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Acid a-glucosidase (GAA) cleaves the al-4 and «l1-6
glycosidic linkages of glycogen and related a-glucosyl
substrates within lysosomes. Its deficiency results in
glycogen storage disease type II (GSDII) variants in-
cluding Pompe disease. To gain insight into the tissue
patterns of involvement by glycogen storage in GSDII,
GAA mRNA expression in mouse tissues was evalu-
ated by Northern blot and in situ hybridization anal-
yses. Extensive temporal and spatial variation of GAA
mRNA was observed. During preterm maturation,
GAA mRNA levels of whole mice progressively in-
creased as assessed by Northern analysis. By in situ
hybridization with GAA antisense mRNA, low signals
were detected in most tissues throughout gestation.
However, increased expression in specific cell types
of different tissues was observed beginning at 16 days
post coitum in developing brain neurons, primitive
inner ear cells, and seminiferous tubular epithelium.
In adult mice, whole-organ GAA mRNA levels were
highest in brain, moderate in heart, liver, and skele-
tal muscle, and lowest in the series kidney > lung >
testis > spleen. By in situ hybridization, the highest-
intensity signals were in neurons of the central and
peripheral nervous systems whereas neuroglial cells
had only low-level signal. Signals of moderate inten-
sity were in cardiomyocytes whereas low signals were
in hepatocytes and skeletal muscle myocytes and very
low in cells of the lungs, thymus, pancreas, spleen,
and adrenal glands. However, testicular Sertoli cells
and kidney tubular epithelial cells had significant sig-
nals even though surrounding cells had very low sig-
nals. The discrete temporal and spatial variations of
GAA mRNA during development indicate different
physiological roles for this enzyme in various cell
types and developmental stages. (Am J Pathol 1999,
154:1089-1096)

Acid a-glucosidase or acid maltase (GAA; EC 3.2.1.3)
is an essential lysosomal enzyme that cleaves a1-4 and
a1-6 glycosidic bonds of glycogen, maltose, and inter-
mediate oligosaccharides yielding glucose."? Re-
cessively inherited GAA deficiencies lead to glycogen
storage disease type Il (GSDII) variants that are charac-
terized by lysosomal glycogen accumulation in many
tissues (reviewed in Ref. 3). The GSDII clinical variants
differ in age of onset, tissue involvement, and severity. In
the fatal infantile variant, Pompe disease, progressive
massive glycogen accumulation is predominant in heart,
skeletal muscle, and liver and leads to death from car-
diorespiratory failure by 1 or 2 years of age’ (reviewed in
Ref. 3). Glycogen accumulation occurs in neurons and
glial cells of the central nervous system (CNS) and
Schwann cells of the peripheral nervous system (PNS) of
the patients.?~® These pathological findings have not
been emphasized recently but suggest a neural compo-
nent to the Pompe disease pathogenesis. Later-onset
forms of the disease are clinically heterogeneous and
present as muscular dystrophies primarily affecting skel-
etal muscles."®9° |n these cases, the slower progres-
sive glycogen accumulation leads to a limb-girdle-like
myopathy with minor cardiac involvement. Frequently,
death results from respiratory failure. Although the patho-
physiological bases of these diseases are not well under-
stood, most signs and symptoms have been attributed to
primary muscle deterioration and dysfunction related to
glycogen accumulation.

The human GAA gene maps to chromosome 17g25,""
spans ~20 kb, and has 20 exons.'® Characterization of
its promoter region revealed characteristics of a house-
keeping gene.'®'* The human cDNA, ~3.4 kb in length,
encodes a 952-amino-acid polypeptide.’®'5:1¢ A high
degree of conservation between mouse and human
cDNAs is evidenced by a 75% nucleotide identity and
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79% identity of their predicted amino acid sequences.
Numerous mutations of the GAA gene have been de-
scribed, and many result in absent or abnormal mR-
NAs.'”~'9 In general, correlation exists between residual
levels of enzyme activity and phenotype.® Infantile-onset
variants of GSDII have low to undetectable enzyme ac-
tivity levels in skeletal muscle and cultured skin fibro-
blasts, whereas in later-onset variants these are higher.

GAA enzyme activity levels vary among tissues and
throughout development.®2°724 In human fetuses, GAA
activity peaks toward the end of gestation in many tissues
(liver and kidney > skeletal muscle and lung > spleen
and heart).?? The brain has the lowest enzyme activity
and this remains relatively constant throughout prenatal
development. In adult humans, the highest GAA activities
are in the kidney and prostate.?® Relative to kidney GAA
activity, that in liver, spleen, and adrenal glands is ~10%
to 30%, and that in skin, skeletal muscle, and heart is
~2% to 5%. From pathological studies in Pompe disease
patients, the greatest glycogen storage is present in liver,
spleen, and adrenals that also have low enzyme activi-
ty.?? In mice, the highest GAA activity levels are in intes-
tine, brain, liver, kidney, and testis with only ~10% to 20%
of these levels present in lungs and cardiac and skeletal
muscle and intermediate levels in the thymus.?2"2* To
date, GAA knockout mouse models have variably mild
phenotypes, but glycogen storage is predominant in
skeletal and cardiac muscle.?*2°

To gain insight into the physiological role of GAA,
tissue-specific pathology in GSDII deficiency, and patho-
genesis of the disease, the GAA mRNA expression was
characterized in murine tissues and cells. These studies
show discrete temporal and cellular specific GAA mRNA
expression in regions of the CNS and some non-neural
tissues.

Materials and Methods

Northern Blot Analysis

A 1.36-kb 3?P-labeled mouse GAA cDNA fragment (nu-
cleotides 634 to 1997 from the ATG) was hybridized to
BALB/c adult mice poly A* RNA (2 ug) from a variety of
tissues (Clontech Laboratories, Palo Alto, CA). Hybridiza-
tion with a human B-actin cDNA probe was used for RNA
quality control. Quantitation of probe binding was by
scanning densitometry of autoradiograms of 24 hours of
exposure (LKB, Pharmacia, Uppsala, Sweden).

In Situ Hybridization Analysis

Mouse GAA 2°S-labeled sense and antisense riboprobes
were synthesized by in vitro transcription®® from linear-
ized templates containing ~1 kb (nucleotides 634 to
1635 from the ATG). In situ hybridization of B6C3F1/J
(C57BL/6J X C3H/Hed) mouse tissues (Harland Animal,
Indianapolis, IN) was performed essentially as de-
scribed.?® Briefly, cryosections of 4% paraformaldehyde-
fixed and embedded tissues were post-fixed and pre-
pared for in situ hybridization as described.?® The

sections were first hybridized with [3**S]UTP-labeled 1-kb
sense or antisense GAA riboprobes under high-strin-
gency conditions in a mixture containing 50% formamide.
Hybridization was followed by ribonuclease A/T1 diges-
tion and washes under progressively higher-stringency
conditions, including 0.1Xx SSC at 55°C. This was fol-
lowed by dehydration in graded ethanol solutions, dip-
ping in Kodak NTB2 emulsion, and exposure at 4°C for 10
to 15 days. Slides were developed and stained with
hematoxylin and eosin (H&E). Positive signal, obtained
with the antisense probe, appears as white or light pink
grains under dark-field microscopy. Duplicate sections
hybridized with the sense probe were used as negative
controls.

Results

Expression Studies in Adult Mouse Tissues

Differential expression of GAA mRNA was observed by
Northern blot analysis and in situ hybridization. Multiple
Northern blots with mRNA from whole tissues showed a
single 3.8-kb GAA band with the highest levels in the
brain (100%), intermediate levels in skeletal muscle, liver,
and heart (50% to 35%), and low to very low levels in lung
and kidney (15%) (Figure 1A). In spleen and testis (3% to
1.6%), 10 times longer exposures were required to de-
velop signals of similar intensity to those of lung and
kidney (not shown). Rehybridization of this membrane to
a cDNA B-actin probe verified integrity of the mRNA
samples. The characteristic p-actin 2.0-kb band was
present in all tissues at relatively high levels (Figure 1B).
Faster migrating bands of ~1.8 kb, prominent in heart
and skeletal muscle, are due to hybridization of the probe
to the « or y forms of actin (Figure 1B).

Cell-specific GAA mRNA expression was evaluated by
in situ hybridization (Figure 2 and Table 1). The highest-
intensity signal for GAA mRNA in adult animals was in
neurons throughout the neuraxis (Figure 2, B-E). In sag-
ittal sections of the neocortex (Figure 2, A and B) the
signals were more prominent in layers of the gray matter
enriched in neuronal cell bodies. Very low-level signal
was detected in the molecular layer of the cerebral cor-
tex. In this layer, composed mainly of unmyelinated fibers
and cell processes, scattered high-intensity signals cor-
responded to isolated neuronal cell bodies. Deeper ce-
rebral neuronal groups also had high to moderate levels
of signal, eg, those in the hippocampus (Figure 2C) and
the basal ganglia (not shown) and those around the third
ventricle and the cerebral agueduct of Silvius (Figure
2D). Moderate GAA mRNA expression levels also were
observed in meningeal cells of the pia mater-arachnoid
(Figure 2, A and B). Although epithelial cells of the cho-
roid plexuses also showed a moderate level of signal
(Figure 2C), GAA mRNA signal in ependymal lining was
very low (Figure 2D). Additional cells with high-intensity
signal were neurons of the midbrain (Table 1), the brain
stem (Figure 2E), and the anterior horns of the spinal cord
(Table 1). High-intensity signals were also in neurons of
the sympathetic ganglia (Table 1). In the cerebellum
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Figure 1. Northern blot analysis of acid a-glucosidase mRNA. A: Membranes
containing BALB/c mice poly A" RNA (2 pg) were hybridized with a
32p_labeled mouse GAA cDNA fragment (see Materials and Methods). A
3.8-kb species of variable levels was present in heart, brain, spleen, lung,
liver, skeletal muscle, kidney, and testis. B: The B-actin 2.0- and/or 1.8-kb
specific signal(s) are present in all lanes. This demonstrates mRNA integrity
and is a reference for quantitative comparisons. RNA size markers are indi-
cated on the left margin. Exposure time in A and B was 24 hours.

(Figure 2E), Purkinje cells had the highest signals
whereas neurons of the granular and the molecular cell
layers had moderate to low signals (Table 1). GAA mRNA
signals were very low in CNS white matter areas, includ-
ing those of the cerebral subcortex (Figure 2D), cerebel-
lum (not shown), and brain stem and spinal cord fiber
tracts (Table 1). Low signals were detected in glial cells
interspersed between neurons in the gray matter. At
higher magnifications (X400) the highest signal levels
were in neurons and the lowest in glial cells (not shown).
In the eye, very low-level signals were in the ganglion cell,
inner nuclear and outer nuclear layers of the retina, and
extraocular myocytes (Table 1).

In situ hybridizations of non-neural tissues showed
generally lower GAA mRNA signals than those in the CNS
and PNS (Table 1). GAA expression was found in specific
cells of several organs. In the testis, discrete signals of
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moderate intensity in Sertoli cells appeared as ring-like
patterns (Figure 2F). Epithelial cells of the epididymis
were moderately positive (Table 1). Signals of very low
intensity were present in spermatogonia or interstitial
cells (Table 1). The uterine stromal mucosa (Figure 2, G
and H) had low-intensity signals, but very low-intensity
signals were in cells of smooth muscle, mucosa epithelia,
or glands (Table 1). In the vagina (Table 1), low-intensity
signals were in stromal cells of the lamina propria, and
very low signals were detected in glandular epithelial
cells.

In the kidney, a gradient of signal was detected in the
tubular epithelial cells with low signals in the renal cortex
and barely detectable signals in the medulla (Table 1). In
the intestine, GAA mRNA signals were undetectable in
duodenal, jejunal, or ileal cells even after long-term 20- to
30-day exposures. Using similar exposure times, the co-
lon showed very low-level signals in stromal cells of the
lamina propria (Table 1). In addition, low-level signals
were detected in neurons of the intestinal ganglia (Table
1). Differential expression was apparent in the liver. Low-
intensity GAA mRNA signals were in hepatocytes, but no
signals were appreciated in cells of the portal ducts or
sinusoids (Table 1). The stomach showed low signals
throughout (Table 1). GAA mRNA signals in cells of other
visceral organs, including the lungs, thymus, pancreas,
adrenal glands, and spleen, were slightly above back-
ground levels (Table 1).

Analysis of cardiac and skeletal muscles showed uni-
formly distributed low signals in myocytes (Figure 2, I-L).
Prolonged exposures (20 to 30 days) were needed to
discern distinct signals. Cardiac myocytes of the atria
and ventricles showed low-intensity signals (Figure 2J).
No significant signals above background were detected
in cardiac interstitial or valvular cells (Table 1). Skeletal
muscle evaluation included sections of the quadriceps,
anterior tibialis, triceps, biceps, diaphragm, tongue, and
paraspinal (Figure 2, K and L) and extraocular muscles.
Uniformly distributed low-intensity signals were detected
in all muscle groups. No qualitative or quantitative differ-
ences were observed regionally within a particular mus-
cle or among different muscle groups (Table 1).

Developmental Studies

A single specific signal of 3.8 kb was detected through-
out gestation (days 11, 15, and 17) by Northern hybrid-
ization of poly A™ RNA of whole-mouse embryos (not
shown). The levels of MRNA at days 15 and 17 were three
to four times greater than that at day 11. By in situ hybrid-
ization, mouse embryo sagittal sections at days 9.5, 12,
14, and 16 of gestation showed ubiquitous low-level GAA
MRNA expression with slightly increasing overall levels at
day 16 (Table 2). By gestational day 16, differential ex-
pression in specific cells was evident. GAA mRNA sig-
nals of moderate and high intensity were present in clus-
ters of differentiating neurons of the hypothalamic region
(Figure 2M) and epithelial cells lining the inner ear (Figure
2N). Higher-intensity signals also were found in neurons
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Figure 2. Spatial and temporal expression of the mouse GAA mRNA by in situ hybridization. A: Bright-field image with H&E. B to K: Dark-field images for the
sense (G, |, and K) and for the antisense (B—F, H, J, and L—P) **S-labeled riboprobes. A to L: Adult tissues. High-intensity signal is present in neurons throughout
the neuraxis (B—E). A and B: Cerebral cortex. Pyramidal and granule neurons (arrows) have large purple nuclei by H&E (A) and show high-intensity signal (B).
Signal of lower intensity is in the molecular layer (m). Moderate-intensity signal is in meningeal cells of the pia mater-arachnoid (*). C: Cerebral sagittal section.
Highest-intensity signals are in neurons of the hippocampus (arrows), cells lining the choroid plexus (arrowhead), and surrounding neuronal layers. D:
Cerebrum/aqueduct of Sylvius. High-intensity signal is in neurons adjacent to the cerebral aqueduct (ca) located in the inferior colliculus nucleus (ic) and dorsal
tegmental nuclei (dt). Low- to very-low-intensity signal is in glial cells of the white matter (*) and ependymal lining cells (arrowheads). E: Hindbrain.
High-intensity signal is in neurons of the cerebellar Purkinje cell layer (arrowheads) and neurons of the brainstem (bs). F: Testis. Signal of moderate intensity
is in seminiferous tubules (arrowheads). G and H: Uterus. Uterine stromal mucosal cells (us), negative with the sense riboprobe (G), show diffuse low signal with
the antisense riboprobe (H). Very low signal is in mucosal glandular (mg) and epithelial cells (arrowheads). | and J: Heart/ventricle. Diffuse signal of moderate
intensity relative to background levels in the sense control (I) is in cardiomyocytes (J). K and L: Paraspinal muscle. Low level signal above background levels (K)
is in myocytes (L). M to P: Embryonic tissues, 16 day. M: Hypothalamus. Moderate level signal is in differentiating neurons (arrow). N: Inner ear. Moderate level
signal is in the epithelial lining cells (arrow). O: Sympathetic ganglia. Moderate signal is in neurons (arrow). P: Testis. Moderate signal is in epithelial cells of the
seminiferous tubules (arrow). Counterstaining is with H&E. Magnification, X200 (A and B), X100 (D and F-P), and X40 (C and E).



Fig 2. Continued

of the peripheral sympathetic ganglia (Figure 20) and in
cells lining the developing seminiferous tubules of the
testis (Figure 2P). The epithelial cells lining the develop-
ing intestinal tract had low-level signals. Skeletal muscles
showed low-level expression in most skeletal muscle
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groups. Higher-intensity signals were present in develop-
ing skeletal muscles from head and neck regions (Table
2). In the developing heart, low- and very low-intensity
GAA mRNA signals were seen in myocytes of atria and
ventricles (Table 2).
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Table 1. Relative GAA mRNA Signal Intensity in Adult Tissues by in Situ Hybridization

Tissue mRNA Cell type
Cerebrum +++/++++ Neurons throughout
+4++ Pia mater-arachnoid meningeal cells
+++ Choroid plexus lining epithelial cells
+ Ependymal cells
+/++ Glial cells/white matter
Midbrain +4++/++++ Neurons/colliculus and tegmental nuclei
+/++ Glial cells/white matter
Cerebellum +4+++ Purkinje cells
+4+/+++ Other neurons
+/++ Glial cells/white matter
Brain stem +++/++++ Neurons
+/++ Glial cells/white matter
Spinal cord ++++ Neurons/mostly anterior horns
+/++ Glial cells/white matter
Sympathetic ganglia ++++ Neurons
Eye + Cells of ganglion, internuclear, and outer layers
+ Extraocular myocytes
Testis +++ Sertoli cells
+ Spermatogonial and interstitial cells
Epididymis +++ Epididymal lining cells
Uterus ++ Stromal mucosal cells
+ Smooth muscle cells
+ Glandular and mucosal epithelial cells
Vagina ++ Stromal cells
+ Glandular epithelial cells
Kidney ++ Cortical tubular epithelial cells
+ Medullar tubular epithelial cells
Intestine + Stromal cells/colon lamina propria
+ Mucosal epithelial cells
- Mucosal epithelial cells
++ Neurons/intestinal ganglia
Liver ++ Hepatocytes
- Cells of ducts and portal area
Stomach + All cell layers
Heart ++ Cardiomyocytes/atrium, ventricle
- Cells of cardiac valves
Skeletal muscle +/++ Myocytes
Other tissues + Diffuse throughout lungs, thymus, pancreas, spleen,

and adrenal glands

The mRNA signal intensity was scored as follows: —, negative; +, very low; ++, low; +++, moderate; ++++, high.

Table 2. Relative GAA mRNA Signal Intensity in Embryo Tissues by in Situ Hybridization

Tissue mRNA level Cell type
9.5-day embryo + Ubiquitous
12-day embryo + Ubiquitous
14-day embryo
CNS ++ Ubiquitous
Other tissues +/++ Ubiquitous
16-day embryo
CNS ++/+++ Differentiating neurons
++++ Epithelial lining cells/inner ear
+4++ Neuroepithelial cells/hypothalamus
PNS ++++ Neurons/sympathetic ganglia
Testis +++ Epithelial lining/seminiferous tubules
Intestine ++ Epithelial cells/mucosa
Muscle +/++ Myocytes of most muscle groups
+++ Myocytes of neck and head muscles
Heart + Cardiomyocytes/atrium and ventricle
Other tissues +/++ Most cell types

The mRNA level was scored as follows: —, negative; +, very low; ++, low; +++, moderate; ++++, high.



Discussion

The present studies delineate differential expression pat-
terns of GAA mRNA in mouse tissues. Northern blot and
in situ hybridization showed GAA mRNA expression in all
tissues and cell types. These results were expected as
inferred from the ubiquitous distribution of GAA activity
(reviewed in Ref. 3) and the generalized glycogen accu-
mulation characteristic of human and mice deficien-
cies.>#+2% However, quantitative comparisons of GAA
mRNA in Northern blots revealed differences among
adult tissues, and within a particular tissue, regional and
cell type differences were detected by in situ hybridiza-
tion. Our studies indicate regulation of the GAA gene at
the transcriptional or post-transcriptional level despite the
fact that its promoter structure exhibits housekeeping
gene characteristics, ie, a high GC content (80%), puta-
tive Sp1 and AP2 binding sites, and absence of TATA or
CCAAT boxes.'®'* Differential expression for other lyso-
somal and nonlysosomal genes with housekeeping-like
promoters has been previously reported,?®=2° and in
some instances, these are governed by cis-acting ele-
ments not included in the promoter region. For example,
high-level thymus-specific expression is conferred by en-
hancer elements located in the first intron of the adeno-
sine deaminase gene, containing a housekeeping pro-
moter, whereas upstream regulatory units direct
expression to the placenta and forestomach in the
mouse.?” %31 GAA gene structure/function studies and a
thorough characterization of post-transcriptional pro-
cesses in different cell types are necessary for better
understanding of the regulation of differential mMRNA ex-
pression of this gene.

An objective of this work was to evaluate the potential
for correlations between GAA mRNA expression in par-
ticular cell types and the phenotypic involvement result-
ing from GAA deficiency in mice and humans. This hy-
pothesis would be based on the commonly held concept
that sites of highest expression directly correlate with
sites of major pathology. Such correlation could not be
established due to extreme variation in mRNA signal in
tissues affected by the disease. In general, the low-level
mRNA expression in normal murine cardiac and skeletal
myocytes is consistent with the low GAA activities in
normal mice and also in humans.?°-222425 However,
both cell types have major phenotypic involvement in the
murine and human GSDII diseases.>2*25 Of possible
significance, glycogen is most abundant in normal mus-
cle and liver. The major site of normal glycogen synthesis
and breakdown is the cytoplasm, not obviously involving
lysosomes. Autophagy has been proposed as the mech-
anism whereby cytoplasmic glycogen is transferred to
lysosomes for breakdown, although the precise regula-
tion of this autophagic event is not clear. Accumulation of
glycogen within lysosomes of muscle and liver, organs
severely involved in the disease process, may simply
reflect higher autophagic activity in tissues with normally
high glycogen content.

Unexpectedly, high levels of GAA mRNA signals were
observed in neurons of the CNS, and increasing GAA
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mRNA signal was shown with in utero maturation in
mouse CNS and PNS neurons. In both cases, normal
enzyme activities®©222% parallel mRNA levels. The
mouse GAA knockout models have glycogen accumula-
tion in Schwann cells and some neurons in addition to
liver and muscle. Interestingly, review of the neuropathol-
ogy of Pompe disease reveals major lysosomal glycogen
accumulation in Schwann cells of the PNS, in glial cells,
and, in decreasing amounts, in neurons of spinal cord,
brainstem, and cerebrum.*®~8 These results suggest
roles for GAA in specific cell types in fetal and adult CNS
tissues. The lack of clear documented CNS effects in the
mouse or human GAA deficiencies suggests either a lack
of toxic effects of stored glycogen in the CNS neurons or
the need for more intensive efforts to document potential
sequelae in the nervous system. With the recent interest
in development of enzyme replacement and/or gene ther-
apy for GSDII, intensive surveillance for CNS involvement
may be essential during assessment for overall efficacy.
Additionally, such examinations are critical for the full
evaluations of the mice homozygous for the targeted
disruption of the GAA locus.?*

The differences in histopathological changes in mus-
cle and in functional compromise between the different
GAA knockout models may reflect the known differences
in their genetic background, and would be consistent
with the possibility that other specific metabolic differ-
ences play a significant role in the pathophysiological
mechanisms and as modifier phenotype. These differ-
ences among tissues and during the maturation process
remain to be elucidated and are critical to understanding
the manifestations of GAA deficiency in humans and
knockout mice.
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