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Abstract

The GNE gene encodes the rate-limiting, bifunctional enzyme of sialic acid biosynthesis, UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE). Biallelic GNE mutations
underlie GNE myopathy, an adult-onset progressive myopathy. GNE myopathy-associated GNE
mutations are predominantly missense, resulting in reduced, but not absent, GNE enzyme
activities. The exact pathomechanism of GNE myopathy remains unknown, but likely involves
aberrant (muscle) sialylation. Here we summarize 154 reported and novel GNE variants associated
with GNE myopathy, including 122 missense, 11 nonsense, 14 insertion/deletions and 7 intronic
variants. All variants were deposited in the online GNE variation database (http://www.dmd.nl/
nmdb2/home.php?select_ db=GNE).

We report the predicted effects on protein function of all variants as well as the predicted effects
on epimerase and/or kinase enzymatic activities of selected variants. By analyzing exome
sequence databases, we identified three frequently occurring, unreported GNE missense variants/
polymorphisms, important for future sequence interpretations. Based on allele frequencies, we
estimate the world-wide prevalence of GNE myopathy to be ~ 4-21/1,000,000. This previously
unrecognized high prevalence confirms suspicions that many patients may escape diagnosis.
Awareness among physicians for GNE myopathy is essential for the identification of new patients,
which is required for better understanding of the disorder’s pathomechanism and for the success of
ongoing treatment trials.
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Background

GNE myopathy (MIM #605820) is a rare, recessive inherited, degenerative skeletal muscle
disorder with early adult onset [Askanas and Engel, 1995; Eisenberg et al., 2001; Huizing
and Krasnewich, 2009; Huizing et al., 2014a]. The disease was first described in 1981 in
Japanese patients, termed distal myopathy with rimmed vacuoles (DMRV) or Nonaka
myopathy (MIM #605820) [Nonaka et al., 1981]. A similar disorder, called vacuolar
myopathy sparing the quadriceps, was described in 1984 in Persian-Jewish patients [Argov
and Yarom, 1984], later referred to as hereditary inclusion body myopathy (HIBM), or
inclusion body myopathy 2 (IBM-2). Linkage analysis studies in 1996 of the Persian-Jewish
[Mitrani-Rosenbaum et al., 1996] and later the Japanese [Ikeuchi et al., 1997] patient cohorts
localized the gene to 9p1-ql, suggesting that the two diseases were allelic. In 2001, the
causative gene, GNE (MIM #603824), was identified [Eisenberg et al., 2001], and
subsequent mutation analyses reported GNE sequence variants in patients of highly diverse
ethnicities, including the original Persian-Jewish HIBM and Japanese DMRYV cohorts, and
patients from Asia, Europe, Africa and the Americas (Table 1) [Nishino et al., 2002;
Eisenberg et al., 2003; Huizing and Krasnewich, 2009]. Since the multiple names for this
disorder can be confusing the disorder was recently renamed “GNE myopathy”.

GNE myopathy typically presents in early adulthood with foot drop caused by weakness of
the anterior tibialis muscles. The disease has progressive wasting of distal, then proximal
skeletal muscles in the lower, then upper extremities and leads to marked disability within
10-20 years of initial symptoms, including wheelchair use and dependent care [Huizing et
al., 2014a]. Severity and age of onset vary, even among siblings [Boyden et al., 2011; Mori-
Yoshimura et al., 2012; Cho et al., 2013; Huizing et al., 2014a]. Relative “sparing” of the
quadriceps occurs, although these muscles become affected at advanced stages of the
disease; neck muscles can also be affected late in the disease [Argov and Yarom, 1984;
Sivakumar and Dalakas, 1996]. In some cases, weakness of respiratory muscles appears as a
manifestation of advanced stages of the disease [Mori-Yoshimura et al., 2012]. Additionally,
dilated cardiomyopathy has been observed in a subset of patients [Chai et al., 2011], and a
few cases with cardiac conduction abnormalities and sudden death have been reported
[Kimpara et al., 1993; Nishino et al., 2005]. Histopathology of GNE myopathy muscle
biopsies typically shows rimmed vacuoles and characteristic filamentous inclusions,
generally without signs of inflammation [Yunis and Samaha, 1971; Nonaka et al., 1981,
Griggs et al., 1995]. Specialized lectin or antibody staining of affected muscle shows
decreased sialylation, presumed to be involved in the pathophysiology of the disease
[Noguchi et al., 2004; Tajima et al., 2005; Malicdan et al., 2009; Nemunaitis et al., 2011].

The human GNE gene (Gene ID: 10020; NC_000009) encodes a bifunctional enzyme,
uridine diphosphate (UDP)-N-acetylglucosamine (GIcNAc) 2-epimerase/N-
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acetylmannosamine (ManNAc) kinase (GNE) [Hinderlich et al., 1997; Eisenberg et al.,
2001]. The GNE enzyme catalyzes the first two committed, rate-limiting steps in the
biosynthesis of 5-N-acetylneuraminic acid (Neu5Ac). In mammals, the end product of sialic
acid synthesis, CMP-Neu5Ac, feedback-inhibits the UDP-GIcNACc 2-epimerase activity of
GNE by binding to its allosteric site [Kornfeld et al., 1964]. Neu5SAc (henceforth referred to
as ‘sialic acid’) is the most abundant mammalian sialic acid and the precursor of most other
sialic acids [Varki, 1992]. Sialic acids are typically found as the terminal sugars on
glycoproteins and glycolipids, where they function in a variety of cellular signaling
pathways [Varki, 1997].

Two distinct human disorders, sialuria (MIM #269921) and GNE myopathy are associated
with predominantly missense mutations in GNE. Sialuria is an autosomal dominant disorder
characterized by coarse facies, variable developmental delay, hepatomegaly and recurrent
infections. To date, only seven sialuria patients are described worldwide. All patients have a
heterozygous missense mutation affecting the allosteric site of GNE, leading to loss of
feedback-inhibition of GNE-epimerase activity by CMP-sialic acid, resulting in excessive
sialic acid production. Other publications describe the details of sialuria and its GNE
sequence variants [Seppala et al., 1999; Enns et al., 2001; Leroy et al., 2001; Hinderlich et
al., 2013].

GNE myopathy patients have non-allosteric, bi-allelic, predominantly missense mutations in
GNE. These mutations result in reduced GNE epimerase and kinase enzymatic activities,
which may lead to decreased sialic acid production. Therefore, impaired sialylation appears
to be a main contributor to the still elusive disease pathology [Noguchi et al., 2004; Sparks
et al., 2005; Malicdan et al., 2007; Malicdan et al., 2009]. While overall sialylation of tissues
appears to be normal in GNE myopathy, specific circulating proteins and/or specific muscle
glycoproteins or glycolipids appear hyposialylated [Huizing et al., 2004; Tajima et al., 2005;
Ricci et al., 2006; Broccolini et al., 2008; Patzel et al., 2013].

The GNE enzyme is a complex, soluble, highly conserved protein whose enzymatic
activities and gene expression appear to be highly regulated. The GNE protein localizes to
the cytoplasm, the Golgi-region and the cell nucleus [Krause et al., 2005]. Eight human
GNE (hGNE) isoforms 1-8 are reported; hGNEL is the major, ubiquitously expressed
isoform, while hGNE2-8 are differentially expressed and may act as tissue-specific
regulators of sialylation [Reinke et al., 2009a, 2009b; Yardeni et al., 2011]. GNE can
homodimerize to oligomeric structures with different enzymatic activities; expression is
influenced by GNE ligands [Ghaderi et al., 2007; Reinke et al., 2009b]. GNE gene
transcription is regulated by CpG promotor methylation [Oetke et al., 2003]. GNE mRNA is
highest in liver and placenta, while skeletal muscle has low expression [Lucka et al., 1999;
Yardeni et al., 2011].

Here we provide an overview of all reported GNE sequence variants associated with GNE
myopathy to date, as well as novel variants identified in our NIH patient cohort. We also
provide an overview of reported GNE enzyme activities for specific mutations, address
genotype-phenotype correlations, and update the estimated prevalence of the disease based
on available next-generation sequencing data.
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GNE Mutation Nomenclature

The eight different splice variants of the GNE mRNA encode (at least theoretically) for 8
different protein isoforms [Reinke et al., 2009a; Yardeni et al., 2011]. The originally
described GNE protein is now called hGNEL (illogically, encoded by GNE mRNA transcript
variant 2, NM_005476) which covers 722 amino acids [Eisenberg et al., 2001]. The hGNE2
isoform is encoded by the longest GNE mRNA transcript (variant 1, NM_001128227) and
its protein product contains an additional 31 amino acids at the N-terminus. Human isoforms
hGNE3-8 are encoded by shorter mRNA splice variants, and it is unclear whether these
isoforms are expressed as proteins; if so, they likely lack either epimerase (nGNE3,6,7,8) or
kinase (hnGNE4) enzymatic activities due to partial (splice) deletions within these respective
domains [Yardeni et al., 2011].

The discovery of the additional N-terminal sequence (and novel exon 1) encoding hGNE2,
is potentially confusing since all previous (before 2011) molecular and biochemical studies
(including all mutation reports) refer to the hGNE1 isoform, while according to universally
adapted gene/protein nomenclature rules the longest mMRNA splice form ought to be used for
annotating mutations and functional domains (http://www.hgvs.org/mutnomen/refseq.html).
Hence, amino acid numbering of previously reported GNE studies, including patient
mutation reports, should be supplemented with 31 amino acids to adhere to the current
(hGNEZ2) nomenclature guidelines [Huizing et al., 2014b]. While adaptation to the hGNE2
nomenclature can initially be confusing to the clinicians and patients, we strongly support
the adaptation to this nomenclature. Laboratories/researchers not familiar with the GNE
myopathy field and disease/gene history will report patients’ mutations and biochemical
research tools (mutation reports, antibodies, enzyme activities, SiRNA, etc.) according to
current universally adapted nomenclature rules. In addition, although there are no variants
reported yet in the additional 31 amino acids of hGNE2 (perhaps because this region has not
been considered for mutation analysis in many patients), future variants in this region could
not be accurately named using hGNEL as a reference. To accommodate the adaption to this
new terminology, we list both hGNE1 (GenBank accession numbers: Protein: NP_005467.1;
mRNA: NM_005476.5) and hGNE2 (Protein: NP_001121699.1; mRNA:
NM_001128227.2) nomenclatures in this manuscript in all Tables listing GNE sequence
variants.

Mutation Spectrum

As of January 2014, there were 147 GNE sequence variants reported in the literature
associated with GNE myopathy. We identified another 7 variants in our NIH GNE
myopathy cohort (Table 1, Fig. 1A). All these variants have been deposited in the online
GNE variation database (http://www.dmd.nl/nmdb2/home.php?select_db=GNE). The large
majority of GNE sequence variants associated with GNE myopathy results in missense
protein variants (122 variants, 79%). The other sequence variants included 11 (7%)
nonsense variants, 7 (5%) intronic splice variants, and 14 (9%) insertion/deletions (indel).
The variants are scattered throughout the GNE coding region in both the epimerase and the
kinase domains of GNE. Note that there are no variants reported in the N-terminal exon 1
(specific for GNE2) and exon 2 (untranslated region specific for the hGNE1 isoform) (Fig.
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1B). GNE null mutations have never been identified on both alleles; this would most likely
be lethal, due to the critical role of sialic acid in early development, supported by embryonic
lethality of Gne ‘knock-out” mice [Schwarzkopf et al., 2002].

There are a few ethnic GNE founder mutations reported. The first described variant,
p.M743T (originally M712T in hGNE1 nomenclature) is predominantly found in patients of
Middle Eastern origin [Eisenberg et al., 2001, 2003], p.C44S, p.D207V, and p.V603L
(originally reported as C13S, D176V, and V572L in hGNE1) are common in Japanese
patients [Nishino et al., 2002; Tomimitsu et al., 2002; Cho et al., 2013], and p.1618T
(originally 1587T) is found in Roma Gypsies [Kalaydjieva et al., 2005]. Of note, the
p.M743T variant has also been reported in some non-Middle Eastern patients [Broccolini et
al., 2002; Tomimitsu et al., 2004; Amouri et al., 2005; Grandis et al., 2010; Cho et al.,
2013], p.C44S, p.D207V and p.V603L are also described in non-Japanese Asian patients
[Kim et al., 2006; Li et al., 2011; Park et al., 2012] and p.1618T is also reported in non-
Gypsies [Eisenberg et al., 2003; Grandis et al., 2010; Li et al., 2011; Park et al., 2012]. Some
variants are reported more frequently than others (Table 1), including variants frequently
found in Asian subjects (p.1272S, p.1329T, p.V727M,) and others frequently reported in
subjects of different ethnic origins (p.R277W, p.R277Q, p.D409Y, p.A555V, p.1618T,
p.A662V).

Functional Prediction of Variants

There are 123 GNE cDNA sequence variants associated with GNE myopathy leading to 121
missense protein variants (p.N666K and p.G700R can each result from two different cDNA
variants; p.H348N results from an indel sequence variant (p.L378del; p.H379N)). The
predicted effect of each missense variant on protein function was analyzed using the
prediction software programs PolyPhen2 (Polymorphism Phenotyping v2; http://
genetics.bwh.harvard.edu/pph2/) [Adzhubei et al., 2010], SIFT (Sort Intolerant From
Tolerant human Protein; http://sift.jcvi.org/) [Ng and Henikoff, 2003], Align-GVGD (http://
agvgd.iarc.fr/agvgd_input.php) [Tavtigian et al., 2005; Mathe et al., 2006] and PMut (http://
mmb2.pch.ub.es:8080/PMut/) [Ferrer-Costa et al., 2004]. Based on the combined predicted
values, we assigned an overall severity prediction score to each variant (Table 1, Supp.
Table S1). Please note that these are predicted values of impairment of protein function
only, not based on cellular data. Of the 121 missense protein variants, combined severity
prediction scores of 55 variants were ‘severe’ (protein damaging) and 60 variants were
‘medium’ (probably protein damaging). We propose that these ‘severe’ and ‘medium’
severity scores can explain the protein damaging capacity of these 115 variants. Two of
these missense variants occur at splice junctions: ¢.709G>A (p.G237S) appears to decrease
splice site probability slightly (100% for wild type and 94% for variant sequence) and c.
1508T>C (p.1503T) does not influence splice site probability predictions (Supp. Table S2).
Tertiary structure predictions have localized many of these variants to essential parts of
GNE domains [Penner et al., 2006; Kurochkina et al., 2010]. Our severity prediction
analysis predicted only 6 missense variants to be ‘mild’ (tolerated, benign, likely not protein
damaging) (p.A57P, p.M91V, p.D239N, p.R277Q, p.M292V, p.M292I). Interestingly, all 6
mild variants localize to the epimerase encoding domain. Note that three of these variants
were assigned medium severity prediction scores by one (p.A57P, p.M292V) or two
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prediction programs (p.R277Q), and may therefore be considered as ‘mild- medium’ severe.
Tertiary structure predictions localize p.A57P in an important structural domain, the UDP-
binding site [Kurochkina et al., 2010; Yardeni et al. 2011]. Variant p.D239N (c.715G>A)
occurs at a splice junction (ex 4/5), but only slightly changes splice site prediction
probability (31% for wild type to 30% for variant sequence; Supp. Table S2). None of the
other mild variants change prediction scores for nearby splice junctions, and they are not
predicted to create new splice junctions (data not shown). Effects on GNE enzyme activities
have not been assessed for any of these mild missense variants (Table 2).

Apart from the large group of missense variants, there are 11 nonsense variants reported
associated with GNE myopathy (Table 1, Fig. 1). These variants are distributed throughout
the entire coding region. It is likely that the alleles containing the nonsense variants undergo
nonsense mediated RNA decay and yield no protein product. As mentioned earlier, no
nonsense or severely truncating variants are identified on both alleles in GNE myopathy
patients.

There are 14 indel sequence variants associated with GNE myopathy. Six of these variants
were indels of a single nucleotide, resulting in a frame shift and early termination codon
(p.11591fs*6, p.H188fs, p.N225Tfs*4, p.G237Vfs*3, p.1408Tfs*15, p.K463Rfs*16,
p.G576Efs*11, p.A661Lfs*12). Of interest is that p.G237Vfs*3 (c.710delG) occurs at the
exon 4/5 splice junction and splice site prediction software predicts a significant reduction in
splice site probability (100% for wild type to 12% for variant; Supp. Table S2). In contrast,
p.G576Efs*11 (c.1727delG) also occurs at a splice junction (exon 10/11) but does not
appear to decrease splice site probability predictions (Supp. Table S2). Two indels result in
in-frame deletion of 1 amino acid (c.1634_1637del; p.VV545del and ¢.1806_1808del;
p.V603del), these do not appear to influence splice site prediction probability (data not
shown). However, both occur in structurally important sites of the kinase domain: p.V545del
is in the vicinity of the site of conformational change upon substrate binding [Kurochkina et
al., 2010] and p.Vv603del is located in the connection region between ROK motifs 1 and 2,
which is the predicted vicinity of zinc and substrate binding [Kurochkina et al., 2010] and is
also predicted to be the region the GNE dimerization interface [Penner et al., 2006]. One
indel results in an in-frame deletion of one amino acid followed by a missense variant
(p.L378del; p.H379N). While there are no structural data on p.L378 [Kurochkina et al.,
2010], the missense p.H379N is predicted to have ‘medium’ severity (Supp. Table S1). The
additional 3 indels are larger insertions or deletions for which the exact sequence data were
not provided and/or not retrievable, including insertion of 10-bp in exon 3 [Nishino et al.,
2002], exon 3 deletion [Cho et al., 2013], and a large (>35.7 kb) deletion spanning exons 2—
10 [Del Bo et al., 2003]. Since these 3 variants delete large regions of GNE and/or are out of
frame and likely resulting in an early termination codon and/or nonsense-mediated decay,
we assigned them as ‘severe’.

There are 7 intronic variants reported, presumed to affect splicing. In Supp. Table S2 we
summarize for each variant whether an experimental splice effect was described, and
severity was analyzed in silico with the “Human Splice Site Prediction by Neural Network”
program (http://www.fruitfly.org/seq_tools/splice.html) [Reese et al., 1997]. Out of the 7
intronic variants, 3 were experimentally shown to cause missplicing (c.862+4A>G, c.
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1163+2dupT, ¢.1909+5G>A) and also in silico predicted to reduce splicing probability
compared to the wild type sequence. Of the other variants, c.710-4A>G decreased splice site
probability while ¢.1076-1delG and ¢.1505-4G>A did not show a decreased probability in
silico and need follow-up by experimental testing before assigning pathologic scores to
them.

Biological significance: The GNE protein

The functional domains comprising the GNE protein including the location of all identified
GNE myopathy-related variants are illustrated in Fig. 1. No sequence variants are located in
amino acids 1-31, which comprises an area of unknown function (UF) unique to the hGNE2
isoform. The other GNE region of unknown function (amino acids 409-441, hGNE2
nomenclature) contains 3 missense variants associated with GNE myopathy. Six variants, 4
missense and 2 truncating variants, are reported located in the putative nuclear export signal
(ep-NES, amino acids 152-171), of which the missense variants may play a role in nuclear
localization of the GNE protein [Krause et al., 2005]. There are no GNE myopathy-
associated variants in the same amino acids as those identified to cause sialuria (nGNE2
p.R294 or p.R297, hGNE2 nomenclature) [Seppala et al., 1999; Leroy et al., 2001].
However, 16 variants (15 missense, 1 nonsense) localize to the ‘experimental” allosteric
region (AR; amino acids 286 and 334) which was defined by in-vitro created sialuria-like
mutants in cell culture [Yarema et al., 2001] and in-vitro site-directed mutagenesis studies
[Penner et al., 2006]. It is still unclear if the allosteric site forms a discrete subdomain or
only certain amino acids, integrated in the UDP-GIcNAc 2-epimerase structure,
accommodate CMP-sialic acid binding [Hinderlich et al., 2013]. The 15 GNE myopathy
associated missense variants in the experimental allosteric region need further research
regarding their effect on allosteric feedback inhibition of CMP-sialic acid.

For a large number of GNE variants, tertiary structure predictions are described, based on
the crystal structure of ManNAc kinase and sequence comparisons with other enzymes of
homologous functions [Penner et al., 2006; Tong et al., 2009; Kurochkina et al., 2010;
Martinez et al., 2012]. The effects of selected GNE variants on UDP-GIcNACc 2-epimerase
(GNE-ep) and ManNAc kinase (GNE-kin) enzymatic activities in different cellular and cell
free systems have been determined, and are summarized in Table 2. First, it was shown that
the physical separation of the two GNE enzymatic domains results in enzymes with
remaining, but severely decreased, activity [Blume et al., 2004]. Second, it was
demonstrated that GNE myopathy-associated missense variants caused reduced, but never
absent, enzymatic activities [Hinderlich et al., 2004; Noguchi et al., 2004; Salama et al.,
2005; Sparks et al., 2005; Penner et al., 2006]. Third, sequence variants in one enzymatic
domain affect not only that domain’s enzyme activity, but also the activity of the other
domain [Sparks et al., 2005]. In addition, compared with enzyme activities in a cell-free
system, fibroblasts exhibited higher residual activities of both UDP-GICNAc 2-epimerase
and ManNAc kinase, suggesting the presence of additional sugar epimerases and kinases
with overlapping substrate specificity [Sparks et al., 2005]. In particular, GIcNAc kinase has
a high intrinsic ManNAc kinase activity [Hinderlich et al., 2001].
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Clinical Significance: Genotype-Phenotype correlations

Genotype-phenotype correlations for subjects with GNE myopathy are difficult to study
because of a lack of systematic natural history data, partly due to the rare nature of the
disease, and the heterogeneity of GNE sequence variants. Patients with the same genetic
variants can present with variable phenotypes, even within families with multiple affected
siblings [Sivakumar and Dalakas, 1996; Ikeuchi et al., 1997; Boyden et al., 2011; Huizing et
al., 2014a]. In addition, a few apparently healthy individuals with distinct, biallelic disease-
causing (in other individuals) variants in the GNE gene have been identified, indicating
incomplete penetrance of the disease [Nishino et al., 2002; Argov et al., 2003]. Variation in
age of onset and severity of symptoms among patients with the same mutation, suggest there
are epigenetic or environmental factors that contribute significantly to the phenotype. Recent
studies in Japanese cohorts suggest that patients homozygous for the p.VV603L (originally
V572L in hGNE1 nomenclature) GNE kinase domain variant (frequent variant in Japanese
population) result in more severe phenotypes with earlier onset and faster progression of the
disease. Another common variant in the Japanese population, p.D207V (originally D176V in
hGNE1 nomenclature), appears to be a mild variant with relatively late onset of symptoms
[Mori-Yoshimura et al., 2012; Cho et al., 2013]. The authors noted that despite the high
p.D207V allele frequency the Japanese population, relatively few homozygous patients for
this variant are identified, suggesting that homozygotes may not develop an apparent disease
[Mori-Yoshimura et al., 2012; Cho et al., 2013].

Prevalence of GNE myopathy and GNE polymorphisms

The worldwide estimated prevalence of GNE myopathy is currently estimated at 1—
9/1,000,000 (Orphanet; http://www.orpha.net/). Based on frequency data of the p.M743T
(M712T in hGNE1 nomenclature) founder mutation, the prevalence of GNE myopathy in
the Persian Jewish community was estimated to be 1:1500 [Argov et al., 1998; Eisenberg et
al., 2001].

We examined the occurrence of GNE variants by using data from three exome sequence
databases (accessed January 2014), including 1000 Genomes (http://www.
1000genomes.org/) [Abecasis et al., 2012], NHLBI GO Exome Sequencing Project (ESP)
(http://evs.gs.washington.edu/EVS/), and NIH-UDP from the National Institutes of Health
(NIH) Undiagnosed Disease Program (UDP) (http://www.genome.gov/27544402) [Gahl and
Tifft, 2011]. We assume these databases represent the “general population” diversity. The
data are summarized in Table 3 and Supp. Table S3.

Most GNE variants in the exome sequence databases occurred with very low frequency
(mostly only on 1 allele) in the datasets. Both previously identified variants associated with
GNE myopathy and novel variants were present (Supp. Table S3). Unexpectedly, there were
3 missense variants/nonsynonymous single nucleotide polymorphisms (SNPs) that occurred
with high frequency in all three databases: rs35224402 (c.717T>G; p.D239E), rs35638832
(c.1360A>G; p.1454V) and rs121908627 (c.2179G>T; p.V727L) (all reported in hGNE2
nomenclature). p.D239E even occurred homozygous in one individual (ESP database).
Interestingly, these three relatively frequent variants are not reported in any GNE myopathy
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patients, and importantly, all three are predicted to have a non-damaging/mildly severe
effect on GNE protein function (Supp. Table 1). Therefore, we consider them as likely non-
disease causing SNPs. These novel SNP data should be considered during future
interpretations of GNE myopathy sequence data.

We calculated the prevalence of GNE myopathy according to the Hardy-Weinberg principle
of population genetics (p? + 2pq + g2 = 1; Supp. Table S3, Table 3) [Hardy, 1908;
Weinberg, 1908]. To avoid over-estimating GNE variant allele frequencies, we deleted the
three frequent variants (likely SNPs) from our calculations. The individual databases
predicted the prevalence of GNE myopathy to be 4/1,000,000 (ESP database; based on
13,006 total alleles), 8/1,000,000 (NIH-UDP database; based on 1434 total alleles) and
21/1,000,000 (1000 genomes; based on 2,184 total alleles), considerably higher estimations
than originally assumed.

When we combine data of all 3 databases (Table 3), the average variant allele frequency is
~1/406 alleles (ranging between 1/218 and 1/482 alleles), which converts to a carrier
(heterozygote) rate of ~ 1/203 individuals (ranging between 1/109 and 1/241). This yields a
predicted prevalence of GNE myopathy of ~1/164,474 individuals, converting to
approximately 6/1,000,000. When assuming the worldwide (very conservatively estimated)
prevalence of GNE myopathy to be 6/1,000,000, this translates to the existence of at least
40,000 GNE myopathy patients worldwide, including ~ 13,000 in Asia (~750 in Japan),
~4000 in Europe and ~ 3000 in North America, even without considering ethnic founder
variants. These numbers are dramatically higher than the number of diagnosed/reported
GNE myopathy patients so far (only ~800 total reported patients, including founder
populations, as per Jan 2014). These numbers confirm suspicions that many patients may go
undiagnosed.

Discussion and Future Prospects

There are no approved therapies currently available for GNE myopathy. Past and present
clinical trials are based on replacing the defective GNE enzyme (GNE gene therapy)
[Nemunaitis et al., 2011], supplementation of precursors or end products of the sialic acid
biosynthetic pathway (including supplementation of sialic acid itself), providing intravenous
immunoglobulin G (IVIG) as a source of sialic acid, or oral administration of the neutral
sialic acid precursor ManNAc (http://clinicaltrials.gov/ identifiers: NCT00195637,
NCT01236898, NCT01517880, NCT01830972, NCT01359319, NCT01634750) [Sparks et
al., 2007; Huizing et al., 2014a].

To support these ongoing trials, accurate and efficient identification of GNE myopathy
patients as well as documenting an accurate course of the disease for each individual patient,
are essential. With the initiation of natural history studies [Mori-Yoshimura et al., 2012; Cho
et al., 2013; Huizing et al., 2014a] and (http://clinicaltrials.gov/ identifiers: NCT01417533,
NCTO01784679) it became evident that most GNE myopathy patients experienced a
significant delay in diagnosis (around 10 years) after onset of initial symptoms. This is due
to the rare nature of the disease and the lack of a conclusive, inexpensive and noninvasive
diagnostic test. A significantly delayed diagnosis not only causes emotional hardship for the
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patient but also delays proper management of the disease and may influence eligibility to
enroll in clinical trials and/or response to therapy.

Currently, the diagnosis of GNE myopathy relies upon the presence of muscle weakness,
muscle pathology, and, ultimately, the presence of GNE gene mutations. However, non-
specific muscle weakness may not directly point to GNE myopathy; histopathology of
muscle biopsies may be negative; and GNE mutation analysis is not commonly performed
and/or readily available [Huizing et al., 2014a]. The diagnosis of GNE myopathy should be
considered in any patient presenting in early adulthood with distal muscle weakness of the
lower extremities. The diagnosis should not be delayed until the characteristic clinical
finding, sparing of the quadriceps, becomes evident since that occurs late in the disease. In
addition, serum creatine phosphokinase (CPK) levels are variable and nerve conduction
studies and electromyograms are nonspecific and unhelpful in obtaining a specific diagnosis.
With the lack of disease-specific (blood-based) biomarkers, we strongly advocate for early
genetic testing since bi-allelic disease-causing mutations in the GNE gene ultimately
confirm the diagnosis. Identification of carriers, especially in populations that have higher
prevalence of the disease, can assist genetic counseling. Additionally, with the rapid
progression of therapeutic trials, genetic newborn screening tests should be considered in the
near future.

In this report, we provide an extensive overview of all 154 reported GNE sequence variants
associated with GNE myopathy to date (January 2014), which lead to predominantly
missense GNE protein variants. Importantly, a combination of prediction programs for
severity of missense variants on protein function (PolyPhen, SIFT, Align, and PMut) and
tertiary structure reports [Penner et al., 2006; Kurochkina et al., 2010;] predicted that 118 of
the 121 reported GNE missense protein variants have deleterious effects on GNE protein
function. We also recognized three nonsynonymous SNPs in the GNE gene (rs35224402/
p.D239E, rs35638832/p.1454V, and rs121908627/p.VV727L) which should be taken into
account with GNE myopathy sequence data analysis. Deleterious GNE proteins lead to
decreased GNE enzyme activities and underlie GNE myopathy. At this point there are
limited or absent correlations between severity of the GNE sequence variants and severities
of decreased enzyme activity and severities or age of onset of clinical phenotypes.
Identification of more GNE myopathy patients and ongoing natural history studies may
reveal such correlations in the future.

We calculated a worldwide prevalence of at least 6/1,000,000 for GNE myopathy, which is
encouraging for identification of sufficient numbers of GNE myopathy patients to conduct
clinical trials for this rare disease. We expect an increasing awareness of GNE myopathy
among physicians, partially triggered by the ongoing clinical trials, natural history studies,
and exponentially increased clinical (sequence) reports in the literature. This awareness will
increase requests for genetic testing in suspected patients. This GNE mutation overview can
serve as a reference for interpretation of the molecular data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration (not to scale) of the GNE gene and protein and location of
sequence variants associated with GNE myopathy
A: Exon (boxes)-intron (lines) structure of the human GNE gene. White boxes =

untranslated region; light gray boxes = encoding UDP-GIcNAc 2-epimerase enzymatic
activity; dark gray boxes = encoding ManNAc kinase enzymatic activity; vertical striped
boxes = protein domains indicated in (B). Locations and characteristics of all reported
human GNE variants associated with GNE myopathy (as of January 2014) are indicated.
Variant nomenclature is according to the longest mRNA splice variant (Variant 1;
NM_001128227.2) and its translated protein isoform hGNE2 (NP_001121699.1). Exon
numbering is according to the GNE genomic DNA sequence (NC_000009.12). Truncating
nonsense and indel variants are printed in bold, intronic variants in gray highlight. The large
deletion variant del ex 2-10 (>35.7kb) is not displayed. The pie chart visualizes the overall
distribution of variants. B: Protein structure of the hGNE2 isoform. Functional domains are
indicated as vertical striped regions: UF, unknown function; NES, putative nuclear export
signal (NES), AR, experimental allosteric region. Amino acid numbers of hGNE2 and
hGNEL are indicated below the structure. Note that amino acids 1-31 are only present in
hGNEZ2. All other amino acids and protein domains are similar in hGNE1 and hGNEZ2.
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Table 3

Estimated carrier rates and prevalence of GNE myopathy?

1000 Genomes ESP NIH-UDP Total
GNE variant/total alleles? 10/2184 27/13006 4/1434 41/16624
GNE variant allele frequency 1/218 1/482 1/360 1/406
Carrier rate (heter ozygotes) 1/109 1/241 1/180 1/203
Predicted Prevalence 1/47710 1/232019 | 1/128522 | 1/164474
Affected per million 21 4 8 6

lCalculated according to the Hardy-Weinberg principle. See Supp. Tables S3 for details.

Page 30

ZI'o'(al alleles containing GNE variants, not including the 3 common GNE SNPs (rs35224402/p.D239E, rs35638832/p.1454V, and rs121908627/

p.V727L).
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