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Abstract

Pompe disease is a lysosomal storage disease caused by mutations within the GAA4 gene, which encodes
acid a-glucosidase (GAA)—an enzyme necessary for lysosomal glycogen degradation. A lack of GAA re-
sults in an accumulation of glycogen in cardiac and skeletal muscle, as well as in motor neurons. The only
FDA approved treatment for Pompe disease—an enzyme replacement therapy (ERT)—increases survival
of patients, but has unmasked previously unrecognized clinical manifestations of Pompe disease. These
clinical signs and symptoms include tracheo-bronchomalacia, vascular aneurysms, and gastro-intestinal dis-
comfort. Together, these previously unrecognized pathologies indicate that GA A-deficiency impacts smooth
muscle in addition to skeletal and cardiac muscle. Thus, we sought to characterize smooth muscle pathology
in the airway, vascular, gastrointestinal, and genitourinary in the Gaa”~ mouse model. Increased levels
of glycogen were present in smooth muscle cells of the aorta, trachea, esophagus, stomach, and bladder of
Gaa™'~ mice, compared to wild type mice. In addition, there was an increased abundance of both lysosome
membrane protein (LAMP1) and autophagosome membrane protein (LC3) indicating vacuolar accumulation
in several tissues. Taken together, we show that GAA deficiency results in subsequent pathology in smooth

muscle cells, which may lead to life-threatening complications if not properly treated.
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Background

Pompe disease is a glycogen storage disease (GSD) caused by mutations within the gene encoding acid
a-glucosidase (GAA)—an enzyme responsible for hydrolyzing lysosomal glycogen (1). Patients with Pompe

disease develop systemic accumulation of lysosomal glycogen in cardiac and skeletal muscle as well as in mo-
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tor neurons (2—4). Symptom severity depends on the degree of residual GAA activity; severe (infantile-onset,
IOPD) cases have less than 1% of GAA activity and less severe (late-onset, LOPD) cases have >1% residual
GAA activity (3, 5, 6). The only FDA approved treatment for Pompe disease is an enzyme replacement therapy
(ERT) of recombinant human GAA (rhGAA), which prolongs survival. However, as patients survive longer,
latent smooth muscle pathology, leading to significant morbidity and mortality is unmasked (7-10).

Persistent smooth muscle pathology has a substantial impact on quality of life (QoL) and leads to life-
threatening complications. Case reports describe LOPD patients who underwent emergency bronchoscopies
and found up to 90% occlusion of the distal trachea and bronchi, which then required a stent to hold the airway
open (7, 11). In addition to airway smooth muscle weakness, vascular deterioration, gastrointestinal (GI) dis-
comfort, and loss of genitourinary (GU) control has also been observed. Cerebral and aortic aneurysms have
caused microhemorrhages leading to symptoms ranging from headaches and numbness, to coma and death
(8, 12—18). Clearly, GI and GU symptoms negatively impact on patient QoL. Furthermore, symptoms of poor
feeding, chronic gastroesophageal reflux, and urinary bladder infections can evolve into substantial health
complications.

Our group recently described glycogen accumulation and dysfunction of airway smooth muscle in the
Gaa™" mouse (19). When exposed to methacholine, a bronchoconstrictive agent, these mice failed to respond,
indicating impaired airway contractility. In addition, when bronchi of these mice were evaluated ex vivo,
contractile force was significantly reduced compared to wild type (WT) littermates. In the present study, we
further expand on smooth muscle pathology by investigating vascular, GI, and GU smooth muscle. The mouse
model used is GAA-deficient in all cell types and experiences many of the symptoms observed in Pompe
patients and survives into adulthood (up to 6—9 months) without therapeutic intervention. We find glycogen,
lysosomes, and autophagosomes are all amassed in various smooth muscle containing tissues of the Gaa™~
mouse. These findings have serious implications for the function of these tissues and the cellular transport of

ERT for their repair.

Methods

Mice
Wild type (WT) B6;129 mice and Gaa " /B6;129 (Gaa ") mice (20) were bred and housed in accordance

with Duke University Institutional Animal Care and Use Committee (IACUC). They were maintained with

food and water available ad libitum and euthanized at 6 and 15 months of age.

GAA activity assay

Enzyme assay was performed as previously described (21-24). Briefly, extracted tissues were harvested,
rinsed in PBS, and flash frozen in liquid nitrogen. Whole organs were homogenized in molecular grade wa-
ter with protease inhibitor cocktail (VWR), using a FastPrep24 (MP Biomedicals) followed by three freeze/
thaws. Non-homogenized materials were pelleted, and clarified lysate was maintained at —80 °C. Five pl of
each sample was incubated with 4-methylumbelliferyl-a-D-glucosidase (Millipore-Sigma) for 1 h at pH 4.3.
Fluorescence resulting from substrate cleavage was detected with a Tecan Multimode Plate Reader and coordi-
nating Magellan Software. Sample readings were compared to a standard curve generated from 4-methylum-
belliferone (Millipore-Sigma). All samples were normalized to protein levels determined by DC Protein Assay

(Bio-Rad), performed in accordance with the manufacturer’s protocol.
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Glycogen assay

Molecular glycogen assay was performed using the Abcam (ab65620) kit as directed. Briefly, 2—10 mg of
tissue was homogenized in molecular grade water with protease inhibitor, using a FastPrep24. Homogenate
was heated at 95 °C for 10 min, then clarified by centrifugation (13,000 rpm, 10 min, 4 °C). The supernatant
was diluted between 1:50—1:100 in Hydrolysis Buffer. 4 ul of diluted sample was mixed with 1 pl of Hydrolysis
Enzyme Mix in a clear 384 well plate, then incubated at room temperature for 30 min. 5 pl of Reaction Mix
was added and the incubation was repeated. Absorbance at 570 nm was read on a NanoDrop™ One (Thermo-
Fisher) with coordinating software. Samples were compared to a standard curve, and normalized to protein

levels determined by DC Protein Assay (Bio-Rad), performed in accordance with the manufacturer’s protocol.

Western blot
Whole organs were homogenized in RIPA buffer plus protease inhibitor (VWR) with a FastPrep (MPBio-

medicals). They then underwent one freeze/thaw and were clarified by centrifugation twice to remove particu-
lates. Proteins were separated on a 4-20% gel and transferred to PVDF membranes. Antibodies used: LAMP1
(DSHB 1D4B); LC3 (CST 4599); B-actin (CST 8457); GAPDH (CST 97166). Anti-rabbit (Invitrogen A21096)
and anti-rat (Invitrogen A32735) AlexaFluor™ secondary antibodies were used for detection. Membranes
were imaged with a Bio-Rad ChemiDocMP, then analyzed with coordinating Bio-Rad Image Lab Software.
LAMPI, LC3-I, and LC3-II bands were quantified and normalized to GAPDH or B-actin.

PAS histology

Tissues were harvested and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate. They were then
post-fixed in 1% osmium tetroxide, embedded in epoxy resin (EPON), and sectioned at 1 pm by the Duke
Electron Research Electron Microscopy Core. Sections were stained with periodic acid-Schiff (PAS) (Sigma)
according to manufacturer’s protocol. All sections were imaged on a Leica DMRA Compound Light Micro-

scope at 63x magnification.

Immunofluorescence

Tissues were harvested and embedded in OCT Compound and frozen in isopentane in liquid nitrogen.
They were sectioned to 7 pm and stained as previously described (21). LAMP1 (DSHB 1D4B) and LC3 (Novus
NB100-2200) antibodies were applied overnight and identified with anti-rat AlexaFluor'™488 and anti-rabbit

AlexaFluor™ 594 secondary antibodies (Invitrogen). Sections were imaged using an ECHO Revolve 4.

Statistics

In all molecular analyses (GAA Activity, Glycogen Quantification, and Western Blot), a Student’s ¢ test
was used to evaluate significance. Significance was considered at a P-value of <0.05. Error bars represent mean
+ S.E.M.

Ethics approval

The usage of mice in this study was approved by the Duke University Institutional Animal Care and Use

Committee.
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Results

GAA activity deficiency and glycogen accumulation

The mouse model used in this study is the most widely characterized mouse model of Pompe disease. It is
a global knockout of Gaa through disruption of exon 6 (20). To confirm a lack of GAA protein, we performed
an enzymatic activity assay on the aorta, trachea, esophagus, stomach, and bladder (Fig. 1A). In all tissues,
WT mice had significantly higher levels of GAA activity, with negligible levels present in the Gaa™~ mice at
6 months of age. Mean WT levels of activity ranged from up to 110 nmol/ mg protein/h in the trachea to up to
55—60 nmol/ mg protein/h in the esophagus, stomach, and bladder to up to 40 nmol/ mg protein/h in the aorta.

In congruence with diminished GAA enzyme activity, the aorta, trachea, esophagus, stomach, and blad-
der of Gaa™" mice all had significantly higher levels of molecular glycogen than WT controls at 6 months of
age (Fig. 1B). Gaa™" esophagus, trachea, and bladder had the highest levels of glycogen with mean values of
0.614 + 0.127 pg/ug protein, 0.508 + 0.062 ng/ug protein, and 0.324 + 0.160 pg/ug protein, while the stomach
had 0.151 + 0.30 pg/pg protein and the aorta contained only 0.054 + 0.017 pg/ug protein.

As Pompe disease progresses, lysosomes accumulate glycogen and disrupt the architecture of smooth
muscle cells (25). To visualize the location of the glycogen in smooth muscle, epon-embedded tissue sections
were stained with periodic acid-Schiff (PAS) reagents, which identify glycogen with bright pink/purple stain-
ing (Fig. 2). We observe large glycogen deposits throughout smooth muscle cells at 6 months in the esophagus
and bladder (Fig. 2E and H; black arrows). A few small PAS+ puncta are also present at 6 months in the aorta
(Fig. 2B). These glycogen deposits are in discrete puncta, congruent with lysosomal glycogen as observed in
other tissues (22, 26, 27). The smooth muscle cells of WT controls are completely devoid of PAS+ puncta (Fig.
2A, D, G). We also evaluated glycogen accumulation in these tissues at 15 months of age (Fig. 2C, F, I). The
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Fig. 1. Reduced GAA enzyme activity and increased glycogen in 6 month old Gaa™~ mice. (A) Significant levels
of GAA enzyme activity are observed in the aorta, trachea, esophagus, stomach, and bladder of WT mice.
(B) 6-month-old Gaa™ mice have significant glycogen accumulation within smooth muscle-containing tis-
sues. n=3—6 per group. Error bars represent mean £ SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Glycogen deposits found within smooth muscle of 6- and 15-month-old Gaa™~ mice. Representa-
tive images of aorta (A, B, C), esophagus (D, E, F), bladder (G, H, I), and esophageal blood vessels
(J, K, L) that were stained with periodic acid-Schiff reagents to detect glycogen. Discreet glycogen
deposits (black arrows) are observed in smooth muscle of the vasculature, gastrointestinal tract,
and genitourinary system of Gaa™~ mice at both 6 and 15 months of age, whereas WT mice lack

-
=

as
N

accumulated glycogen. Scale bar=0.2 pm.

esophagus and bladder have even larger and darker PAS+ puncta; although there is not an increase in either
the number or size of glycogen deposits in the aorta at this age. Interestingly, while we do not observe the ex-
pected gross glycogen accumulation in the aorta, it is observed in other blood vessels at both 6 and 15 months
in Gaa™" but not WT mice (Fig. 2J, K, L). There appear to be structural changes to the tunica media at 15

months, including widening of the layers and smoother appearance of the elastic lamina.

Vacuolar accumulation

Autophagy is the process by which nonfunctional organelles and bulk cytosol are selectively and non-
selectively sequestered by an autophagosome, then delivered to the lysosome for degradation and nutrient re-
cycling (28). Disruption of the autophagic pathway is a well-characterized cellular pathology in Pompe discase
patient and murine model skeletal muscle (21, 25, 29, 30). As glycogen accumulates, lysosomes lose their abil-
ity to fuse with new autophagosomes, which then begin to accumulate. Cumulatively, vacuolar accumulation
results in mechanical stress which weakens and damages the muscle fibers. Here, we sought to understand if
vacuolar accumulation is also a pathological feature in smooth muscle. To do so, we quantified LAMPl—a
lysosomal membrane protein—and LC3—an autophagosomal membrane protein—by western blot (Fig. 3,
Supplemental Fig. 1). LC3 exists in two forms—LC3-I and LC3-II. LC3-I is found in the cytosol in low levels
when autophagy is not active. Once autophagy is activated, LC3-I is lipidated to become LC3-II, then in-
serted into a growing autophagosomal membrane. In the aorta, esophagus, stomach, and bladder, significantly
higher levels of LAMP1 are present in Gaa’~ mice, compared to WT. While increased levels of LAMP1 were
measured in the trachea, it did not reach significance. The LC3-II/LC3-I ratio, an indicator of accumulated
autophagosomes, is more variable among the tissues. A significantly higher ratio is observed in the esophagus

and bladder of Gaa™~ mice, and a non-significant increased ratio trend is observed in the aorta and trachea.
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LAMP1 and LC3 accumulation in 6 month old Gaa™~ mouse smooth muscle-containing tissues. (A) Quantifica-

tion of band intensity on western blot probed with an antibody to LAMPI, a lysosomal membrane protein. As

expected in Pompe disease there is an abundance of LAMPI likely due to increased lysosomes in smooth muscle.
(B) Ratio of quantification of western blot band intensities of LC3-11 — autophagosome membrane protein, to LC3-
I — the cytosolic precursor protein. (C) Quantification of western blot band intensities of LC3-II. Together, the ra-
tio of LC3-II/LC3-I and the LC3-II alone indicates that there are variable levels of autophagosome accumulation
in the smooth muscle of Gaa™~ mice. n=3—6 per group. Error bars represent mean = SEM. *P<0.05, **P<0.01,
***P<0.001.

In the stomach, the ratio in the Gaa™~ mice is relatively similar to that in WT mice. The normalized values of

LC3-II alone can also provide insight into autophagosome accumulation (Fig. 2C). In the esophagus, there is a

statistically significant increase in LC3-11, and in the trachea, stomach, and bladder there is a trend of increased

LC3-11 in Gaa™’~ mice compared to WT. In the aorta however, levels are nearly equivalent.

To better understand the status of autophagy in the smooth muscle cells of the most affected tissues—

esophagus, stomach, and bladder—sections of each were stained for LAMPI and LC3 (Fig. 4). In all three

tissues, an abundance of discrete LAMP1+ puncta are present in Gaa™~ mice, whereas WT mice have none. In

the esophagus and stomach, relatively large discrete LC3+ puncta are also present with smaller puncta present

in the bladder of Gaa™~ mice. These puncta are absent in WT mice. We observe minimal overlap between lyso-

somes (LAMPI+ puncta) and autophagosomes (LC3+ puncta) indicating abnormal autophagosome maturation

to autolysosomes in Gaa™~ mice.

— 13—



A.L. McCall and others
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Fig. 4. Vacuolar accumulation in 6 month old Gaa~~ mouse smooth muscle-containing tissues.
Representative images of smooth muscle in the esophagus, stomach, and bladder from
Gaa™~ and WT mice, stained with LAMPI (green) and LC3 (red) antibodies. In each tissue
of the Gaa™~ mouse there is an abundance of LAMPI+ puncta with fewer LC3+ puncta, in-
dicating a significant accumulation of lysosomes and a moderate accumulation of autopha-
gosomes compared to the WT tissues devoid of any positive staining. Scale bar=40 pm.

Discussion and Conclusion

To our knowledge, this is the first study to report autophagosome accumulation in smooth muscle across
multiple tissues from the Gaa™~ mouse. Based on our findings in the Gaa™~ mouse, smooth muscle of the
airways, vasculature, GI tract, and GU system is affected. Not only is there glycogen accumulation, resulting
in enlarged lysosomes, but autophagosomes are also amassed in smooth muscle-containing tissues. Smooth
muscle has a significant role in many of the major organ systems including the respiratory system, vasculature,
gastrointestinal tract, and genitourinary system. Postmortem evaluation of Pompe patients with both severe
and moderate phenotypes has indicated glycogen accumulation in tissues of these organ systems, which, to-
gether with the molecular and histological pathologies seen in Gaa™~ mice, may provide a rationale for some
of the phenotypic consequences reported in Pompe patients (31-36).

The vascular system is greatly impacted by Pompe disease. While the aorta had the lowest glycogen con-
tent compared to other smooth muscle tissues, there is still significant glycogen present in the vasculature of
Gaa™" mice. PAS+ puncta are observed throughout the tunica media similar to that observed in post-mortem
evaluation of Pompe patients (34, 37). Interestingly, we find that smooth muscle cells lining small blood vessels
in the esophagus (Fig. 2], K, L), as well as in the bladder and tongue (data not shown) are even more densely
packed with glycogen-filled lysosomes in Gaa™~ mice. Pompe patients experience aneurysm, dissection, and
arteriopathy in the aorta, cerebral artery, renal artery, and the carotid artery, which lead to microhemorrhages,
coma, and stroke (12, 17, 38—42). Among these, dilation of the basilar artery and aortic weakness are emerging
as a common consequence, particularly among LOPD patients who have and have not received ERT (12-15, 17,
39, 40, 43—45). Interestingly, the limited PAS+ present at both 6 and 15 months in the aorta of Gaa™~ mice does
not corroborate our hypothesis that glycogen accumulation is responsible for aortic wall weakness. We do note,
however structural changes to the tunica media at 15 months which may indicate connective tissue pathol-

ogy in the aorta that may contribute to the weakness observed in patients. Skin fibroblasts are widely used in

14—
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Pompe disease diagnosis and when they are cultured have significant levels of lysosomal glycogen. However,
we do not find any reports of pathology in fibroblasts found in connective tissue; greater investigation into the
role of fibroblasts in the aorta, and the impact of GA A-deficiency requires clarity.

Here, we find that Gaa™~ mice have significant levels of glycogen in the trachea, in congruence with
previous reports evaluating airway smooth muscle (19, 26). Within the trachea there is a non-significant trend
toward an increase of LAMP1 and LC3, which indicate some vacuolar enlargement and accumulation, as
observed in skeletal muscle (21, 46, 47). This pathology mimics that observed in the bronchi of three infantile-
onset Pompe patients, all of whom required ventilator support and experienced obstructive sleep apnea (31).

Representative tissues of the GI & GU systems—esophagus, stomach, and bladder have substantial lyso-
somal glycogen accumulation. GI and GU smooth muscle are the most impacted smooth muscle tissues of those
analyzed in this study. In addition to glycogen, they also have significantly more LAMP1 and a higher LC3 ratio,
which are reflected in immunofluorescence staining demonstrating accumulated lysosomes and autophagosomes.
These pathologies may help explain the symptoms reported by Pompe patients. Many of the symptoms associ-
ated with glycogen storage in the GI and GU tracts such as gastroesophageal reflux, abdominal pain, feeding
difficulties, and urinary incontinence are often noted as poor quality of life measures (48—51). However, more
severe symptoms within these tracts have also been reported, including chronic diarrhea and vomiting requiring
nutritional support and leading to failure to thrive, and increased incidence of bladder infections (51-54).

In conclusion, GAA deficiency results in significant glycogen accumulation in the airway, vascular, GI
and GU smooth muscle. In addition, we noted significant lysosomal and autophagosomal accumulation in the
GI and GU smooth muscle, determined by both western blot quantification and immunofluorescence localiza-
tion. These cellular pathologies in the Gaa™~ mouse mimic those observed in Pompe patients and may be the

cause of smooth muscle weakness.
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