











Figure 3. Decreased GBE activity leads to widespread PGB accumulation and
fibrosis in the liver. PGB (red stain) are detected in brain (A-D), skeletal muscle
(E and F) and liver (G and H) sections from adult Gbe1”*”¥* mice. Gomori
trichrome staining of the liver (I and J) shows fibrosis, and blue deposits
indicating fibrosis in Gbe1”*¥s liver. Images are 200x magnification, except
brain (A-D) and liver (I and J) sections are 1000x and 400x magnifications,
respectively. Solid bars represents 100 um or as indicated.

GBE-deficient mice, heart and skeletal muscle samples were pre-
pared from 1-year-old mice and examined for PGB accumulation
as described above, together with immunohistochemistry. Liver,
heart and skeletal muscle sections exhibit strong staining of PGB
with anti-ubiquitin antibodies, which is absent in control liver
samples. However, not all PGB co-stained with ubiquitin in the
muscle and the heart (Fig. SE-H), suggesting that PG-associated
proteins can selectively be ubiquitinylated but can also remain
intact in the cell protected from lysosomal degradation.

Discussion

GBE deficiency is a rare disorder with a very heterogeneous clin-
ical presentation that appears to be determined in part by the
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degree of residual enzyme activity. Complete loss of activity in
humans is lethal either in the third trimester of pregnancy or in
infancy (Andersen’s disease), while mutations that reduce en-
zyme activity cause juvenile- or adult-onset disease. Juvenile-
onset disease typically exhibits liver and/or heart involvement,
while adult-onset disease is mainly a neuromuscular disorder
and may be misdiagnosed as amyotrophic lateral sclerosis, mul-
tiple sclerosis or Alzheimer’s disease (5,7,8,24). Here, we describe
a series of mouse models of GSD IV that accurately recapitulate
the histological, biochemical and clinical spectrum of disease.
Deletion of exon 7 eliminates enzyme activity in all tissues and
thus is a model of Andersen’s disease. In contrast, decreasing
the expression of the Gbel via transcriptional interference by
the reverse-oriented PGK-neomycin cassette and/or introduction
of the p.Y329S mutation found in the Ashkenazi Jewish popula-
tion both lead to hypomorphic alleles with residual enzyme ac-
tivity and to a later onset disease (Fig. 2A, and Supplementary
Material, Fig. S1), but with pronounced accumulation of PGB.
Exon 7 of Gbel contains the c-terminus of the alpha amylase do-
main and the linker region that connects the alpha amylase do-
main to the glycosyl-transferase domain. Since exon 7 encodes
an in-frame 70-amino-acid polypeptide, we have shown that its
deletion leads to an unstable protein. These pups are born full
term but fail to survive. Could this be due to pathogenic features
of PG or, as has been proposed (25), to secondary reduction of GYS
activity? If PG has a toxic effect, we should observe the same se-
vere phenotype in animals with the p.Y329S mutation since their
tissues contain more PGB than exon 7-deleted animals. We can
potentially explain the lack of viability by the absence of digest-
ible glycogen in the complete GBE deficiency state. On the other
hand, the p.Y329S mutation decreases enzyme activity but still
allows for the formation of poorly branched glycogen, which
can provide free glucose better than unbranched glycogen and
presumably enough glucose for the newborn after birth. How-
ever, a lack of glycogen in tissues has been reported previously
in the absence of GYS (26,27), which, unlike GBE, has two iso-
forms: the liver-specific GYS2 and GYS1 expressed in other tis-
sues. GYS2-deficient mice have near-normal development,
whereas 90% of GYS1-deficient mice die after birth. Thus, given
that there is a single Gbel locus, Gbel / mice mimic the course
of GYS1-deficient mice, but, like GYS2-deficient mice, they also
lack significant amounts of liver glycogen in the presence of read-
ily detectable PGB. Hence, the early death of GBE-deficient mice is
not likely to be due to the absence of structurally normal glyco-
gen in the liver, but rather to its deficiency in other tissues.
Although we did not observe hydropic embryos or left ventricular
non-compaction, the hearts of Gbel™~ mice appear to have
disrupted myocardial architecture in association with wide-
spread PGB accumulation (17). Future studies in Gbel™~ mice
will address the molecular basis for this structurally abnormal
myocardium.

Although low GBE activity caused by the PGK-neomycin cas-
sette and the p.Y329S mutation in newborn pups does not cause
complications immediately after birth, the residual enzyme ac-
tivity determines the life span of the mice. This clearly indicates
that accumulated PG begins to affect muscle and nerve functions
causing premature death, similar to cases with more severe mu-
tations causing the juvenile form of GSD IV (19).

The PGK-neomycin cassette used for positive selection in
mouse embryonic stem (ES) cells alters the expression of Gbel.
Both GBE activity assays and western blotting have shown that
transcription of the Gbel gene is reduced. This has generated a
phenotype similar to the juvenile and adult forms of GSD IV.
Point mutations that decrease enzyme activity, such as Y329S
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Figure 4. Newborn mice have significant accumulation of PGB in tissues except
the heart. Formalin-fixed and paraffin-embedded wild-type (on the left) and
Gbe1”*”¥* neonates (on the right) were sectioned, treated with diastase and
stained with PAS. Epithelial cells of choroid plexus (A and B 400x), muscle
(C and D 400x), dorsal root ganglion cells (E and F 400x), liver (G and H 400x)
and brain stem (I and J 200x). PGB are indicated by arrows.

and R545H, cause amylopectinosis (aka APBD) as a recessive trait.
Thus, in order to manifest the disease, the enzyme activity must
be <50% (28). Previously there were rare case reports of manifest-
ing heterozygotes, with clinical features occurring in the sixth
decade of life (29); however, these patients were recently shown
to have a deep intronic mutation not detected by standard DNA
sequencing (30). In aged humans and animals, PG-like bodies
known as corpora amylacea can be seen in white matter and
axons, but the relationship to GBE activity remains unexplored
(31). Gbe1*¥* mice are being systematically aged to determine
whether a reduction in GBE can lead to the formation of PGB in
the brain.

PGis also a component of the Lafora bodies thatlead to juven-
ile myoclonic epilepsy (Lafora’s disease). Lafora’s disease is an
autosomal recessive disorder with typical disease onset in

teenage years and progressive myoclonic epilepsy leading to
death within a decade. The Lafora bodies are found in the
perikarya of neurons and other cell types. The pathogenic
mechanism of LD does not involve the glycogenolytic enzymes
per se but is caused by the functional loss of regulatory enzymes
that may indirectly affect glycogenolytic enzymes (32). Two
genes causing LD, EPM2A and NHLRC1 (EPM2B), have been iden-
tified (33,34). An animal model of LD has also been described;
however, the exact mechanism of PG formation is not well under-
stood (35-37). Interestingly, breeding GYS1-deficient mice to
LD mice did prevent LD and decrease the pathogenicity of PG in
disease (38).

Although we have shown that PGB accumulating in the liver,
heart and muscle are ubiquitinylated, the PG is not degraded,
perhaps because the degradation mechanisms are overwhelmed
or impaired. Ubiquitination is a signal for proteosomal or lyso-
somal degradation, and ubiquitin-rich inclusions are seen in
other diseases (39). In Gbe1’*”* mice heart and brain tissues, all
PGB were ubiquitinylated; however, skeletal muscle tissue
showed some PGB free of ubiquitin. This suggests that either
there is selective ubiquitinylation in muscle or that newly
synthesized PG has not yet been ubiquitinylated. The former
model, selective ubiquitinylation of such large molecules, is not
likely. Second, as muscle has a very high turnover of glycogen, the
latter model, that newly synthesized PG are not ubiquitinylated,
appears more tenable. Although ubiquitination was identified as
a marking mechanism in order to degrade molecules or orga-
nelles, it also activates or inactivates marked proteins similar to
phosphorylation. Ubiquitylated proteins in PGB may have differ-
ent functions, including intracellular trafficking of glycogen and/or
activation/deactivation of associated proteins. We will use this
new model to further study the mechanism of ubiquitylation
of PGB.

In summary, we have generated a novel mouse model of APBD
using the most common mutation found in the Ashkenazi Jewish
population. Similar to APBD patients, PGB accumulate in muscle,
brain, heart and liver and cause premature death. Stiffness in the
hind limbs after 1 year of age is consistent with the natural his-
tory of the disease (please see the Supplementary Material,
Video S1) (8). As affected mice cannot use their hind limbs,
further studies are needed to address whether the problem is a
combination of upper and/or lower motor neuron dysfunction.
This model can also be used to develop possible treatment strat-
egies that enhance the physiologic degradation of PG. The recent
report that enzyme replacement therapy with recombinant
acid a-glucosidase may benefit glycogen debranching deficient
patients (40) suggests the possibility of a similar approach
for GBE deficiency. Therefore, this mouse model will serve as a
useful tool for examining the biology of PGB formation and its
degradation, and as a means for testing possible therapeutic
approaches.

Materials and Methods
Knock-in of p.Y329S mutation into Gbel

The Gbel targeting vector was assembled by PCR-amplified and
restriction enzyme-digested fragments from ES 129Sv mouse
DNA. A 1020 bp Nhel fragment containing exon 7 was cloned in
pUC18 vector and modified by inserting FRT oligos upstream
and downstream of exon 7. TAC to TCC change corresponding
to 329th codon was introduced by site-directed mutagenesis.
A phosphoglycerate kinase (PGK) promoter-neomycin resistance
cassette flanked by loxP sites was cloned 5’ to the FRT site
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Figure 5. PGB are ubiquitinylated. Formalin-fixed and paraffin-embedded control liver (A and B), Gbe1’** liver (C and D), heart (E and F) and muscle (G and H) have been
diastase treated and PAS stained (A, C, E and G) on the left hand side, while same sections were hybridized with pan ubiquitin antibody and stained by
immunohistochemistry (B, D, F and H). Area in frame has been magnified to show the ubiquitin-free PGB (H). Liver sections were examined in 200x, and heart and
muscle sections were examined in 400x magnifications. Solid bar represents 100 um or as indicated.

downstream of seventh exon for positive drug selection. The
final construct contained a 2.1 kb 5’ short recombination arm
composed of a portion of intron 6, the upstream FRT site fol-
lowed by exon 7, the PGK-neomycin resistance cassette for posi-
tive selection flanked by loxP sites, and the FRT site on the 3’
end, followed by a 6.5 kb-long recombination arm spanning
intron 7. Finally, a MC1-driven thymidine kinase-1 gene was
incorporated into the plasmid for negative selection against
non-homologous recombination (see Fig. 1). All of the junctions
in the final construct were confirmed by sequencing and restric-
tion enzyme digestion. The Notl-linearized vector was elec-
troporated into AB2.2 ES cells by the mouse transgenic core
facility at Baylor College of Medicine, Houston, TX. Selection of
ES cells used Ganciclovir® as a negative selection drug and
G418 for positive selection. Cells surviving in the presence of
G418 were screened by PCR for appropriately targeted integra-
tion. Positive ES cell clones were confirmed by additional PCR
and Southern analyses to contain the two FRT sites to be cor-
rectly targeted at both the 5’ and 3’ ends of exon 7. The ES
cells were used to generate chimeric mice by blastocyst micro-
injection, and these mice bred to confirm transmission of the
targeted allele.

Genotyping wild-type and Cre-recombined alleles

Tail DNA was isolated by standard techniques and the Gbel locus
PCR amplified using primers, 5 AGC TTT GGT TAT AGA CGA ATC
ACT, b, 5" GTC TAT GTC CAG CAC AGT ATT AAG GA and c.-5' TCC
TGA AAT GGG ATA TAT GGG ATA TG. PCR reaction was prepared
as described in the vendor’s protocol (New England BioLabs)
Thermal cycles were programmed for touchdown PCR as follows:
initial 5 min denaturation at 95°C followed by touchdown PCR
cycles with the following steps: denaturation at 95°C for 30 min,
annealing at 65°C decreasing 0.5°C every cycle for the next 20
cycle and 72°C extension. After the touchdown protocol, 20 cycles
of regular PCR was carried out starting with 95°C denaturation for
30 s, annealing at 55°C for 30 s and primer extension at 72°C for
45 s. Amplified fragments are separated on 2% agarose gel and
photographed.

Preparation of samples for biochemical analyses

Four to six months old adult mice and 4-month-old female mice
on the 17th day of pregnancy were anesthetized by IsoThesia™
(Butler Animal Health Supply Dublin, OH) inhalation and
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sacrificed by cervical dislocation. The embryos and the tissues of
adult animals were immediately frozen in liquid nitrogen and
stored at —80°C for further analyses. Tissues were cut, weighed
and homogenized in the assay buffers as described below.

Western analysis

For western analysis, 30 pg of tissue homogenate was subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Proteins were transferred to nitrocellulose membranes and incu-
bated with monoclonal antibodies raised against human GBE and
GYS1 (Origene Rockville, MD). Detection was achieved with
horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence.

Quantification of glycogen

Glycogen content was estimated by measuring glucose released
by amyloglucosidase digestion of ethanol-precipitated glycogen
from muscle or liver tissue, as described (41). Samples of frozen
muscle and liver tissue (~30-60 mg) were boiled in 200 pl of 30%
(wt/vol) KOH for 30 min with occasional shaking. After cooling,
67 pl of 0.25 M Na,SO,4 and 535 pl of ethanol were added. Next,
samples were centrifuged at 14 500g for 20 min at 4°C to collect
glycogen. The glycogen pellet was suspended in water (100 pl),
200 pl of ethanol was added and centrifugation as described
above was used to harvest glycogen. This ethanol precipitation
step was repeated, and the glycogen pellet was dried in a
Speed-Vac. Dried glycogen pellets were suspended in 100 pl of
amyloglucosidase [0.3 mg/ml in 0.2 M sodium acetate (pH 4.8)]
and incubated at 37°C for 3 h to digest glycogen. To determine
the glucose concentration in the samples, an aliquot (5 pl) of di-
gested glycogen was added to 95 pl of a solution containing 0.3 M
triethanolamine (pH 7.6), 0.4 mm MgCl,, 0.9 mm nicotinamide ad-
enine dinucleotide phosphate, 1 mm ATP and 0.1 pg/ml glucose-
6-phosphate dehydrogenase. The absorbance at 340 nm was read
before and after the addition of 0.1 pg of hexokinase.

Alanine and aspartate transaminase and creatine
kinase assays

Five microliters of serum, obtained from six 1-year-old male
wild-type and Gbe1’*”® mice, were used in ALT, AST (Genzyme
corp USA) and CPK (Pointe Scientific, Canton, MI) enzyme assays.
Serum was separated from the blood clot. Blood was drawn
by cardiac puncture right after carbon dioxide asphyxiation.
Enzyme activities were measured by spectrophotometry as
described by the supplier.

Glycogen-branching enzyme activity

GBE activity was assayed as described by Tay et al. (20). Briefly, fro-
zen tissue samples were homogenized in all-glass homogenizers
in nine volumes of 5 mm Tris, 1 mM EDTA, 5 mMm mercaptoetha-
nol, pH 7.2 and centrifuged at 9200g for 10 min. Branching en-
zyme activity was measured by an indirect assay based upon
incorporation of radioactive glucose-1-phosphate (PerkinElmer
Life and Analytical Sciences, Boston, MA) into glycogen by the
reverse activity of phosphorylase a (Sigma St. Lois, MO) as an
auxiliary enzyme. At 30, 45 and 60 min time intervals, 5 pl of re-
action mix was spotted on Whatman® Number 5 qualitative filter
paper (Maidstone, UK). Unincorporated glucose-1-phosphate was
washed for 15 min using three changes of 66% v/v ethanol. Glyco-
gen-bound radioactive glucose-1-phosphate was quantified by
liquid scintillation counter (Packard Instruments, Boston, MA).

Tissue staining and histochemistry

Tissue sections were prepared from 4-month-old mice, fixed in
10% formalin and embedded in paraffin. Slices of 5 pm were de-
paraffinized, and one slide of each sectioned block was treated
with 40 ml of 5 pg/ml a-amylase (Sigma) for 25 s in a microwave
oven set to 600 watts, the slides washed with deionized water,
and oxidized with 0.5% periodic acid for 5 min, stained with
Schiff reagent for 15 min and then counterstained in hematoxy-
lin for 15 min and rinsed in tap water. The slides were then exam-
ined by light microscopy (Nikon Eclipse90i, Melville, NY). Gomori
trichrome staining was performed at the Columbia University
pathology services.

Supplementary Material

Supplementary Material is available at HMG online.
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