localization. Standard
confocal and deconvolution
microscopy were performed.
The former is shown for all
structures. Deconvolution
microscopy, which reduces false
co-localization in situations of
highly abundant signal, as was
the case for lysosomes
(LAMP2) and COPI vesicles, is
also shown for the latter two
compartments. VMA21
localizes at the ER, the ERGIC,
and on COPII vesicles.

b Electron micrograph of
VMAZ21 immunogold labeled
ultrathin cryosection of a
C2C12 cell. Note the black dots
(gold particles) at the ER (upper
arrow) and ER terminal
cisternae (lower arrow) but not
on mitochondrion (arrowhead);
Bar 0.25 pm

TRANSGOLG!I  GOLGI COPII ERGIC ER

o

adenine, a specific macroautophagy inhibitor. We found
that in controls and patients approximately half of long-
lived protein degradation was macroautophagic and half
through non-macro autophagy, that total long-lived protein
degradation in patients was reduced by 25-50 % compared
to controls, and that this reduction in autophagic flux was
due approximately equally to reductions in macro and non-
macro autophagies (Fig. 6b—d). Consistent with impaired
macroautophagy, EGFR and p62, specific macroautophagy
substrate proteins, accumulated in patient cells (Fig. 6e). In
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separate experiments, proteolysis of short-lived proteins,
which is largely non-lysosomal, was unaffected (not
shown). We reasoned that a block in the final degradative
stage of autophagy might induce a feedback upregulation
of macroautophagy, i.e., increased autophagic signaling
and increased autophagosome formation to overcome the
end degradative block. Beclin-1 is a pivotal early compo-
nent of autophagic signaling; its increase and increased
interaction with the class III PI3 kinase hVps34 leads to
activation and upregulation of the macroautophagy
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pathway [4]. LC3 is a cytosolic protein which upon acti-
vation of macroautophagy converts from its LC3-I
(18 kDa) to its LC3-II (16 kDa) form to function in the
isolation membrane that forms the autophagosome [21].
Western blot and immunoprecipitation studies in fibro-
blasts and lymphoblasts showed major increases in beclin-
1, beclin-1-hVps34 interaction, and LC3-II in XMEA
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patients (Fig. 6f). LC3 was also increased at the tran-
scriptional level, two-fold. The mRNA of a second early
macroautophagy gene tested, ATGI2, was increased ten-
fold (Supplemental Fig. 9a). These results confirm that
macroautophagy is upregulated in XMEA. We then tested
the phosphorylation state of the p70S6 kinase and found
it to be dephosphorylated (Fig. 6f) indicating that the
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«Fig. 6 Increased lysosomal pH, decreased protein degradation, and
increased macroautophagy. a Spread of lysosomal pH values in
patient and control fibroblasts; each small circle is the mean pH
measurement of 10 lysosomes per cell. b Chase of lysosome-
dependent long-lived protein degradation in lymphoblasts. ¢ Average
rates of proteolysis in patients determined by calculation of slopes of
the linear phases in (b) and expressed relative to control samples.
Error bars show standard deviation, and p values were calculated
using ¢ Test. d I, 36-hour time points from panel b. II, Cells cultured
with macroautophagy inhibitor 3-MA, measures non-macroautopha-
gic portion of lysosome-dependent proteolysis. III, Difference
between I and 11, i.e., between total lysosome-dependent proteolysis
and its non-macro autophagic portion; measures the macroautophagic
portion. Error bars mean = standard deviation of three independent
repeats except for P5 bars II and III which are from two independent
repeats. e Blocked degradative phase of macroautophagy in XMEA
cells as evidenced by accumulation of the macroautophagy substrates
EGFR and p62. Band intensities calculated using Image J: p62 in
patient fibroblasts 0.48 & 0.03 and 0.25 =4 0.008 in controls; EGFR
in patient fibroblasts 0.277 £ 0.02 and 0.135 + 0.009 in controls;
p62 in patient lymphoblasts 0.45 & 0.05 and 0.22 £ 0.07 in controls;
EGFR in patient lymphoblasts 0.42 £ 0.02 and 0.14 £ 0.03 in
controls. f Macroautophagic upregulation in XMEA cells (P1-P6) and
low-dose leupeptin-treated non-XMEA cells (L); hVps34-beclin-1
interaction complexes were precipitated using a beclin-1 antibody
followed by Western blotting for hVps34 and beclin-1: Two upper
panels: both hVps34-beclin-1 are increased in patients and leupeptin-
treated fibroblasts and lymphoblasts. Phosphorylation state of the
p70S6 kinase determined by using phospho-specific (p-p70S6 K) and
total p70S6 kinase antibodies: Two middle panels: p70S6 kinase is
hypophosphorylated in patients and leupeptin-treated cells while the
total p70S6 kinase levels remain similar. The mean intensities of
p-p70 S6 K bands in fibroblasts: patients 0.060 £ 0.005 and controls
0.433 & 0.010; in lymphoblasts: patients 0.149 £ 0.07 and controls:
1.04 £ 0.07; Two lower panels: Immunoblot of LC3: LC3-II
concentrations are increased in patients and leupeptin-treated cells.
Mean LC3-II: GAPDH band intensity ratios measured using Image J:
1.42 in patient vs. 0.17 in control fibroblasts. 0.707 in patient versus 0
0.079 in control lymphoblasts. LC3 mRNA quantifications are shown
in Supplemental Fig. 9a, and LC3 immunocytochemistry in Supple-
mental Fig. 9b

mTORCI1 pathway is inhibited, and that the XMEA auto-
phagic upregulation is at least in part through mTORCI1
inhibition.

The mTORC1 pathway is chiefly inhibited (i.e.,
autophagy is activated) by reduced levels of cellular amino
acids [1], which we measured and found to be ~50 %
lower in XMEA than in control fibroblasts (Fig. 7a).
Leucine is the principal amino acid involved in mTORC1
regulation [1, 2]. We measured its level specifically and
found it reduced by over 50 % (Fig. 7b). Finally, supple-
menting the media with 10X leucine methyl ester (final
concentration of 0.05 mM), a form of leucine that diffuses
freely into cells [38], corrected the p70S6 kinase phos-
phorylation (Fig. 7¢). Together, these results indicate that
reduced cellular amino acids are at least in part the cause of
autophagic activation in XMEA. Interestingly, while sup-
plementing the media with normal leucine also corrected
the phosphorylation status of the p70S6 kinase (Fig. 7d), it
did not do so to the level of normal cells suggesting that
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Fig. 7 Decreased intracellular amino acids and correction of auto-
phagic upregulation by leucine esters. a Quantitation of intracellular
free amino acids; C control fibroblasts; S control fibroblasts in
starvation condition (Hanks balanced salt solution for 4 h); C and S
are pooled results from three separate fibroblast lines each measured
three times. Note, XMEA cells maintain themselves at even lower
free amino acid concentration than the starved control cells. Error
bars mean =+ standard error on triplicate readings. b Quantitation of
intracellular leucine in control (n = 4) and patient (n = 4) fibroblasts
using LC-MS. Error bars show standard deviation from three
independent repeats. ¢ Phosphorylation status of p70S6 kinase is
restored in patients treated with leucine methyl ester. d Phosphory-
lation status of p70S6 kinase is partially restored in patient cells
treated with leucine

leucine transport is decreased in XMEA, which, we
hypothesize, is likely physiologic (see “Discussion”).
Autolysosomes are evanescent structures that rapidly
degrade their contents, and few are observed in normal
cells at any one time. We asked whether in XMEA the
upregulation of macroautophagy, coupled with delayed
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Fig. 8 Morphological Features
of XMEA Fibroblasts (see also
Supplemental Fig. 8).

a Fibroblast from an unaffected
individual; bar 2 pm.

b Representative example of the
most common appearance in
patient fibroblasts; extensive
number of autolysosomes
distributed throughout the cell;
bar 2 um. ¢ Autolysosomes in a
fibroblast from an affected
individual merging to form
autophagic vacuoles. This was
noted in 11 of 100 consecutive
fibroblasts examined from two
patients; bar, 2 pm. d Higher
power of (C); bar 0.5 um.

e Extreme example of giant
autophagic vacuolation in a
fibroblast from an affected
patient; bar 0.5 pm.

f Representative non-XMEA
normal fibroblast treated with
leupeptin exhibits the
morphological characteristics of
XMEA; bar 0.5 pm

degradation of autolysosomal contents, results in

increased autolysosomes. Electron and immunofluores-
cence microscopy showed a proliferation of autolysosomes
in XMEA lymphoblasts, fibroblasts, leukocytes, and
platelets (examples from fibroblasts shown in Fig. 8 and
Supplemental Figs. 2g, 10). Cells were otherwise mor-
phologically normal, except in a minority, counted at
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~10 % in fibroblasts, where the numerous autolysosomes
were observed merging one with the other forming large
vacuoles comparable to the disease-defining autophagic
vacuolation of XMEA skeletal muscle (Fig. 8c—e). These
observations show that cells other than muscle also exhibit
autophagic vacuolation in XMEA, although seemingly in
lesser proportions (10 % in fibroblasts, present study, vs.
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40-80 % in skeletal muscle [12, 36]). Further, the electron
micrograph data is consistent with a progression from
upregulated autophagy to proliferation of autolysosomes
and finally to autophagic vacuolation.

We aimed to determine whether VMA21 mutations
cause the above succession of events through the block in
the final degradative stage of autophagy, and not through a
separate mechanism, i.e., we asked whether blocking
the degradative stage by 25-50 %, alone, elicits macro-
autophagy, and autophagic vacuolation. Leupeptin is a
pH-independent inhibitor of lysosomal hydrolases and,
therefore, of the degradative stage of autophagy. First, we
determined 30 pM as the leupeptin concentration needed to
decrease long-lived protein degradation by 37 % (Supple-
mental Fig. 11). Lymphoblasts and fibroblasts from normal
subjects incubated with this concentration of leupeptin
exhibited decreased mTORCI1 dependent upregulation of
autophagic signaling (Fig. 6f), and autolysosome prolifer-
ation, autolysosome mergers, and autophagic vacuolation
(Fig. 8f), similar to XMEA.

Restoring VMA21 mRNA levels corrects the XMEA
autophagic disturbance

As final proofs that decreased VMA2] is the cause of the
autophagic disturbance in XMEA, we performed the fol-
lowing experiments. We reduced Vma2l mRNA in NIH
3T3 cells by silencing with Vma2l RNAi and observed
appearance of the typical XMEA vacuolation (Fig. 9a, b).
Next, we raised the levels of Vma2l mRNA in XMEA
fibroblasts by retroviral infection and stable expression of
Vma2l. This led to near-normalization of V-ATPase at
protein level (Fig. 9c), its assembly (as shown by near-
normalization of free cytosolic subunit E (Fig. 9d),
V-ATPase activity (Fig. 9¢), and lysosomal pH (not
shown). As a consequence, there were improvements in
long-lived protein degradation, LC3 isoform levels, beclin-
1 levels, beclin-1-hVps34 interaction, and intracellular
amino acid levels (Fig. 9f-i). Autolysosomes and auto-
phagic vacuoles were no longer present and cells returned
to normal morphology (Fig. 9j).

Not all V-ATPase dependent functions
are affected in XMEA

Multiple cell functions other than autophagy require the
V-ATPase, none of which appear to be affected to a clin-
ical extent in our patients. We studied one of these systems,
maturation of lysosomal enzymes which consists of
stepwise proteolytic processing in compartments with
decreasing pH set by increasing V-ATPase activity [32].
We examined hexosaminidases A and B and cathepsin D in
XMEA fibroblasts, and found that maturation of all three, as

determined by polypeptide processing and in vitro activities,
were identical to controls (Supplemental Fig. 12).

Discussion

XMEA mutations are hypomorphic alleles that reduce the
amount of VMAZ21, in most cases by decreasing mRNA
splicing efficiency. Only skeletal muscle is clinically
affected and only in males. Female carriers are unaffected
likely because muscle is a syncytium and half the nuclei
will produce normal VMA2] mRNA amounts. We show
that VMA21 is the human ortholog of the yeast V-ATPase
chaperone Vma2lp, and that reduced VMAZ21 results in
reduced V-ATPase activity to 10-30 % of normal. The
human proteome lacks the ¢’ V-ATPase subunit with which
the yeast Vma2lp interacts. We find that human VMA21
interfaces with the V-ATPase through the c¢” subunit,
although it may well have additional contacts. VMA21
may also have functions other than assembling the
V-ATPase, mediated through other interacting partners.

Several other genetic diseases affecting V-ATPases
have been described. In these diseases, mutations affect
particular V-ATPase subunits that confer subcellular
location or tissue specificity and result in corresponding
symptoms such as developmental delay with wrinkled skin
syndrome (subunit a2) [14], osteopetrosis (subunit a3) [9],
and renal tubular acidosis with deafness (subunit a4) [13].
XMEA is the first disease in which all V-ATPases are
affected. On the other hand, XMEA mutations do not
completely eliminate V-ATPase activity. XMEA patients
do not exhibit neurodevelopmental delay or clinically
manifest skin and bone abnormalities, acidosis, or hearing
loss, indicating that for the specialized a2, a3, and
ad4-containing V-ATPases, the reduced V-ATPase assem-
bly in XMEA does not reach clinical threshold.

The reduced V-ATPase activity in XMEA results in a rise
in lysosomal pH from 4.7 to 5.2. Maturations and activities
of three lysosomal enzymes tested are not affected in vitro.
However, in vivo, these enzymes are expected to have
lowered activity in patient lysosomes due to the raised pH.
Hexosaminidase, e.g., is known to be 50 % less active at pH
5.2 than at 4.7 [32]. Not surprisingly, this degree of hexos-
aminidase downregulation is tolerated by XMEA patients
because they, like Tay-Sachs disease carriers who also have
50 % reduced hexosaminidase, do not have Tay-Sachs
symptoms. Other individual lysosomal enzymes are likely
similarly subclinically affected.

The final stage of autophagy, i.e., the collective activity
of lysosomal enzymes involved in the degradation of long-
lived proteins, is also reduced. The extent of this reduction
in patient cell lines is certainly greater than the 50 % we
recorded, because, as we showed, it is coupled with a
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