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1. Introduction

The family of sialic acids comprises more than 50 members, different in particular on the
hydroxyl substituents of the common precursor N-acetylneuraminic acid (Neu5Ac). The
biosynthesis of sialic acids is therefore a complex process, which can generally be divided
into two parts. The first steps comprise the de novo synthesis of Neu5Ac and its activated
nucleotide sugar CMP-Neu5Ac. The second part covers the introduction of the several
substituents to Neu5Ac, including formation of N-glycolylneuraminic acid (Neu5Gc) at the
stage of the nucleotide sugar (see Varki chapter) and modifications of the hydroxy! groups
of glycan-bound sialic acids (see Vlasak chapter). In the following review we will focus on
the initial biosynthesis of CMP-Neu5Ac from UDP-N-acetylglucosamine (UDP-GIcNAC),
and in particular on the key enzyme of this pathway in all vertebrates, UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (UDP-GIcNAc 2-epimerase/
ManNAc kinase; GNE).

First, we will give a brief overview of the sialic acid biosynthesis (Section 2). Then we will
summarize the research on GNE in a historical outline (Section 3). The following three
sections will describe structure, biochemistry and genetics of GNE in detail. We will further
place emphasis on the very complex regulation of GNE (Section 7), which will highlight the
enzyme as a master regulator of sialic acid synthesis. The last section will focus on diseases
related to GNE, the so called GNE-opathies, a fast growing field of research with fascinating
new insights into the role of GNE and of sialic acids.

2. Sialic acid biosynthesis pathway

The starting compound for the biosynthesis of sialic acids is UDP-GIcNAc. This nucleotide
sugar is the key compound of the whole amino sugar metabolism, and it is formed by the
hexosamine pathway, which splits off from glycolysis at the stage of fructose 6-phosphate.
In a particular context the hexosamine pathway may also be included to the sialic acid
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biosynthetic pathway, but UDP-GIcNAC is a substrate for several reactions in glycan
metabolism and is not exclusive for sialic acid formation.

The synthesis of CMP-Neu5Ac from UDP-GIcNAC requires five enzymatic steps (Fig. 1).
Four of them are necessary to generate Neu5Ac, and they are localized in the cytosol. The
final formation of CMP-Neu5Ac takes place in the nucleus (for details about this particular
exception see Muenster/Weinhold chapter). Every step is combined with cleavage of one
energy-rich bond, which directs the de novo pathway straightforward to product formation.

The biosynthesis of Neu5Ac begins with the formation of ManNAc from UDP-GIcNAc by
simultaneous release of UDP. This initial step is catalyzed by UDP-GICNAc 2-epimerase.
ManNAc is then phosphorylated at C-6 by the specific ManNAc kinase. Other potential
sources of ManNAc or ManNAc-6-phosphate would be GIcNAc and GIcNAc-6-phosphate,
respectively. However, a GIcNAc-6-phosphate epimerase only exists in prokaryotes [1], and
the formation of ManNAc from GIcNAc by GIcNAc 2-epimerase does not occur under
physiological circumstances [2]. The only salvage pathway known is the introduction of
ManNAc by direct phosphorylation via a kinase [3], e.g. from nutritional sources (which,
however, contain only trace amounts of ManNAc) or from the degradation of NeuSAc [4].

Neu5Ac is a condensation product of ManNAc and pyruvate. The activated form of
pyruvate, phosphoenolpyruvate (PEP), is derived from glycolysis. The Neu5Ac-9-phosphate
synthase uses ManNAc-6-phosphate instead of ManNAc, and catalyzes an aldol addition
with PEP for the formation of Neu5Ac-9-phosphate [5]. The reaction is thereby driven by
the release of the phosphate group from PEP. This enzymatic reaction is followed by the
release of the 9-phosphate group from Neu5Ac-9-phosphate by a specific phosphatase [6].
The final step of the de novo pathway is the formation of CMP-Neu5Ac in the nucleus of
vertebrate cells by the CMP-Neu5Ac synthetase [7]. The nucleotide sugar is then transported
to the Golgi apparatus by the CMP-sialic acid transporter and is used there as a substrate for
the different sialyltransferases.

A catabolic pathway of Neu5Ac metabolism also exists. As there is no direct involvement of
GNE in this pathway, we only decribed it briefly. NeuSAc can be transported as a
monosaccharide from the lysosome to the cytosol [8]. There it is cleaved by the NeuS5Ac
aldolase, which forms ManNAc and pyruvate [4]. Whereas pyruvate can reach the energy
metabolism or gluconeogenesis, ManNAc is further converted to GIcNAc and introduced
into the hexosamine pathway [2]. For CMP-Neu5Ac a degradation mechanism is not known,
as no enzymatic activity for cleavage of the nucleotide sugar has been identified [9]. The
only way for degradation is the transfer of the sugar moiety to glycans in the Golgi
apparatus.

3. History of GNE research

A historical view on GNE (Fig. 2) can be divided into two different eras. The first one
covers the description of the two functional parts of GNE, the UDP-GICNAc 2-epimerase
and the ManNAc kinase, as separate entities. The second one started in 1997, when Reutter
and coworkers discovered the bifunctionality of GNE [10, 11]. From then on all following
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studies either directly investigated the bifunctional enzyme or at least, kept this structure in
mind.

UDP-GIcNAC 2-epimerase (E.C. 5.1.3.14) was first observed by Cardini and Leloir [12]. In
1958 Comb and Roseman [13] discovered that the products of the enzyme are ManNAc and
UDP, which was not completely clarified in the previous report. In 1961, discovery of
ManNAc kinase (E.C. 2.7.1.60) was reported simultaneously by Gosh and Roseman [14]
and Warren and Felsenfeld [15]. Initial biochemical characterization of the enzymes were
performed in the 60-ies and early 70-ies for the epimerase [16—18] and the kinase [19]. The
ManNAc kinase was not an object of outstanding interest in the following years, due to its
biochemical features comparable to several other sugar kinases. On the other hand, the
UDP-GIcNAC 2-epimerase was already discovered as a regulator in sialic acid biosynthesis
due to its feed-back inhibition by CMP-Neu5Ac in 1964 by Kornfeld et al. [20]. A complex
quaternary structure involved in this regulation mechanism was postulated in 1973 by
Kikuchi and Tsuiki [18], underlining the key role of UDP-GICNACc 2-epimerase. At that
time, first speculations came out, that a recently discovered disease, sialuria, might be due to
misfunctioning of UDP-GIcNAc 2-epimerase. However, it needed more than ten years,
before Ashwell and co-workers proofed a defect in the feed-back inhibition mechanism of
this enzyme as disease-causing [21].

In 1997 GNE was purified to homogeneity by independent isolation of the same polypeptide
using procedures either focusing on UDP-GIcNAc 2-epimerase or on ManNAc kinase,
accompanied by detection of both enzyme activities in all fractions [10]. In a parallel study
the GNE cDNA was cloned from rat and functionally expressed in a heterologous system
[11]. This experiment unequivocally showed the bifunctional character of GNE. From this
time research on GNE started to speed up. The same gene was identified and studied in a
variety of mammalian species [22—24], and later also in other vertebrate species by genome
sequencing, leading to the rapid identification of the genetic defect in sialuria [25] and the
determination of the allosteric site in the epimerase domain [26]. In the following years,
biochemical characterization revealed an array of novel structural and enzymatic GNE
features (see sections 5 and 6). The role of GNE as a master regulator for sialylation was
proofed by Keppler et al. [27] in a number of different cell types, and later by the lethal
effect of targeted mutagensis of the Gne gene in mice [28]. The latter study overlapped with
the completely unexpected identification of a novel congenital disease caused by mutations
in the GNE gene, hereditary inclusion body myopathy (HIBM) [29]. GNE now became the
focus of researchers who were no glycobiologists before. They contributed with novel
findings and approaches, including the discovery of GNE splice variants [30] and, as a
consequence, additional protein isoforms [31]; GNE-dependent genome [32] and proteome
analysis [33]; the discovery of other GNE-opathies [34]; the establishment of a set of mouse
models, and, importantly, the development of metabolic and genetic therapies for GNE-
related diseases (see section 8).

4. The GNE gene

The human GNE gene is localized on chromosome 9p12-13. It consists of fourteen exons
(Fig. 3A). Thirteen of these exons are assembled together with twelve introns in a gene
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stretching across a length of about 45,000 bp. In 2003 Watts et al. [30] discovered an
additional exon, named A1, which is localized 20,000 bp upstream of exon 1 and extended
the actual GNE gene to more than 65.000 bp [30]. GNE gene transcription and splicing
results in mMRNA of about 5,000 bp. Alternative splicing of exons A1, 1, and 2 leads to four
different mRNA variants, described by Watts et al. [30] and later an exon 4-skipping splice
variant was found in humans by Tomimitsu et al. [35], now named splice variant V (Fig.
3B). A similar formation of GNE splice variants can be postutated for other mammalian
species, since they have a comparable exon structure and distribution as the human GNE
gene. Overall GNE transcription can be regulated by CpG methylation [36] (see also section
7). Interestingly, the CpG islets responsible for this mechanism are localized upstream of
exon Al and not of exon 1 [37]. Although CpG methylation of the GNE gene was
unequivocally shown only in lymphocytes, it is very likely, that the same mechanismoccurs
in other tissues and contributes to tissue-specific adjustment of GNE expression. The non-
coding part of human GNE exon 12 together with exon 13 form a non-coding 3’-end with an
extraordinary lenght of more than 2000 bp in human transcripts [23]. However, GNE
transcripts of other mammalian species do contain much shorter 3’-ends, as shown by
Northern blot analysis [11, 22]. It is therefore likely, that there is a recently unknown
regulatory function of the 3’-end of GNE mRNA specific for humans.

5. The GNE protein

5.1. Primary structure

GNE is a very highly conserved protein. In all mammalian species with a known genome
GNE (actually GNE1; see below), consists of 722 amino acids (or in the case of giant panda
721 amino acids) with a sequence identity of >98%. Generally, homology of other proteins
between several vertebrate species is lower. Moreover, even the amino acid sequence
identities between human and chicken or frog GNE are still high, 92% and 86%,
respectively. A sequence comparison of human GNE and that of different fish species also
revealed a sequence identity of about 80%. In addition, all vertebrates possess the
bifunctional GNE protein, and no evidences for separately expressed enzymes have been
found within the available sequence information. The following detailed description of GNE
features could therefore be applied to the enzyme from all vertebrate species.

GNE consists of two functional domains, an N-terminal part responsible for the UDP-
GIcNACc 2-epimerase activity and a C-terminal part covering the ManNAc kinase activity
(Fig. 3C). The two parts are about equal in size, but the exact domain boundaries cannot be
defined, because one of the last challenges in GNE research, the resolution of the three-
dimensional structure of the entire enzyme, has not been accomplished so far. However, due
to sequence comparisons with other enzymes of homologous functions [38] and the
construction of deletion mutants [39] the epimerase domain can be specified to the amino
acids 1 to 378, and the kinase domain covers at least the amino acids 410 to 684. A further
hinge domain has been postulated between amino acids 378 and 410, but this remains
speculative without reliable structural data. The binding site of the feed-back inhibitor CMP-
Neu5Ac has been mapped first by sialuria patients’ mutations at amino acids 263 and 266
[25]. Yarema et al. [26] identified further sialuria-like mutants in cultivated cells in between
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amino acids 255 and 275. Whether this area forms a separate regulatory subdomain within
the epimerase domain, or “only” defines the allosteric binding site for CMP-Neu5Ac
remains to be clarified.

The five different splice variants of the GNE mRNA altogether encode (at least
theoretically) for four different protein isoforms (Fig. 3D) [31]. The originally described
GNE protein is therefore also called GNEL. It covers 722 amino acids with a calculated
molecular mass of about 79 kDa. GNEZ2 is an isoform with 31 additional amino acids at the
N-terminus, which are encoded by the exon Al. These amino acids extend the epimerase
domain for about 3 kDa. The third isoform, GNE3, lacks the first 55 amino acids of GNE1
due to exon 2 elimination. On the other hand, 14 new amino acids are encoded by another
reading frame of exon A1, resulting in a total GNE3 size of about 75 kDa. Interestingly,
GNE3 seems to be restricted to primates, whereas GNE1 and GNE2 appear ubiquitous
among vertebrates. However, the partial deletion of the epimerase domain in GNE3 leads to
the total loss of the respective enzymatic activity, whereas the kinase domain is still intact
[40]. Together with the fact that the GNE3 protein has been analyzed as a recombinant
protein only, the question arises whether GNE3 exists as a protein in vivo at all. In this case
a function in fine-tuning of the sialic acid pathway might be postulated. On the other hand,
also a role of the GNE3 mRNA itself, likely in translation regulation, is possible, and the
GNE3 protein may be an artifact of recombinant technologies. The fourth GNE isoform,
which is encoded by the exon 4-skipping splice variant [35], is completely inactive when
expressed as a recombinant protein (S. Hinderlich, unpublished data). Due to an unclear
biological function, we hesitate to call this isoform GNEA4.

5.2. Quaternary structure

One of the extraordinary features of GNE is its ability to form different oligomeric
structures. Already in early GNE research an oligomeric structure was postulated by Kikuchi
and Tsuiki [18], who proposed a hexameric structure for rat UDP-GICNAc 2-epimerase,
derived from Kinetic data of the allosteric enzyme inhibition by CMP-Neu5Ac. Hinderlich et
al. [10] confirmed these data by gel filtration analysis of purified rat liver GNE, which
revealed a native molecular mass for the fully active enzyme of 450 kDa, corresponding to a
hexamer of 75 kDa subunits. However, determination of the oligomerization of purified rat
liver GNE by the identical kinetic calculating a Hill plot from the CMP-Neu5Ac inhibition
curve as performed by Kikuchi and Tsuiki, suggested a tetrameric protein [10]. Besides the
fully active hexameric/tetrameric GNE, also a second, dimeric state was observed. This
GNE dimer possesses only ManNAc kinase activity, but can be reassembled to the higher
oligomeric state by incubation with the epimerase-substrate UDP-GIcNAc, revealing a
potential regulation mechanism (see also section 7). A more detailed analysis of GNE
oligomerization using recombinant rat GNE and modern biophysical methods confirmed the
existence of the two different oligomeric states whereby the higher one was unequivocally
assigned to a tetramer [41]. Moreover, these experiments revealed a dynamic interplay
between dimers and tetramers, also influenced by different GNE substrates. Interestingly,
also higher, but less defined oligomers were observed, which, at least in part, tend to
precipitation. The latter observation might be due to the unphysiologically high
concentration of GNE by its recombinant expression. But it may also explain the
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observation of hexamers of the native rat liver enzyme, which might reflect a mixed
population of tetramers and higher oligomers, which appear as a hexamer in size exclusion
chromatography. Another potential explanation for GNE hexamers in the physiological
environment of the cell might be different posttranslational modifications (see also section
7), which promote hexamer formation, but did not occur in the heterologous baculovirus
expression system used for the study of Ghaderi et al. [41].

5.3. Three-dimensional structure

One of the unresolved questions of GNE research is the three-dimensional structure of the
bifunctional enzyme. Due to the lack of a crystal structure two different alternative
approaches were made. First, models of the structure of the two different functional domains
were generated basing on similarities to related enzymes, mostly of prokaryote origin, and
their known crystal structures [42, 43]. These studies were motivated in particular by the
huge set of mutations causing HIBM and its unclear influence on GNE function (see below).
Second, the functional domains were expressed as separate recombinant proteins and
exerted in crystallization experiments. Whereas the epimerase domain so far refused to form
diffractable crystals, the structure of human ManNAc kinase in its ligand-free state has been
solved recently [44]. We will therefore describe the ManNAc kinase structure mainly based
on data of this study, whereas our overview of the epimerase domain uses the model
structures. However, the assembly of the two domains within the bifunctional enzyme or
even the quaternary structure remains speculative and will not be a topic here.

The GNE kinase domain belongs to the ROK family (repressor/open reading frame/kinase
family, PF00480). This protein family in particular consists of prokaryotic members, and the
ManNAc kinase is its only human member, clearly differing from other sugar kinases with
related functions. The crystal structure of the human ManNAc kinase domain revealed the
typical bi-lobal structure with the postulated ATP-binding side in a deep cleft between the
two lobes typical for all ROK kinases [44]. Both lobes consist of / folds with central -sheets
surrounded by -helices. Furthermore, the ManNAc kinase contains a ROK-characteristic
complex-bound zinc ion, integrated into a HC3-type zinc finger. As zinc fingers are often
found as DNA-binding structures of transcription factors, speculations emerged that
potential functions of GNE outside the sialic acid metabolism might be due to transcription
regulation. However, the zinc ion seems to be more likely essential for substrate binding of
ManNAc kinase ([44]; S. Hinderlich, unpublished observation). Recombinant ManNAc
kinase assembles as a dimer, which was also observed in the crystal structure [44]. The
dimerization site was localized within the C-terminal lobe of the protein. Interestingly, some
hexameric structures were observed by gel-filtration analysis of the purified ManNAc
kinase, and a crystallographic hexamer could also be postulated [44]. However, the authors
could not completely rule out artifacts of recombinant protein expression or crystallization,
so that the discussion about the oligomeric structure of GNE (see above) remains open.

The potential structure of the UDP-GIcNAc 2-epimerase domain of GNE was evaluated by
models based on similarities to prokaryotic UDP-GICNACc 2-epimerases. The prokaryotic
enzymes cover non-hydrolyzing epimerases which produce UDP-ManNAc and hydrolyzing
epimerases resulting in UDP and ManNAc as products. However, the overall three-
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dimensional structures are similar and can be superimposed to the GNE epimerase domain
due to a common secondary structure. Based on these data sets, an initial model was
generated by Penner et al. [42], and a strongly improved calculation was published by
Kurochkina et al. [43], who also integrated the structures of phosphoglycosyltransferases.
The GNE epimerase domain consists of two domains, which form a cleft between the
domains harboring the active site; a structure, which was found similarly also for the
ManNAc kinase domain. The N-terminal domain consists of seven -sheets surrounded by
seven -helices, and the C-terminal domain contains further six -sheets and six -helices. Both
domains form structures similar to Rossman dinucleotide binding folds. Although some of
the three-dimensional structures of the prokaryotic epimerases display dimers, conclusions
about the contributions of the epimerase domain to GNE oligomerization were not possible
from the models.

6. GNE enzymatic function

The two enzymatic functions of GNE could be considered independently. This is
comparable to the protein structure, which can be described as two independent functional
domains, and the physical separation of the two GNE domains results in enzymes with
remaining activity [39]. Therefore, detailed descriptions about the two enzymatic
mechanisms and active site architecture will be discussed separately in this section. The
functional consequences of the two-domain structure are also discussed here, although some
points can only be clarified by a still pending three-dimensional GNE structure. One of the
basic features of bifunctional enzymes is the physical connection of two active sites for
substrate channeling, when two successive steps of one pathway are catalyzed [45]. This
mechanism avoids release of intermediates from the enzymes, which may either be instable
or should be prevented from further conversion by competing enzymes of other pathways.
The latter point might be true for GNE, as ManNAc is also a substrate of GICNACc 2-
epimerase which would lead the sugar to amino sugar catabolism [2]. Furthermore, substrate
channeling can accelerate the overall enzyme reaction, which is reasonable for GNE as the
rate-limiting enzyme of sialic acid biosynthesis. Another important point of bifunctionality
is the concerted regulation of two enzymatic steps. Although this may be the case mainly for
bifunctional enzymes catalyzing opposed reactions, in the case of GNE, a tight regulation
mechanisms between the epimerase and the kinase function might be desirable (see also
section 7).

6.1. Enzymatic properties of UDP-GICNAc 2-epimerase

UDP-GIcNAc is the physiological substrate of UDP-GICNAC 2-epimerase. In an early study
Salo and Fletcher [46] identified UDP-ManNAc as an additional in vitro substrate of the
enzyme, resulting in hydrolysis of the nucleotide sugar. However, UDP-ManNAc occurs
only in prokaryotes as a substrate in cell wall construction and is not a physiological
substrate of GNE. Interestingly, Blume et al. [47] also identified UDP-GalNAc as a GNE
binding partner in STD-NMR analysis, but the binding mode of the substrate did not favor
an enzymatic reaction. In the same study UDP was found as a substrate with an even higher
affinity than UDP-GIcNAC to the epimerase site. UDP is therefore a competitive inhibitor of
UDP-GIcNAC 2-epimerase. This is less important under physiological conditions, as the
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intracellular UDP-GIcNAC concentration exceeds the UDP concentration up to two orders of
magnitude. However, in in vitro assays UDP is often used as a GNE stabilizing agent, as it
maintains the fully active oligomeric state of the enzyme [10, 41] and its influence on
activity assays has to be taken into account. Furthermore, a mechanism can be postulated
where UDP remains in the active site after the enzymatic reaction and the release of
ManNAc, and a new UDP-GIcNAc molecule enters the active site by a UDP/UDP-GIcNAc
exchange.

The epimerization mechanism of GNE starts with the release of the non-acidic proton at C-2
[48]. A set of histidine residues come into consideration as the acting base during this step,
whereby the favorite one is His-220, which is homologous to the histidine residue essential
for the activity of E.coli UDP-GIcNACc 2-epimerase [49]. The second step covers the
elimination of the UDP moiety and the formation of 2-acetamidoglucal. Whereas the
nucleotide most likely remains in the active site (see above), the sugar derivative is further
converted to ManNAc by stereospecific addition of a water molecule to C-1 and C-2 [48].
Interestingly, 2-acetamidoglucal was already observed by Sommar and Ellis [50] as a
byproduct of the epimerase reaction, and later as a minor, but significant unusual component
of the urine of sialuria patients [51](see also Section 8).

The exact architecture of the epimerase active site remains to be clarified by a three-
dimensional structure. However, several relevant amino acids could be postulated by the
combination of mutation analyses and structural models ([38, 42, 43]; S. Hinderlich,
unpublished data). Besides His-220, which was already described as a possible general
catalyst, His-45 also seems to be essential for the epimerase activity. From the amino acids
addressed by site-directed mutagenesis, the following ones showed reduced enzyme
activities and are located at least in vicinity of the active site, suggesting a further role in the
catalytic mechanism or in substrate binding: Lys-24, Asp-112, His-132, Glu-134, Asp-143,
C-303. Several other amino acids affect the epimerase activity by mutation, in particular in
HIBM patients, but an indirect effect via structural changes also seems to be likely and
remains to be clarified. The epimerase domain models suggest additional amino acids as
Arg-19, Asp-225, Ser-301, Arg-306 and Glu-307 involved in substrate binding and are
therefore worth to be investigated in the future.

The epimerase domain is able to bind the strong feed-back inhibitor CMP-Neu5Ac (see also
Section 7.2). The respective allosteric site at least covers the amino acids 255 to 275, as
identified by a mutation screen for cells with high levels of sialic acid [26]. This area also
includes the two recently identified mutated amino acids, Arg-263 and Arg-266, in the
disease sialuria (see Section 8.1). In vitro site-directed mutagenesis studies identified C303
as another amino acid which mutation resulted in reduced feedback inhibition by CMP-
Neu5Ac [42]. It is still unclear if the allosteric site forms a discrete subdomain or the
binding area for CMP-Neu5Ac or is integrated within the structure of the epimerase domain.
The three-dimensional models of the epimerase domain were unable to address these
questions, as the bacterial counterparts, serving as a calculation basis, do not bind allosteric
regulators. Nevertheless, we define the area of the amino acids 255 to 303 as the provisional
allosteric binding site (see Fig. 3).
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6.2. Enzymatic properties of ManNAc kinase

The enzymatic phosphorylation of ManNAc requires ATP as its phosphate donor. Kundig et
al. [19] already excluded other nucleotidetriposphates as further substrates. Nevertheless,
ADP is also able to bind to the active site of ManNAc kinase with an affinity in about the
same range as ATP [52]. In in vitro assays ADP therefore may act as a competitive inhibitor.
However, under physiological conditions the cytosolic concentration of ADP is very low
due to the action of the ubiquitous adenylate kinase. In addition to ManNAc N-
glycolylmannosamine (ManNGc) is a further sugar substrate of ManNAc kinase [19].
ManNGc derives from the degradation of N-glycolylneuraminic acid and is salvaged by the
sialic acid biosynthesis pathway. The metabolization of ManNGc suggests a promiscuity of
ManNAc kinase and the following enzymes in this pathway for structural modifications of
the N-Acyl side chain. This feature was used for the introduction of unphysiological
functional groups into sialic acids by metabolic oligosaccharide engineering [53]. Benie et
al. [52] showed that two of the ManNAc derivatives often used for this method, N-
propanoylmannosamine and N-butanoylmannosamine, are additional substrates of ManNAc
kinase. In the same study GIcNAc was also suggested to be phosphorylated by ManNAc
kinase. However, affinity of GICNAc to the enzyme and the presence of a specific GICNAc
kinase [3] most likely exclude a physiological function of ManNAc kinase in GICNAc
phosphorylation.

The enzymatic mechanism of ManNAc kinase has not been investigated directly. However,
it can be assumed, that it is closely related to the mechamism of other 6-kinases such as
hexokinase. This enzyme transfers the -phosphate from ATP to the 6-hydroxyl group of the
sugar via a trigonal-bipyramidal intermediate. The reaction finally results in inversion of the
phosphate configuration [54, 55]. The binding, and most likely also the transfer, of the
phosphate group is supported by arginine and aspartate residues in 6-kinases. The mutation
of the two highly conserved residues Asp-413 and Arg-420 of ManNAc kinase result in
complete loss of enzymatic activity [38]. Besides these two amino acids, Asp-517 can be
suggested as an additional essential amino acid, as it may act as a catalytic base in
abstraction of the proton from the 6-hydroxyl group of ManNAc [43]. The sugar binding site
of ManNAc kinase consists of the amino acids Asn-516, Asp-517, Glu-566, His-569 and
Glu-588, whereby His-569, together with the three cysteine residues at position 579, 581
and 586, is also involved in binding of the zinc ion of the active side.

7. Regulation of GNE

There are several possible mechanisms to interfere and regulate an enzyme-catalyzed
reaction. These include the expression level of the enzyme (quantity and/or isoform
expression = enzyme induction), the control of the catalytic reaction by substrates or
products (e.g. feed-back control), by posttranslational modification of specific amino acids
(such as phosphorylation on serine, threonine or tyrosine residues = enzyme
interconversion) or by alteration of chemical or physiological conditions. All these options
are explored to control GNE enzymatic activities and will be discussed in detail in this
section. The regulation of GNE seems to be of the same complexity as its structure and,
interestingly, almost all described GNE regulation mechanisms specifically affect the UDP-
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GIcNAc 2-epimerase activity and not the ManNAc kinase activity. This might reflect the
epimerization of UDP-GIcNAc to ManNAc as the key step of sialic acid biosynthesis.

A total knock-out of the GNE gene (and subsequenctly its enzymatic acitivities) results in
complete loss of endogenous sialic acid production in cells or animals. Cultivated cells are
able to tolerate a GNE gene knock-out because sialic acids seem to be not essential for
survival and only particular sialic acid-dependent functions of these cultured cells appeared
to be affected [27]. In a multicellular organism a GNE gene knock-out is lethal. A targeted
mutagenesis of the Gne gene in mice results in early embryonal lethality at developmental
day E8.5 [28]. Interestingly, heterozygous Gne knock-out mice displayed slightly reduced
UDP-GIcNAC 2-epimerase activity and up to 25% reduced sialylation of glycans compared
to wild-type mice, but no significant phenotype was observed [56]. This suggests a range of
reduced sialylation that appears to be tolerated by an animal, and consequently a threshold
of up- or down-regulation of GNE expression and sialylation status, which has to be
exceeded by the different regulation mechanisms.

7.1. Regulation by mRNA and protein expression

Sialylation occurs at all stages of mammalian development and even embryonic stem cells
already express sialylated glycoconjugates [57-59]. The expression of GNE mRNA,
encoding the key enzyme of the sialic acid biosynthesis, strongly correlates with the
occurrence of sialic acid. GNE mRNA is ubiquitously expressed in all organs and during all
stages of development, as shown in Northern blot and in situ-hybridization experiments.
However the major expression of GNE mRNA is found in liver [11, 22, 23], likely because
liver is the organ with the highest biosynthesis rate of secreted sialylated glycoproteins (e.g.
serum glycoproteins).

The detailed mechanisms of GNE mRNA transcription and GNE protein translation
regulation have not been clarified so far. However, transcription of the GNE gene is
unequivocally influenced by an epigenetic event. Methylation of CpG islets in the GNE
promoter region leads to down regulation of GNE transcription in several cancer cell lines
[36] and in HIV-infected lymphocytes [37]. GNE protein expression and enzyme activity are
reduced below detectable levels in these cell lines. The same mechanism seems to be
involved in down-regulation of GNE gene expression in a Morris hepatoma-derived cell line
[36]. Morris hepatoma displayed less than 10% of the GNE activity of rat liver [60]. This is
obviously due to reduced production of secretory sialoglycoproteins and a lower need for
intracellular sialic acid production. A similar correlation was also found in regenerating rat
liver after partial hepatectomy [61, 62], but without assigning this observation to CpG
methylation.

Recently it became obvious that GNE exists in several isoforms, which are generated by
alternative splicing (for details see sections 4 and 5). However, the existence of each isoform
in vivo has not been demonstrated yet on the protein level. Recombinant over-expression of
the human isoforms revealed that GNE1, which is the original described 722 amino acids
containing isoform, has the highest epimerase activity, whereas the two other isoforms with
31 additional N-terminal amino acids (GNEZ2) or a different N-terminus (GNE3) displayed
strongly reduced epimerase activity [40]. Since the C-terminus of GNE is known to harbor
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the kinase domain, it was not surprising that ManNAc kinase activity was similar in all
isoforms. It was therefore suggested, that the ubiquitous isoform GNE1 serves as a general
catalyst in sialic acid production, whereas GNE2 and GNES3 are isoforms involved in fine-
tuning the sialic acid biosynthesis. This is supported by a tissue-specific expression of GNE2
and GNE3 mRNA [40]. However the regulation of isoform expression in vivo remains
unknown.

As described earlier, the biosynthesis of sialic acids takes place in the cytosol. Therefore
GNE is mainly located within the cytosol and standard purification of GNE starts from
cytosolic preparations [10]. In one report, GNE was also found in the nucleus and further
associated with the Golgi membrane [63]. Although the detection of endogenous GNE is
difficult, since most available antibodies do not detect endogenous GNE due to its very low
expression level, this observation suggests an additional regulation mechanism via
differential subcellular localization. Direct detection of GNE in cellular compartments
would also be possible by overexpression of tagged protein (e.g. via fluorescence), and is
worth pursuing to clarify this point.

7.2. Regulation by substrates and multimerization

The main regulation mechanism of UDP-GIcNACc 2-epimerase activity is the feed-back
inhibition by CMP-Neu5Ac [20]. This allosteric inhibitor affects the epimerase activity in a
concentration dependent manner, which connects the production of sialic acids to glycan
synthesis. A complete inhibition of the epimerase activity is reached at a CMP-Neu5Ac
concentration of about 60 uM [21], which fits well with the intracellular concentration of
this nucleotide sugar in cells under normal circumstances. This suggests a sophisticated
mechanism of feed-back inhibition, which responds even to minor variations of CMP-
Neu5Ac concentration, due to varying rates of biosynthesis of sialylated glycans and
subsequent CMP-sialic acid use by the Golgi.

The feed-back inhibition mechanism can be circumvented by extracellular application of
ManNAc. ManNAc treatment of, for example, Madin Darby canine kidney cells results in
an intracellular CMP-Neu5Ac concentration up to 10-fold over the normal level [64]. These
data indicate not only that the ManNAc kinase activity of GNE is not affected by CMP-
Neu5Ac inhibition, but also that no additional metabolic regulation mechanisms exists
within the sialic acid biosynthesis pathway.

A second regulation mechanism using GNE substrates includes the epimerase educt UDP-
GIcNAc and its product UDP. As mentioned above (Section 6.1.) UDP binds with a high
affinity to the active site of the epimerase enzyme and might act, at least in vitro, as a
competitive inhibitor. Moreover, physiological regulation via UDP and UDP-GIcNACc is
strongly connected to GNE oligomerization. Whereas the GNE dimer is only able to
catalyze the phosphorylation of ManNAc, the epimerase activity requires the highest
possible oligomeric state (tetramer or hexamer). This structure is maintained by UDP, which
usually remains in the active site after one catalytic cycle, and can be stabilized in vitro by
addition of 100 uM UDP to buffers. More interestingly, once GNE is decayed to a dimer, it
can be reassociated into tetrameric states by addition of UDP-GIcNAc (but not UDP) to the
system [10], suggesting a direct regulation of the ability of GNE to catalyze its first
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enzymatic step by the respective substrate. Intracellular UDP-GICNAc concentrations are
usually sufficient to maintain the tetrameric state. The interchange between the oligomeric
states may therefore regulate the UDP-GICNAc 2-epimerase activity only under certain
conditions with low UDP-GIcNAc concentrations. This might be in pathological situations
or in events which require a high amount of UDP-GIcNAc for other purposes, such as the
synthesis of non-sialylated glycans or O-GIcNAcylation of proteins.

7.3. Regulation by posttranslational modification

Posttranslational modifications (PTM) are chemical modifications of proteins after its
biosynthesis (translation). PTMs include glycosylation, phosphorylation, acetylation, and
addition of lipids, ubiquitinylation, SUMOQylation or sulfatation. PTMs often occur at
specific residues of the primary sequence. Typically amino acids with additional amino- or
hydroxyl groups such as Lysine, Asparagine, Threonine, Tyrosine or Serine bear PTMs. As
mentioned earlier, GNE consists of 722 amino acids and 144 of these are Lysine (41),
Asparagine (29), Threonine (33) or Serine (41) residues. When analyzing the sequences
around these amino acids in more detail it becomes obvious that GNE contains 42 possible
phosphorylation sites (thereof 13 PKC-sites with the highest possible score using the tool
NetPhosK). These analyses are supported by earlier studies where it was demonstrated that
GNE is phosphorylated in vivo and interacts with several isoforms of protein kinase C in
mouse liver [65]. Consequently, protein kinase C is one candidate enzyme acting on GNE
and its phosphorylation of GNE results in an activation of the UDP-GIcNAc 2-epimerase
activity. In this light it is remarkable that about 20 of the known mutations responsible for
Hereditary Inclusion Body Myopathy (HIBM) (see Section 8.2.) are mutations where a
novel Serine or Threonine is introduced (Table 1), making GNE accessible for further
posphorylation and likely misregulation involved in the pathogenesis of these HIBM-related
GNE mutations.

A unique PTM is the modification of Serine or Threonine with O-GIcNAc [66]. There are
five potential O-GIcNAC sites in GNE (5122, T223, S505, S689, T718; calculated by
YinOYang_1.2). These residues are always very close to phosphorylation sites, but never
represent the same residue. Therefore we tested GNE for its content of O-GIcNAc by
Western blot analysis after immunoprecipitation from rat liver and demonstrated that GNE
is modified by O-GIcNAc (Fig. 4). Together with a phosphorylation likely close to the O-
GIcNAcylation site this suggests another level of fine-tuning of the enzyme function in
response to cellular changes, as observed for other proteins simultaneously modified by
phosphorylation and O-GIcNAcylation [66]. Further analysis revealed that GNE contains
three potential sites for SUMOylation (K33, K427, K618; calculated by SUMOsp_2.0), but
no consensus sequence for ubiquitinylation (www.UbPred.org). A regulation via
SUMOylation is therefore likely. Finally, GNE possesses three potential N-glycosylation
sites (N300, N395, N661; calculated by NetNGlyc_1.0). However, N-glycosylation was
already ruled out for the purified rat liver enzyme [11], and is in agreement with the usual
absence of this PTM for intracellular proteins.
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7.4. Regulation potential by interacting with other proteins

Protein-protein interactions are well-documented events to regulate the function of a protein
or enzyme. During the last five years several GNE-interacting proteins have been identified.
Using 5600 cDNAs from a human brain library in a yeast two-hybrid system four proteins
were identified as potential interacting partners: promyelocytic leukemia zinc finger protein
(PLZF), collapsin response mediator protein 1 (CRMP1), receptor interacting factor 1
(RIF1) and KIAA 1549, a protein of unknown function [67]. The interaction of CRMP1 and
GNE could be verified by co-immunoprecipitation from PC12 cell lysates, and the
interaction of PLZF and GNE was confirmed by a pull-down assay. A fragment based
approach for identification of the GNE domain involved in these protein-protein interaction
revealed that only the full length enzyme as well as the separately expressed ManNAc
kinase domain showed positive results, indicating the importance of the ManNAc kinase
domain and likely also the oligomeric state of the full length enzyme for these interactions
[67].

CRMP1 is a member of the TUC (Toad-64/Ulip/CRMP) protein family and is involved in
growth cone collapse [68]. As a modulator of the Rho-A dependent signaling pathway it
regulates the F-actin depolymerization [69]. CRMP1 analogs in humans are called
dihydropyrimidinase-related proteins (DHPase) and their different isoforms are tissue
specific expressed [70]. A connection between sialic acids and members of the TUC family
was shown by Buttner et al. [71]. They used unnatural sialic acid ManNProp to induce
neurite outgrowth in PC12 cells. During this process a protein was downregulated, which
was identified as the TUC protein family member Ulip by MALDI-TOF MS analysis. In a
recently unpublished study it was shown that CRMP1 interacts with Huntingtin and
modulates its aggregation and neuronal toxicity (Y. Bounab, personal communication). This
is of special interest because in affected muscles of HIBM patients, insoluble inclusion
bodies are found, which are worthwile investigating for presence of Huntingtin
accumulation.

PLZF was identifiedas fusion partner of retinoic acid receptor a, causing acute
promyelocytic leukemia (APL). PLZF is a transcription factor and regulates Cyclin A2 and
Hox gene expression [72, 73]. Krause et al. [63] showed co-localization of GNE with
nuclear markers and support the interaction of GNE and PLZF as a potential transcription
regulator. The N-terminal BTB/POZ domain of PLZF interacts also with E3 ligase Cullin 3
mediating ubiquitinylation [74]. This interaction may link GNE with protein degradation via
the proteasome pathway. A deregulation of protein degradation could also play a role in
formation of inclusion bodies in HIBM. Furthermore, PLZF is found in the cytosol where it
is associated with the angiotensin 2 receptor (AT2R) [75] and with the prorenin/renin-
receptor [76]. AT2R and AT1R play also roles in mitochondrial biogenesis in skeletal
muscle, and Eisenberg et al. [32] could show a potential connection by identifying impaired
mitochondrial processes in HIBM.

Very recently, Amsili et al. [77] found a direct interaction between GNE and -actinin. They
used a Surface Plasmon Resonance (SPR)-based biosensor assay to search for potent GNE
interacting proteins and verified the interaction by co-immunoprecipitation and
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immunohistochemistry. But Amsili et al. [77] could not identify a difference in the binding
kinetics of wild-type and mutant GNE to a-actinin using the SPR biosensor analysis. It was
therefore suggested that GNE has a specific function in muscle physiology, but its role in
HIBM pathology remains unclear.

Although it is convincingly demonstrated that GNE interacts with these binding proteins,
there is no evidence that these interactions alter GNE enzymatic activity or subcellular
distribution. Further work is needed to elucidate the function of these protein-protein
interactions and their impact on sialic acid biosynthesis.

8. GNE-opathies

8.1. Sialuria

Mutations or aberrant expression of the GNE gene can underlie distinct diseases, collectively
called GNE-opathies. Since GNE has a central role in sialic acid metabolism, most GNE-
opathies are characterized by access or paucity of sialic acid synthesis, resulting in hyper- or
hypo-sialylation of glycoproteins or glycolipids. These processes may occur tissue-specific,
glycan-specific, or globally (most glycans and/or most tissues affected). This section
describes the intriguing group of human GNE-opathies, their molecular and cellular features,
disease mechanisms, established cellular or animal models for these disorders as well as
proposed therapeutic options.

8.1.1. Clinical features—Sialuria (also called ‘French type’ sialuria; OMIM 269921) is a
rare, autosomal dominant inherited inborn error of metabolism which was first described in
1968 by Montrieul et al. [78] and Fontaine et al. [79]. Sialuria patients clinically manifest
with mild coarse facies and slight motor delay, with additional sporadic features of
hepatosplenomegaly, delayed skeletal development, microcytic anemia, and mild intellectual
impairment. They are diagnosed by the detection of gram quantities (> 1 gram/day) of free
sialic acid in urine and significantly increased concentrations of free sialic acid in the
cytoplasm of cultured fibroblasts [25, 80-82]

So far, only 7 sialuria patients have been reported worldwide, summarized in Table 2. The
prevalence of sialuria is probably underestimated due to the mildness of the disorder.
Moreover, assaying urinary free sialic acid is not a routine laboratory procedure, but should
be considered as part of the metabolic screening of young children with mild developmental
delay and in patients with a phenotype suggestive of mucopolysaccharidosis or
oligosaccharidosis [83]. Such free sialic acid screening would not only diagnose patients
with sialuria, but also with the lysosomal storage disorders Salla disease (MIM 604369) and
Infantile Free Sialic Acid Storage Disorder (ISSD, MIM 269920), both caused by recessive
mutations in the lysosomal sialic acid transporter SLC17A5 [84].

8.1.2. Molecular and cellular features—The biochemical defect of sialuria involves
failure to regulate sialic acid synthesis, due to impaired allosteric feed-back inhibition of the
epimerase domain of GNE by CMP-sialic acid as outlined in section 5.1. Sialuria has an
autosomal dominant mode of inheritance; a heterozygous missense mutation in the allosteric
site of GNE leads to loss of feedback inhibition of GNE activity by CMP-sialic acid,

Top Curr Chem. Author manuscript; available in PMC 2016 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hinderlich et al.

Page 15

resulting in cytoplasmic accumulation and urinary excretion of large quantities of free sialic

acid [25, 80, 82]. All known patients are heterozygous for a missense mutation in one of two
amino acids, arginine at position 263 (R263L) or arginine at position 266 (R266Q; R266W).
The clustering of these mutations in the region of codons 263 to 266 marks this region as the
allosteric site for CMP-sialic acid binding. However, the full extent of the allosteric site has

not been formally defined (see sections 5.1 and 6.1).

To our knowledge, there are no known animal models of sialuria (including rat, mouse,
zebrafish). However, sialuria cell lines have been employed for a variety of in vitro studies,
including Jurkat cells [26], Chinese Hamster Ovary (CHO) cells [85, 86], Spodoptera
frugiperda (Sf9) insect cells [42], and human epithelial kidney (HEK) cells [87]. These
mutant cell lines either arose through mutagenesis screens, or were created by transfection
of a GNE plasmid containing a sialuria mutation into normal cells. The latter ones can
potentially be used to produce highly sialylated proteins for biotechnological purposes [88].

8.1.3. Disease mechanism and therapy—Increased cytoplasmic free sialic acid in
sialuria patients’ cells may contribute to the clinical symptoms due to increased acidic and
negatively charged properties. Moreover, it is likely that specific glycans or groups of
glycoconjugates in sialuria cells are hypersialylated which may also explain some of the
clinical features of sialuria. I1so-electric focusing studies of serum from three sialuria patients
demonstrated significant hypersialylation of apoC-I11 (a marker for O-glycan sialylation)
and slight hypersialylation of serum transferrin (a marker for N-glycan sialylation) [89].
Levels of lysosomal enzymes, plasma amino acids, and urine organic acids are normal in
sialuria patients, and there is no microscopic evidence of stored material in fibroblasts, as
seen in lysosomal storage disorders.

Dominant human disorders due to failed allosteric inhibition as sialuria are extremely rare
[90]. Therapies for these disorders are lacking. Currently, only symptomatic therapy is
available also for sialuria patients. The lowering of sialic acid levels in fibroblasts by
cytidine feeding has been suggested [80, 91]. However, recent in vitro studies have shown
that allele-specific silencing of disease genes might provide treatment for dominant
disorders [92]. Allele-specific silencing studies with sSiRNAs targeting a specific sialuria
mutation in patient’s fibroblasts (c.797G>A; p.R266Q) demonstrated successful down
regulation of the mutant allele, a significant decrease of free sialic acid (to the normal
range), and recovery of feed-back inhibition of UDP-GIcNAc 2-epimerase activity by CMP-
sialic acid [93]. Even though these findings indicate that allele-specific silencing of the
mutated allele in sialuria is a viable therapeutic strategy, further investigations are required
for the use of siRNA-based therapies in humans [92, 94].

8.2. Hereditary Inclusion Body Myopathy (HIBM)

8.1.1. Clinical features—HIBM (OMIM 600737) is a rare autosomal recessive adult
onset progressive neuromuscular disorder. The disease was originally described in Japanese
patients as Nonaka Distal Myopathy [95] now commonly referred to Distal Myopathy with
Rimmed Vacuoles (DMRV) (OMIM 605820). Later, a similar disorder was described as
vacuolar myopathy sparing the quadriceps in Iranian-Jewish patients [96] now commonly
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referred to as Inclusion Body Myopathy 2 (IBM2) or Hereditary Inclusion Body Myopathy
(HIBM). Only after the HIBM causing gene, GNE, was mapped and identified, it was
recognized that HIBM was allelic to DMRV [97]. We henceforth refer to the disorder as
HIBM. Apart from the Persian-Jewish and Japanese isolates, HIBM patients have now been
described in a wide variety of ethnicities, including Caucasian, Indian, Thai, Mexican and
African [98]. The diagnosis of HIBM is based upon clinical features, muscle pathology, and,
ultimately, the presence of GNE gene mutations.

HIBM is clinically characterized by progressive proximal and distal muscle weakness and
atrophy of the upper and lower limbs, in most patients beginning after age 20. After onset,
progression of muscle weakness is relentless and continues over the next decades, most
patients become wheelchair bound within 10-20 years after onset. A unique feature of
HIBM is sparing of the quadriceps muscle, partially or completely, even in advanced stages
of the disease [96, 99, 100]. Eye, throat and respiratory muscles seem not to be affected
either. HIBM patients have normal cognition, sensation and coordination. Serum creatine
kinase levels are normal to slightly elevated and myopathic and neuropathic patterns in
electromyograms are diverse among patients. Magnetic resonance imaging (MRI) T1
weighted images of the tight of HIBM patients are generally showing fatty or fibrous
replacement of the hamstring muscles with sparing of the quadriceps muscle [99, 101].
HIBM muscle tissue generally does not show inflammation, although a few patients are
described with inflammatory symptoms [102]. Histologically, muscle fibers degenerate with
fiber size changes and formation of central nuclei. Affected muscle fibers develop
characteristic cytoplasmic or nuclear filamentous inclusions as well as cytoplasmic rimmed
vacuoles which are immunoreactive to various proteins, and contain clusters of autophagic
vacuoles [96, 99, 103, 104]. HIBM degenerating muscle fibers contain abnormal
accumulations of -amyloid protein and other Congo-red-positive pathologic markers also
found in brain specimens from neurodegenerative disorders, suggesting a common
pathogenetic mechanism [96, 100, 105]. However, HIBM patients do not develop central
nervous system disease.

8.2.2. Molecular and cellular features—Homozygosity mapping in several HIBM
families of Persian-Jewish and Kurdish-Iranian-Jewish origin aided identification of GNE as
the gene responsible for HIBM [29]. All patients of Middle Eastern origin have since been
found to harbor a p.M712T GNE founder mutation [29, 106]. Two GNE founder mutations
are recognized within the Japanese population, p.VV572L and p.D176V [97, 107]. At present,
more than 80 other GNE mutations have been reported in HIBM patients worldwide,
summarized in Figure 5.

Out of the 84 reported human HIBM-related GNE mutations, 68 are missense variants, 8 are
nonsense mutations, 5 frame-shift mutations leading to a premature stop codon, 2 splice site
variants, and 1 in-frame 3-bp deletion. GNE null mutations have never been identified on
both alleles in a patient; this would most likely be lethal; a Gne ‘knock-out” mouse model
did not survive past the embryonic stage [28]. HIBM-related GNE mutations are scattered
throughout the UDP-GIcNAc 2-epimerase and ManNAc kinase coding domains.
Interestingly, there are 3 missense variants located in the putative nuclear export signal
(Ep(N) in Fig. 5), which may play a role in nuclear localization of GNE [63]. There are no
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HIBM mutations in the allosteric site defined by human sialuria mutations (amino acid 263—
266), however, 5 HIBM mutations are located in the ‘experimental’ allosteric region (amino
acid 255-303, AS in Fig. 5) and may need further research regarding their effect on
allosteric feedback inhibition of CMP-sialic acid. For a large number of mutations,
secondary structure predictions are described [42, 43].

The effects of selected GNE mutations on the enzymatic properties of both UDP-GICNAc 2-
epimerase and ManNAc kinase were assessed, which were reduced, but not absent, in
cultured HIBM fibroblasts, lymphoblasts, and myaoblasts [108-111]. In addition, in vitro
studies assessing enzymatic activities by expressing specific human GNE mutations in
COS-7 cells [108], Sf9 insect cells [42], or in a cell-free in vitro transcription-translation
system [110], revealed that the reductions in UDP-GIcNAc 2-epimerase and ManNAc
kinase enzymatic activities are mutation-dependent. Moreover, mutations in one enzymatic
domain affect not only that domain’s enzyme activity but also the activity of the other
domain. 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 in fibroblasts of additional sugar epimerases and kinases with overlapping substrate
specificity [110].

8.2.3. Disease models—Mouse and cellular models for HIBM have been established. A
complete knock-out mouse of the Gne gene displayed early embryonic lethality [28].
Heterozygous Gne-deficient mice were found to be vital and did not show a significant
phenotype, although their overall sialylation was reduced by 25% [56]. Even though the Gne
knock-out model could not be utilized to study HIBM pathology in mice, the Gne deficient
embryonic stem (ES) cells of this model have successfully been employed for additional
studies. For example, polysialylation of the neural cell adhesion molecule (NCAM) was
affected in Gne deficient ES-cells, which could be restored with supplementation of
ManNAc to the growth medium [28]. And recent studies of Gne deficient ES-cell showed
that Gne, apart from its role in sialic acid synthesis, may also play a role in cell proliferation,
gene expression, and cell differentiation [59].

The first HIBM Gne knock-in mouse model was created by Galeano et al. [34], by
homologous recombination, introducing the Persian-Jews founder mutation p.M712T into
the endogenous mouse Gne gene. Unexpectedly, mutant mice died within 3 days after birth
of severe glomerular disease including proteinuria, hematuria, effacement of the podocyte
foot processes and segmental splitting of the glomerular basement membrane. Biochemical
analysis of mutant mice kidneys revealed decreased UDP-GICNAc 2-epimerase activity,
deficient overall glomerular sialylation (Fig. 6A) and poor sialylation of the major podocyte
sialoprotein, podocalyxin, suggesting that decreased renal sialic acid production led to
lethality in these mice. Oral supplementation of ManNAc to pregnant and nursing mothers
resulted in survival of 43% of mutant pups beyond 3 days of life. Mutant survivors
displayed improved kidney histology, increased overall sialylation (Fig. 6A) as well as
podocalyxin sialylation, increased GNE protein expression and UDP-GICNAc 2-epimerase
activities. HIBM patients, however, have no indications of renal abnormalities. The
importance of sialic acid to the kidney may differ between humans and mice, and protein
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glycosylation patterns also vary. It is known that O- and N-linked glycosylation patterns of
podoxalyxin differ among species, including different types of sialic acids [112].

Mutant p.M712T knock-in pups did not live long enough to develop a muscle phenotype.
However, in mutant pups rescued from neonatal lethality by ManNAc administration, and
not further receiving ManNAc after weaning (onward of age 3 weeks) hyposialylation of
muscle tissue can be detected by lectin staining at age 9 months (Fig. 6B). Further studies
are pending regarding development of muscle pathology. The findings in this knock-in
mouse model not only established these mice as a genetic model for hyposialylation-related
podocyte injury, but also supported evaluation of ManNAc as a therapy for HIBM as well as
for renal disorders involving proteinuria and hematuria due to podocytopathy and/or
segmental splitting of the glomerular basement membrane [34].

A second HIBM Gne mouse model was created in 2007 by Malicdan et al. [113]. This
model was a transgenic mouse which expressed the human GNE cDNA with the p.D176V
epimerase domain mutation, common among Japanese patients, on a mouse background
with a disrupted mouse Gne gene; Gnel’ )hGNED176V-Tg. Mutant offspring appeared
normal at birth, with no apparent renal issues, but had decreased sialic acid levels in serum
and different organs. These mice recapitulated the clinical adult onset features of human
HIBM over time. They developed poor motor performance and signs of muscle weakness/
atrophy at ~21 weeks of age, and by ~40 weeks the mice showed significant changes in
muscle pathology with intracytoplasmic rimmed vacuoles which were immunoreactive to
lysosomal markers, amyloid and phosphorylated tau and neurofilaments. Ultrastructural and
immunohistochemical studies confirmed the presence of autophagosomes in affected mouse
muscle [114]. Importantly, oral prophylactic treatment (starting at week 10-20) of ManNAc,
sialic acid or the sialic acid conjugate sialyllactose (containing ~45% of sialic acid) rescued
the muscle phenotype in these mice. Compared to untreated mutant mice, mutant mice in all
treatment groups at 54-57 weeks of age showed higher survival rates, increased body weight
and muscle mass, increased sialic acid levels in serum, muscle and other organs, decreased
serum creatine kinase, better overall motor performance (treadmill and hanging wire test)
and a marked improvement in pathology (decreased number of rimmed vacuoles and
congophilic, amyloid-positive and tau-positive inclusions) [115]. These results strongly
support consideration of ManNAC, sialic acid or sialic acid conjugates as a treatment for
HIBM. Further research is required to elucidate phenotypic differences between the
transgenic Gnel”’ hGNED176V-Tg and the knock-in p.M712T Gne models.

To our knowledge, no other multiple cell organisms are reported as models for HIBM. A
few cell lines with GNE mutations or decreased GNE expression have been used for in vitro
studies. Two Lec3 Chinese Hamster Ovary (CHO) cell lines with either GNE nonsense
mutation E35X or missense mutation G135E were shown to have loss of UDP-GIcNAC 2-
epimerase enzymatic and dramatically reduced/absent sialic acid on glycans, including
polysialylation of NCAM. The hyposialylation was rescued by exogenously added ManNAc
or mannosamine [24]. Similar results were found in studies of human HIBM/DMRV
cultured myotubes [108] or human lymphoid (B lymphoma cell line BJA-B) or
hematopoietic (HL-60 myeloid leukemia) cell lines with no detectable UDP-GIcNAc 2-
epimerase activity [27]. Although ManNAc kinase activity was also severely decreased or
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absent in these mutant cells, it was demonstrated that ancillary kinases (e.g., GICNAc kinase)
exist that can convert ManNAc to ManNAc-6-P and aid sialic acid synthesis [3].

8.2.4. Disease mechanism and therapy—The exact pathophysiology of HIBM
remains unknown, but the GNE mutations associated with HIBM suggest involvement of
impaired sialylation. Since HIBM is an adult onset disease, and patients have residual UDP-
GIcNAc 2-epimerase and ManNAc kinase enzymatic activities, the effects of sialic acid
deficiency may appear gradually. Some glycoconjugates, (such as N-linked glycans), might
be more readily sialylated than others, for example O-linked or polysiaylated glycans.
Furthermore, a preference for the glycosidic linkage ( 2,3, 2,6 and 2,8) is likely. It was
suggested that when a shortage of sialic acid occurs, specific proteins may be inadequately
glycosylated, contributing to the pathology of HIBM.

Although overall sialylation of HIBM cells and tissues appears normal [109, 111, 116],
specific glycoproteins and glycolipids were found to be hyposialylated in HIBM muscle,
including alpha-dystroglycan [117], polysialic acid on neural crest adhesion molecule (PSA-
NCAM) [118], neprilysin and other O-glycans [119, 120], and the GM3 ganglioside [121].
The contributions of these findings to the pathophysiology of HIBM remain under
investigation. More evidence that hyposialylation a key factor in the pathomechanism of
HIBM came from the transgenic Gnel’ JhGNED176V-Tg mouse model, in which muscle
atrophy and weakness could be prevented by treatment with sialic acid metabolites [115].

Apart from hyposialylation, other hypotheses exist for a role of mutated GNE in the
pathology of HIBM. These include the unusual sub-cellular distribution (nuclear versus
cytoplasmic) of the GNE protein in cells [63, 122], existence of different GNE isoforms
with tissue-specific expression [31], involvement of mutated GNE in apoptotic pathways
[123] and mitochondrial processes [32]. Other intriguing findings that may contribute to
disease pathology are that GNE may control sialyltransferase expression, ganglioside
production and modulation of proliferation and apoptosis, independent of sialic acid
production [87], and interactions of GNE with alpha-actinin 1, an actin binding and
crosslinking protein [77], with the transcription factor PLZF [67], the collapsin response
mediator protein CRMP1 which is involved in growth cone collapse and F-actin
depolymerization [67], with receptor interacting factor 1 [67], and with KIAA 1549, a
protein of unknown function [67].

No therapies are currently available for HIBM. Some dietary modifications were proposed,
including administration or avoidance of some nutrients or trace elements which may
influence GNE activity [124]. Significant progress toward HIBM treatment was made
during the last 5 years, including development of clinical treatment protocols. Increasing
sialic acid levels through exogenous means was tested in a pilot study on four affected
HIBM patients by administration of intravenous immunoglobulin G (1VIG), which has a
large sialic acid content on 1gG (~ 8 umol of sialic acid/g) that could potentially be utilized
to sialylate other glycoproteins (http://clinicaltrials.gov: Identifier NCT00195637). This
study showed selective improvement of muscle strength, but no improvement of
hyposialylation could biochemically be demonstrated [125]. Since treatment studies of
HIBM mouse models convincingly showed that oral administration of sialic acid itself, the
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sialic acid conjugate sialyllactose, or the sialic acid precursor ManNAc could rescue
hyposialylation [34, 115], these compounds are good candidate drugs to pursue in patients.
However, so far none of these compounds are approved for human use and therefore need to
undergo costly and time consuming preclinical studies before treatment trials can be
designed. In this regard, the development of sialic acid as a treatment is progressing, a phase
I trial in patients with DMRV, the Japanese disorder allelelic to HIBM, is planned, focusing
on the pharmacokinetics of sialic acid in humans (http://clinicaltrials.gov: Identifier
NCT01236898). The development of ManNAc for treatment of HIBM patients is in the
preclinical phase and has yet to be approved by regulatory authorities.

Apart from manipulating products and/or substrates in the sialic acid pathway, other HIBM
therapies could lay in the delivery of a healthy GNE gene, gene therapy [126], or a healthy
GNE enzyme via (stem) cell transplantation to patients’ cells and tissues, in particular to the
muscle [127, 128]. A single patient with severe HIBM was treated by gene therapy, by
intramuscular injections or by intravenous delivery of a healthy GNE cDNA embedded in
liposomes (GNE-Lipoplex) [129, 130]. The results were encouraging but inconclusive and
more patients with different severities of HIBM muscle symptoms may need to be assessed
next. With HIBM research and treatment trials quickly evolving, it is likely that elucidating
the pathophysiology and therapeutic interventions of this devastating disorder will rapidly
progress within the next few years.

8.3. Other GNE-opathies

Although not directly related to GNE mutations, some disorders and cell lines are reported
with aberrant GNE expression, likely influenced by epigenetic [36] or other factors. Altered
GNE expression can lead to altered sialylation patterns. Altered sialylation (whether or not
GNE related) can cause a variety of disease phenotypes including cancers, infectious
diseases, neurodegenerative and renal disorders [131]. We will address some disorders and
cell lines for which a direct link to aberrant GNE expression (not due to GNE mutations)
was demonstrated.

Some cancer cell lines were found with significant reduced GNE mRNA and protein
expression and UDP-GIcNAc 2-epimerase enzyme activities below detectable levels,
resulting in hyposialylation of cell surface glycans. Such lines include a human B lymphoma
cell line and a human myeloid leukemia cell line. Both these lines showed abnormal
hypermethylation of the CpG-rich GNE promoter, leading to silencing of GNE expression
[27, 36]. In addition, Morris hepatoma cell lines were reported with decreased GNE
expression [60], as did a chicken hepatoma cell line [132], although no direct links to GNE
promoter methylation status were reported for these lines. Human Burkitt's lymphoma cell
lines demonstrated sensitivity to ceramide-induced cell death regulated by GNE expression
levels [133]. Hyposialylation due to GNE down-regulation was demonstrated in at least two
non-cancerous cell lines. In HIV-1 infected T lymphocytes, hypomethylation of the GNE
promoter was demonstrated to underlie decreased UDP-GIcNAc 2-epimerase enzyme
activity and hyposialylation. Interestingly, the changes in this cell line could be entirely
corrected by complementation with ManNAc in the growth medium [37]. Regenerating rat
hepatocytes were shown to be hyposialylated due to decreased UDP-GICNAc 2-epimerase
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enzyme activity. It was postulated that an intracellular surge of calmodulin in these cells
inhibited UDP-GIcNACc 2-epimerase activity [134].

Despite the above-mentioned hyposialylated lines, in most cancers increased sialic acid
levels correlate with increased malignancy, tumorigenicity and metastatic status [131]. This
fits the hypothesis that genome-wide hypomethylation, found in most in cancer cells, likely
yields a hypomethylated GNE promoter, resulting in increased GNE mRNA transcription,
increased GNE protein translation, and increased UDP-GICNAC 2-epimerase activities,
leading to the hypersialylated metastatic phenotype of these cells. However, this hypothesis
remains to be verified. Regardless of the exact mechanism of hypersialylation of metastatic
cells, it is apparent that a decrease of sialylation in these cells is promising for therapy.
Enzymatic removal of sialic acid by neuraminidase or immunization with neuraminidase-
treated tumor cells was tested with limited success [135, 136]. Therefore, inhibition of sialic
acid synthesis might be more advantageous, which can be achieved through inhibition of
GNE mRNA transcription, protein translation, or enzyme activity. Identification of sialic
acid synthesis inhibitors has been pursuit for several decades. It was shown that 2-deoxy-2-
propionamido-D-glucose (GIcNProp) and, to a lesser extent, 2-deoxy-2-propionamido-D-
mannose (ManNProp) were inhibitors of sialic acid synthesis in a cell-free system [137].
Periodate-oxidized UDP-N-acetylglucosamine, 2/,3’-Dialdehydo-UDP-N-acetylglucosamine,
was described as an irreversible inhibitor of UDP-GIcNAc-2-epimerase [138], and 3-O-
methyl-GIcNAc was found to inhibit ManNAc kinase activity, resulting in decreased sialic
acid synthesis [139]. After identification the binding epitopes of the substrates UDP-
GIcNAc and ManNAc to the GNE protein by NMR spectroscopy [47, 52], several substrate
analogs were synthesized as inhibitors of GNE enzymatic activities, including exo-glycal-
and thioglycoside-based UDP-sugar derivatives [140, 141], and deoxyiminosugars [142].
Further research is pending on applicability of most of these inhibitors, including testing on
cellular and animal systems.

So far, no other disorders with aberrant sialylation have been reported to be associated with
abnormal GNE expression. For disorders where the origin of sialylation defects remain
unknown, investigations into GNE expression may be worthwhile. Especially since
therapeutic options are emerging, such as sialic acid (or ManNAc or sialylated glycan)
therapy for disorders involving hyposialylation, and GNE inhibitors for disorders involving
hypersialylation.
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Figure 1. Sialic acid biosynthesis in vertebrates
GNE catalyzes the first two steps of this pathway. The respective enzymatic reactions are

indicated in bold. Note, that UDP-GIcNACc is supplied from fructose-6-phosphate by the
hexosamine pathway, and that CMP-Neu5Ac is formed in the nucleus. Feed-back inhibition
of the UDP-GIcNAC 2-epimerase activity of GNE by CMP-Neu5Ac is further indicated.
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Year

UDP-GIcNAc 2-epimerase ManNAc kinase

1957/58
1961
1964

1973

1989

1997
1999
1999

2001

2002
2003
2007

2007

2009
2010

Discovery of the enzyme

12,13 :
[ ] Discovery of the enzyme

Feed-back inhibition by [¥:43]
CMP-Neu5Ac [20]

Postulation of a
quaternary structure [18]

Identification of the
defect in sialuria [21]

\ - /

Discovery of the bifunctional enzyme [10,11]
Identification of GNE as a master regulator of sialylation [27]

Identification of sialuria-causing mutations in the GNE gene /
Localization of the allosteric site [25]

Identification of mutations in the GNE gene as the cause for
Hereditary Inclusion Body Myopathy [29]

Generation of a GNE knock-out mouse [28]
Identification of GNE splice variants and isoforms [30,31]

Identification of glomerular proteinuria
as a consequence of GNE mutations [34]

Generation and characterization of the first mouse model for
Hereditary Inclusion Body Myopathy [113]

Crystal structure of the ManNAc kinase apo-enzyme [44]

First gene therapy approach to an
Hereditary Inclusion Body Myopathy patient [129,130]

Figure 2. Milestones in GNE research
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Figure 3. Structure of the human GNE gene, mRNA and protein
(A) Schematic exon structure of the human GNE gene.

(B) Predicted GNE mRNAs by alternative splicing.

(C) Protein domain structure of GNE.

(D) Schematic structure of the GNE isoforms with proven enzymatic activity (for details see
text).
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o O-GIcNAc o GNE

70 kDa =

Figure 4. GNE is modified by O-GlcNAcylation
GNE was immunoprecipitated from rat liver by a GNE-specific antibody and Western-

blotted. Immunodetection was performed with O-GIcNAc- and GNE-specific antibodies,
indicating O-GIcNAcylation of the GNE protein.
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Figure 5. GNE mutations associated with HIBM and Sialuria
Locations and characteristics of all reported human GNE mutations within the functional

domains of the GNE protein (as of April 2011). Mutations associated with sialuria are
printed above the protein cartoon, and HIBM-associated mutations below, including their
references. Red bar, UDP-GIcNAc 2-epimerase domain (GNE, Ep); dark red bar, the
putative GNE nuclear export signal (Ep (N)); green bar, experimental allosteric region
based on in vitro studies (**AS); dark green bar, allosteric site based on human sialuria
mutations (*AS); gray bar, region of unknown function (UF); blue bar, ManNAc kinase
domain (MNK, Kin). Note, that references [145-165] were only given in this figure.
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Figure 6. Fluorescence lectin and antibody imaging demonstrating hyposialylation of kidney
glomeruli and quadriceps muscle in mutant Gne M712T knock-in HIBM mice

Representative images of kidney glomeruli and quadriceps muscle cells in paraffin
embedded mouse slides stained with FITC-labeled lectins (green) Jacalin (jackfruit
agglutinin) and PNA (peanut agglutinin), which both bind predominantly to terminal
galactose residues residues, and WGA (wheat germ agglutinin), which predominantly
recognizes terminal Neu5Ac and GIcNAc. Muscle samples were also treated with antibodies
to polysialic acid (PSA) (red). All slides were counterstained with the nuclear dye DAPI
(blue). Confocal imaging intensity settings were the same across all ages and genotypes for
each lectin or antibody.
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(A) Glomeruli from Gne M712T knock-in HIBM pups at postnatal day 2 (P2) showed
hyposialylation in mutant (*/ ~) compared to wild type (+/+) kidneys, as demonstrated by
increased Jacalin and PNA signals and decreased WGA signal in =/ — glomeruli compared
to +/+. After ManNAc treatment at P5, —/ — glomeruli show decreased Jacalin and PNA
signals a more intense WGA signal compared to =/ — glomeruli at P2 without treatment,
suggestive of increased sialylation after ManNAc treatment.

(B) Quadriceps muscles from adult male mice (+/+, 10 months; =/ —, 9 months old) showed
increased Jacalin and PNA signals and decreased PSA staining in -/ — compared to +/+
tissues, indicating hyposialylation of muscle glycans in adult HIBM mice mimicking the
human disorder.
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Table 1

HIBM-related GNE mutations, which introduce novel Serine or Threonine residues and their phosphoryation
probability.

Mutationl | Phosphorylation Probability?

C13s 62% PKA

P27S no

M29T 51% CKI

1142T no

G206S 60% PKC

12415 50% Cdc2

P283S no

1298T no

1472T no

L508S no

N519S 51% DNAPK

L556S no

1557T no

1587T no

A591T no

AB00T 80% PKC

AB30T 70% PKC

AB31T no

G708S no

M712T 75% PKC

PKA- protein kinase A, PKC - protein kinase C, Ckl - casein kinase I, Cdc2 - cyclin-dependent kinase 2, DNAPK - DNA protein kinase.

1 . .
For mutation references, see Figure 5.

2Phosphorylation probabilities were calculated by NetPhosK [143].
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