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Abstract

models of human disease.

GNE myopathy, or Hereditary Inclusion Body Myopathy (HIBM), is an autosomal recessive adult-onset muscle
wasting disorder caused by hypomorphic GNE (UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase), the rate-limiting enzyme of sialic acid (Sia) biosynthesis. Unlike human patients, mice bearing the GneM712Tm712T
genotype in C57BL/6 background strain suffer severe glomerular hematuria, show incomplete podocyte development,
and do not survive beyond the first few days of life. We crossed heterozygous mice (Gne"'?™*) of B6 strain with FVB
strain mice. In mixed inbred FVB; B6 background, the homozygous mice showed attenuated glomerular disease and
survived longer (mean survival 23.48 + 13.99 weeks, n=73). Within the first 2 generations, 26% of the homozygous
mice survived past the age of 40 weeks, and within the subsequent 3 generations the frequency of homozygous mice
surviving past age of 40 weeks had increased to 44%. Additionally, the homozygous mice (GneM7'2M712!) living past the
age of 42 weeks began to show muscle pathology. These findings suggest that the mouse background strain affects
the disease phenotype, and that natural selection may have an influence on the long-term maintenance of mouse
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Introduction

Inclusion Body Myositis and Myopathies (IBMs) comprise a
group of adult-onset slowly progressive muscle disorders that typically
result in severe disability [1]. Hereditary Inclusion Body Myopathy
(HIBM), also called Inclusion Body Myopathy Type 2 (IBM2, MIM:
600737), is the most common inherited form of IBMs. HIBM is an
autosomal recessive adult-onset muscle wasting disorder caused by
mutations in the GNE gene (MIM: 603824) [2-4]. GNE encodes for
the bifunctional enzyme UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase (GNE/MNK), and is the rate-limiting
enzyme of sialic acid (Sia) biosynthesis. GNE mutations encoding
for hypomorphic GNE/MNK enzyme have been associated with the
pathophysiology of skeletal muscle in several clinical studies in patients
with HIBM [5,6]. Although several GNE mutations can lead to HIBM
and related heritable myopathies, muscle wasting and weakness are the
characteristic symptoms and often the only debilitating manifestation
in HIBM. To date, two mouse models have been generated for
preclinical studies on HIBM: 1) the Gne™”"*" knock-in mouse model
expressing the mutation p.M712T, the most common founder
genotype of patients with HIBM; and 2) transgenic mice bearing the
human GNE with the p.D176V mutation in GNE-null background
[7,8]-Transgenic mice expressing the human GNE with p.D176V
mutation show myopathy after the age of 40 weeks that resembles
HIBM in human patients [8]. The Gne™”"?" murine model is produced
by homologous recombination, but the phenotype varies depending on
the mouse strain [7]. In the C57BL/6 mouse strain, GneM"'?"/M712I' mjce
develop severe kidney disease, glomerular hematuria, hyposialylation
of podocalyxin, and partial formation of podocyte foot processes in
the glomerular filtration barrier. Consequently, Gne™”?"M72T C57BL/6
mice fail to survive beyond the first three postnatal days of life [7].

To produce a mouse that lives long enough to serve as a viable
animal model for HIBM caused by GNE expressing p.M712T, we
needed a novel hybrid mouse that expressed this mutation but did not
cause the renal impairment found in GneM'?"M712I' C57BL/6. In this

study, we selected the FVB background mouse strain for cross-breeding
because FVB mice display vigorous reproductive function as evidenced
by their large litter size [9]. In addition, FVB/NJ mice often exhibit a
modified genetic disease phenotype compared to B6 animals [10-12].
By back-crossing two generations of mixed inbred mice, we generated a
viable animal model for evaluating the effects of the Gne™”'*" mutation
on disease phenotype in different inbred mouse strains.

Multiple GNE gene point mutations have been observed in patients
diagnosed with either HIBM or distal myopathy with rimmed vacuoles
(DMRYV). Although GNE point mutations appear to alter Sia acid
biosynthesis, these mutations may trigger different diseases in mice
than in humans. In a recent study, Ito et al. produced mice with a
V572L point mutation in the GNE kinase domain to create a mouse
model of DMRV/HIBM [13]. The Gne"*’?" mutant mice had a short
lifespan and showed renal disorders, including abnormal podocyte foot
process morphologies in the kidneys. However, as in the case of the
knock-in mouse carrying the Gne”"?" point-mutation, homozygous
mice bearing the Gne"™* point-mutation exhibited no myopathies
or motor dysfunction. In addition, Gne"*’? mutant mice had a much
longer lifespan compared to the Gne™’?T mutant mouse model.
Renal disorders were more severe in mice with the Gne™"?T point-
mutation in comparison to those with the Gne"*’* point-mutation
[13]. In the third model of a GNE-mutant mouse with the transgenic
model expressing the human GNE gene with D176V point-mutation
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mentioned previously, the mice displayed myopathic features, but
exhibited no renal impairment [8].

The GneM'*" and Gne"*"? mouse models appear to have varying
severity. While the V572L mutation may affect kinase domain
dimerization, the M712T mutation may alter the GNE structure,
thereby disrupting ATP catalysis, carbohydrate binding, and
phosphoryl transfer [14]. These changes in turn may influence the
degree of hyposialylation of glycoproteins and glycolipids including
podocalyxin (PC).

Method
Animals

FVB/NJ mice were obtained from Jackson Laboratories, and a
GneM*T mouse was provided by HIBM Research Group [7]. Breeding
between these two parental strains and between the inbred hybrids
progeny was performed at the VA Greater Los Angeles Healthcare
System, Veterinary Medical Unit. The mice had access ad libitum to
water and either Mouse Diet 5015 chow (PMI Nutrition International,
LLC, and Brentwood, MO) or Teklad Rodent Diet (Harlan Laboratories,
Indianapolis, IN). Studies were conducted in accordance with the
guidelines set forth by the VA Greater Los Angeles Healthcare System
Institutional Animal Care and Use Committee and by the National
Institute of Health (NIH) Guidelines for the Care and Use of laboratory
animals.

Specimen

Mouse tail snips that were approximately 5 mm in length were
procured and stored at 20°C in 1.5 mL. micro centrifuge tubes. Kidneys
were preserved using formalin. Muscle tissue was preserved using a
snap-freeze technique with methyl butane.

Nucleic acid isolation

Mouse tail was lysed using regular alkaline lysis buffer with 5 pL
of proteinase K 20U/uL, followed by ethanol precipitation. The pellet
was resuspended in H,O. DNA optical density of this solution was
measured with the ND-1000 spectrophotometer.

GneM'?T genotype
Genotype was done following the melting curve analysis [15].
Tissue staining

Kidney tissues were analyzed and stained with Hematoxylin and
Eosin (H and E). Muscle morphology was analyzed by H and E and
Gomori Trichrome (GT).

Results

We produced mice bearing the most common mutation observed
in HIBM/DMRYV patients, the Middle East founder GNE: p.M712T
(atg>acg) allele, in mixed inbred B6; FVB background. We previously
reported that the number of homozygous mice in our mixed inbred
strain surviving to weaning age was far below the Mendelian expected
rate of 25% from heterozygous-heterozygous matings [15]. In the
current study the survival of homozygotes after the weaning age was
only 6%. Within the first 2 generations, 26% of the homozygous mice
survived past the age of 40 weeks. Within the subsequent 3 generations
the frequency of homozygous mice surviving past the age of 40 weeks
had increased dramatically to 44% (Figure 1).

The homozygous mice showed normal kidney morphology,
with kidney cortex and capsules exhibiting no visible abnormalities.
The gross anatomy of the kidneys appeared normal compared with
our previous findings as depicted in (Figure 2). Homozygous mice
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(GneM72TMRT) Tiving past the age of 42 weeks began to show muscle
pathology, as confirmed by muscle staining with H and E, Gomori
Trichrome (Figure 3). In mice with the homozygous genotype, muscle
sections clearly indicated variation in muscle fibre size, internalized
nuclei in scatter fibres and small angular fibres, and also revealed
the presence of cytoplasmic inclusions. No fibrosis, necrotic, or
regenerating processes was noted. Gomori Trichrome stained vacuoles
were rimmed by eosinophillic granules.

Discussion

Allelic heterogeneity of the GNE gene has been reported in human
studies, with many mutations in this gene identified in people with
IBM2 [3]. GNE mutations associated with IBM2 have been detected
in either the epimerase or the kinase domain of the enzyme. These
mutations lead to decreased production of Sia [5,6]. By contrast, several
mutations in the allosteric site of the GNE gene involved in the normal
regulation of the enzyme result in the overproduction of Sia that leads
to sialuria [16].

In this study the disease phenotype severity varied among the
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Figure 2: (a): Kidney H&E Stain Heterozygous compared to homozygous. (b),
(c): Clear difference on gross anatomy between kidneys procured on 1%t and 3™
generation of heterozygous and homozygous.

Tibialis Anterior GNEM?12TM712T

H&E Gomori Trichrome

Figure 3: Light micrographs of tibialis anterior muscle cross section showing
structural pathology found in homozygous mice (GNEM7'2™712T) Jiving past the
age of 42 weeks. Arrows indicate cytoplasmic inclusions (a) Haematoxylin and
Eosin x 10 (b) Gomori Trichrome x 10.

mixed inbred mouse strains produced by first and second generation
inbreeding. The most interesting observation was the association
between the background mouse strain and severity of renal disease
caused by the GneM”?"™M72T genotype. Since there are no reports of either
renal pathology or overt kidney disease in human patients genotyped
for GneM7"?M712T " the reason for renal disorders in the homozygous
mice suggests that the efficiency of the sialic biosynthetic pathway in
different organs is influenced by other background genes. In a related
preclinical investigation, high serum Sia levels paradoxically were
present in the same mouse model used in our study, which is probably
caused by renal insufficiency. Higher serum Sia levels possibly have a
protective effect on the myofibers of this mixed inbred mouse model
and thus may contribute to the delayed onset of myopathy in mice
bearing GneM”'*"™M72T [17],

The goal of our experiments involving FVB; B6 mixed inbred
background strains of the Gne™”2"™712T mouse model is ultimately to
produce a mouse with reduced renal phenotype and possibly HIBM-
like pathology seen in skeletal muscles. This animal disease model
would bear closer genotypic similarity to HIBM in humans than
transgenic models, thus providing researchers with an in vivo tool
for investigating the pathogenesis underlying GNE: p.M712T linked
HIBM as well as testing of potential treatments. As noted previously,
mice expressing Gne™'?"M712T syrvive for only a few days after birth.
Yet in the present study we unexpectedly found that VB; B6 mixed
inbred background strains attenuate kidney disease in the GneM""?"
M2 mouse.

Even more surprising was the discovery that maintenance (i.e.,
post-weaning survival) of the long-term mouse colony increased
incrementally over 5 generations, and therefore appeared to be
influenced by natural selection. Mice showing the least amount of
renal pathology were favoured for longer-term survival. Kidney disease
detected in the GneM"?"™72T mouse model produced from two distinct
strains was significantly reduced over 5 generations. Additionally,
HIBM-like muscle pathology was evident in mice surviving beyond 42
weeks of age.

Various polymorphisms not yet delineated in our mixed inbred
mouse model may reflect earlier effects of natural selection on the
two reproductively separate parental mouse strains. In our study the
phenotypic variation associated with the generation-to-generation
increases in the rate of post-weaning survival may be an outcome of
positive micro selection that serves to maximize the survival rate of
the mouse colony population. On the other hand, a change in allele
frequencies leading to a modified phenotype may have resulted from
negative selection against one or more deleterious mutations causing
renal impairment.

Conclusion

As indicated in other published reports, our findings reveal that
the background strain of a mouse model can significantly affect the
phenotype of a particular disease [18,19]. Neither the presence nor
absence of natural selection as the driving force behind the prolonged
post-weaning survival of the mice can be confirmed conclusively based
on the available evidence. Future studies are needed to determine if the
increased lifespan of successive generations of Gne™”?" mutant mice
observed in this investigation was due to natural selection.

The increase in the survival rate of the mice was statistically
significant and, regardless of the cause of this increase, may
hold practical benefit for future preclinical research on heritable
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myopathies. Production of mouse models of various types of human
disease in several inbred background strains eventually could lead to

to distal myopathy with rimmed vacuoles or hereditary inclusion body myopathy.
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