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Linking Enzyme Upregulation to Autophagic Failure: A Potential Biomarker for 

GM1 Gangliosidosis 

Abstract: With an increasing aging population, neurodegenerative diseases are 

having an increased impact on society.  Typically, these diseases are diagnosed 

significantly past symptom onset, decreasing the possibility of effective treatment.  A non-

invasive biomarker and specific target are needed to diagnose and treat the disease 

before late-stage symptoms.  GM1 Gangliosidosis is a lysosomal storage disease where 

lysosomal enzyme β-galactosidase is missing.  As a result, GM1 ganglioside is not broken 

down and accumulates in the cell, ultimately leading to cell death.  One of the main 

aspects of GM1 Gangliosidosis, and other neurodegenerative diseases, is impaired 

autophagy: reduced fusion of autophagosomes and lysosomes to degrade cellular waste.   

In this paper, we show that healthy cells (NSV3) have approximately 13 times more 

co-localization of lysosomes and autophagosomes than GM1 Gangliosidosis- diseased 

cells (GM1SV3), as demonstrated via immunofluorescence. GM1SV3 fold normal 

enzyme activity of β-galactosidase was downregulated while mannosidase, and 

hexosaminidase A were both upregulated.     When inducing impaired autophagy in NSV3 

via starvation, co-localization gradually decreases with increased starvation time. Most 

notably, after 48-hour starvation, healthy cells (NSV3) showed no significant difference in 

co-localization compared to GM1SV3.  NSV3 under starvation conditions showed a 

significant increase between time starved and fold normal enzyme activity, with a positive 

correlation being observed.  Activities of mannosidase, and hexosaminidase A of starved 

NSV3 closely resemble, and surpass, GM1SV3 after 12-hour starvation. 
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These observations have the potential to expand the conversation regarding 

impaired autophagy as a potential biomarker for disease progression and diagnostics and 

as a treatment target. 

1. Introduction 

As the aging population is increasing, neurodegenerative diseases are having an 

increasing impact on society, growing from a ~6% to a ~11% global burden in less than 

five years1. The development of treatments for neurodegeneration is currently suffering 

from lack of early diagnosis. Because diagnosis typically occurs well past symptomatic 

presentation, treatments are ultimately meant to relieve some of the more detrimental 

symptoms but have limited capabilities of repairing already damaged cells. Diseases of 

this kind include, but are not limited to, Alzheimer’s, Parkinson’s, Huntington’s, and 

lysosomal storage diseases (LSDs). Many of these disorders are beginning to be thought 

of and categorized together as diseases of the lysosome2–7. Literature in multiple 

neurodegenerative diseases show that lysosomal hydrolases are upregulated early in 

neurodegeneration, but the relationship between enzyme upregulation and 

neurodegenerative pathways remains unknown8,9. In the last decade, researchers have 

been looking for lysosomal-oriented biomarkers to explain this behavior and diagnose 

disease, including changing activities of β-galactosidase and β-hexosaminidase in 

Alzheimer’s related dementia10 and reduced  β-glucocerebrosidase coupled with 

increased β-hexosaminidase activity Parkinson’s disease11. The general pathological 

changes that occur in the brain during neurodegeneration are widely known and 

accepted. Early stages of disease are marked by accumulation of autophagosomes, 

leading to ultimate cell death through known pathways (Figure 1). Despite this, the links 
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between pathology and disease presentation on an individual disease basis remains 

unknown8,12–15. As the field begins to search for the link between disease progression and 

lysosomal function, non-invasive disease biomarkers may be identified.  

Finding non-invasive biomarkers for brain diseases that can aid in earlier diagnosis 

can be extremely challenging due to the isolation of the brain from the body through the 

blood-brain barrier (BBB).  However, there are a few non-invasive biomarkers used in 

diagnostics today. Traditionally cerebrospinal fluid has been used to diagnose 

Alzheimer’s Disease by measuring levels of total tau (T-tau), tau phosphorylated at 

threonine 181 (P-tau_181P), and amyloid-B 1-42 (AB_1-42) with other options including 

miRNAs and neuroinflammatory markers16,17.  Yet, these methods are not fully reliable 

due to sample degradation and natural marker levels changing with age.  Parkinson’s 

Disease has no definitive diagnostic test, with medical professionals having to rely on 

symptom presentation, brain scans and ultrasounds18,19.  

This paper focuses on the connection between disease progression and lysosomal 

enzyme activities in an LSD, GM1 Gangliosidosis. In GM1 Gangliosidosis, the lysosomal 

enzyme β-galactosidase (βgal) is missing or underproduced7,20.  βgal has the primary role 

of catabolizing down GM1 ganglioside to GM2 ganglioside21.  In the absence of this 

enzyme, GM1 ganglioside is not broken down and accumulates in the cell with other 

storage products, which leads to swollen lysosomes and ultimate cell death.  The lack of 

βgal leads to upregulation of other lysosomal enzymes, mannosidase and 

hexosaminidase A22. This is believed to be a compensatory mechanism, aiding the cell 

in digestion of byproducts normally broken down by βgal. Although it is accepted that this 

upregulation occurs, the point within the disease progression where lysosomal enzyme 
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upregulation occurs is unknown. Further, understanding this relationship may aid in the 

identification of enzyme activity levels that could be used as non-invasive biomarkers of 

disease throughout progression. 

Neurodegeneration usually occurs in three stages: impaired autophagy, 

accumulation of dysfunctional mitochondria, and neuroinflammation (Error! Reference 

source not found.). This paper focuses on elucidating the relationship between 

autophagy and lysosomal hydrolase upregulation. In healthy cells, the autophagic 

process breaks down unwanted cell-matter.  An autophagosome envelops the unwanted 

material and fuses with a lysosome.  The lysosomal enzymes then breakdown the 

material to be recycled by the cell to make new molecules.  However, one way that this 

process is impaired, which is believed to occur in GM1 gangliosidosis23, is failing 

autophagosomal-lysosomal fusion, causing a buildup of both organelles (Figure 2). This, 

in turn, leads to the accumulation of toxic proteins or swollen lysosomes in the 

autophagosomes that cannot be broken down. Here, we present our analysis of the 

relationship between autophagic failure and lysosomal hydrolase upregulation in a 

cellular model of GM1 Gangliosidosis, isolated fibroblasts from GM1-gangliosidosis 

affected felines.  

2. Materials and Methods 

2.1. Materials 

Dr. Douglas Martin of Auburn University donated skin fibroblasts from healthy cats, 

NSV3 cells, and GM1 gangliosidosis-affected cats, GM1SV3 cells. Media was Dulbecco’s 

Modified Eagle Media (DMEM) (ThermoFisher, Cat. Num. 12430, Waltham, MA) with 

10% Fetal Bovine Serum (FBS) and 1X Penicillin-Streptomycin (PS) (ThermoFisher, Cat. 
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Num. 15140122, Waltham, MA). Passages were performed using 0.25% Trypsin 

(Corning, Cat. Num. 25-053-Cl, Manassas, VA). CellLight™ Lysosomes-GFP, BacMam 

2.0 (ThermoFisher, Cat. Num. C10507, Waltham, MA) and LC3 staining with an anti- 

LC3B Rabbit Polyclonal Antibody (ThermoFisher, Cat. Num. PA1-46286, Waltham, MA) 

(1:300) and Donkey anti-Rabbit IgG (H+L) ReadyProbes™ Secondary Antibody 

conjugated to Alexa Fluor 594 (ThermoFisher, Cat. Num R37119, Waltham, MA were 

used for immunofluorescence. Fixation occur with 4% paraformaldehyde (PFA) (Ted 

Pella, Cat. Num. 18505, Redding, CA) or glutaraldhyde (Sigma Aldrich, Cat. No. G7651-

10ML, St. Louis, MO) and growth/starvation media.  Cells were permeabilized with 0.1% 

Triton 100X (Acros Organics, Cat. No. 215682500, Waltham, MA).  When blocking was 

required, 5% donkey serum (Jackson ImmunoResearch, Cat. No. 017-000-121, West 

Grove, PA) was used.  Mounting medium, Vectashield Antifade Mounting Medium with 

DAPI (Vector, Cat. Num. H-1200, Burlingame, CA) and cytoseal xyl (Fisher Scientific, 

Cat. No. 22050262, Waltham, PA), were also used.  

Enzyme assays and x-gal staining require the use of the following materials: 4-

methylumbelliferone (4-MU) (Sigma Aldrich, Cat. No. M1381, St. Louis, MO), 10N NaOH 

(BDH, Cat. No. BDH7247-1, Radnor, PA), citric acid (Fisher Scientific, Cat. No. A104-3, 

Hampton, NH), sodium phosphate (Sigma Aldrich, 7782-85-6, St. Louis, MO), sodium 

chloride (BDH, Cat. No. BDH9286, Radnor, PA), 0.1% Triton X-100 (Acros Organics, Cat. 

No. 215682500, Waltham, MA), magnesium chloride hexahydrate (Sigma Aldrich, Cat. 

No. M2670-100G, St. Louis, MO), sodium deoxycholate (Sigma Aldrich, Cat. No. D6750-

10G, St. Louis, MO), potassium ferricyanide (Sigma Aldrich, Cat. No. 702587-50G, St. 

Louis, MO), potassium ferrocyanide (Fisher Scientific, Cat. No. P236500, Waltham, PA), 
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and 0.05% bovine serum albumin (Fisher Scientific, Cat. No. BP1600-100, Hampton, 

NH). 

Substrates to measure enzyme activity were 4-methylumbelliferyl β-gal (Acros 

Organics, Cat. No. 337210010, Waltham, MA), 4-methylumbelliferyl a-D-manopyranoside 

(Toronto Research Chemicals, Cat. No. M334745, Ontario Canada), 4-methylumbelliferyl 

6-sulfa-2-acetoamido-2-deoxy-b-D-glucopyranosidase (Toronto Research Chemicals, 

Cat. No. M335000, Ontario Canada), and 4-methylumbelliferyl N-acetyl b-D-

glucosaminide (Sigma Aldrich, Cat. No. M2133, St. Louis, MO).  

Lowry solution A consisted of copper sulfate (Fisher Scientific, Cat. No. C493-500, 

Waltham, MA), sodium potassium tartrate (BDH, Cat. No. BDH9272, Radnor, PA), and 

sodium carbonate (BDH, Cat. No. BDH9284, Radnor, PA).  Solution B was made of Folin 

and Ciocalteu’s phenol reagent (Sigma Aldrich, Cat. No. F9252, St. Louis, MO) and 

MILLI-Q water. 

2.2. Methods 

2.2.1. Healthy and Starvation-inducing Cell Culture 

NSV3 cells and GM1SV3 cells were grown in T75 cell-culture treated flasks at 37 °C, 5% 

CO2. Cells were passaged using standard protocols. Starvation media comprised of 

DMEM, with no Fetal Bovine Serum, and 1X PS (99 units/mL Penicillin, 99 ug/mL 

Streptomycin) was used to induce autophagy. 

2.2.2. Immunofluorescence Analysis of Autophagosomal Behavior 

NSV3 and GM1SV3 cells were passaged into chamber slides at a seeding density of 

9.35x104 cells per well in normal growth media with 2 uL of CellLight per well.  After 
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overnight incubation, cells were fixed with ice cold 4% PFA in the appropriate growth 

media (normal growth media or starvation media) for 15 minutes.  Cells were then 

permeabilized with 0.1% Triton X-100 in PBS, 3 times for 5 minutes each.  A blocking 

step was performed with 5% donkey serum in PBS for 1 hour.  Cells were then washed 

with PBS and incubated overnight at 4° Celsius with 1:300 primary antibody dilution in 

PBS supplemented with 4% FBS, for a total working volume of 500 uL.  After a second 

overnight incubation, cells were washed 4 times with PBS for 10 minutes at a time.  

Secondary antibody was added to the appropriate wells ensuring untreated, primary-only, 

and secondary-only wells were run during each experiment as internal controls with 500 

uL of appropriate growth media and allowed to incubate in the dark at room temperature 

for 30 minutes.  Cells were washed with PBS, chambers removed and 1 drop Vectashield 

Antifade Mounting Medium with DAPI was added.  Slides were then sealed and allowed 

to dry overnight at 4°Celsius. Images were analyzed using ImageJ and the “Color 

Inspector 3D” plugin. In order to quantify yellow and blue pixels, the LAB color code was 

used to isolate the color threshold.  Scale bars were specified in the color range for 

quantification; values used are found in Table 2.  After setting the color range, each cell 

body was isolated and the frequency of yellow and blue pixels was determined. After 

obtaining this data, the percent co-localization was calculated as the number of yellow 

pixels per number of blue pixels.  

2.2.3. Enzyme Assays 

After incubation of NSV3 and GM1SV3 cells in 6-well plates, the media was changed and 

wells were manually scraped.  After centrifugation, cells were re-suspended in Enzyme 

Isolation Buffer (0.1% Triton X-100 in 50 mM citrate phosphate buffer, pH 4.4 and 0.05% 
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bovine serum albumin) and disrupted using 3 mL syringes. After enzyme isolation, 

enzyme activity of lysosomal hydrolases β-galactosidase, hexosaminidase A, 

hexosaminidase B, and mannosidase were measured using 4-methylumbelliferone 

enzyme assays described previously49 

2.2.4. X-gal Staining 

NSV3 and GM1SV3 cells were passaged into chamber slides at a seeding density of 

9.35x104 cells per well in normal growth media. After overnight incubation, x-gal staining 

was completed as previously described and compared to clinical feline data already 

published50. 

2.2.5. Statistical Methods 

Statistical analysis between NSV3 co-localization and GM1SV3/NSV3 under starvation 

conditions was completed by using a two-tailed t-test with samples of unequal variance 

(p < 0.05).  Statistical analysis between NSV3 and GM1SV3 enzyme activity, between 

NSV3 and NSV3 under starvation conditions enzyme activity, and GM1SV3 and NSV3 

under starvation conditions was completed by using a two-tailed t-test with samples of 

unequal variance (p < 0.05 & p < 0.025). 

3. Results 

3.1. Phenotypic Behavior 

Phenotypically, NSV3 (healthy) and GM1V3 (affected) cell lines appear the same, with 

extended, spiny processes typical of fibroblast cell lines, as seen under bright field (BF) 

(Figure 3).  
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3.2. Autophagic Behavior 

Differences are seen after transfection with CellLight GFP-Lysosome and 

immunofluorescence with Anti_LC3B.   The intensity of the green fluorescence, indicative 

of lysosomes, in GM1SV3 cells was much greater than NSV3 samples.  Similar behavior 

was observed when looking at red fluorescence with increased red intensity, indicative of 

autophagosomes, in GM1SV3 when compared to NSV3.  When overlaying the green and 

red fluorescent channels, yellow coloring, indicative of co-localization of green and red 

fluorescence, is present in NSV3 samples and negligible in GM1SV3 samples (Figure 3). 

3.3. Characterization via XGal 

Xgal staining protocol causes blue staining to indicate the activity of β-galactosidase, the 

affected enzyme in GM1 gangliosidosis.  In the GM1SV3 cell line, negligible blue color is 

present (Figure 4A).  NSV3 cell line stained with Xgal presented with a blue color 

indicative of Bgal (Figure 4B). Both results are consistent with diseased tissue slices of 

GM1 feline brain and spinal cord (Figure 4C).   

3.4. NSV3 Starvation Immunofluorescence and Quantification 

Starvation is performed to induce autophagic failure24–26. Increasing fluorescent 

intensities appear to correlate with increasing starvation times of NSV3 cells.  After 2 and 

4 hour starvation times, NSV3 cells present with low red and green intensities of 

autophagosomes and lysosomes respectively, in addition to yellow areas in the overlays.  

After starvation times of 6 and 12 hours, fluorescence intensities of red and green 

independently begin to increase.  Finally, after 24 and 48 hour starvation, NSV3 cells 

present with very intense areas of red and green with minimal to no areas of yellow 
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(Figure 5).  These observations are corroborated by image analysis measuring the 

percent co-localization per cell (Fig 6).  Notably, after 48 hours of starvation, with a co-

localization percentage of 6.5 ±7.5%, NSV3 behavior is no longer statistically different 

from GM1SV3 cells. 

3.5. Enzyme Activities 

Standard enzyme assay analysis27,28 indicates increased levels of lysosomal 

hydrolases mannosidase and hexosaminidase A in GM1SV3 cells compared to NSV3 

cells. Presented in Figure 7 as fold normal enzyme activities demonstrate the deviation 

between GM1SV3 and NSV3 cellular lysosomal enzyme activities, with larger numbers 

above a fold normal of one indicating upregulation. Furthermore, enzyme upregulation 

trends with increased starvation time. Values corresponding to results are found in Table 

1. 

4. Discussion 

4.1. Characterization of NSV3 and GM1SV3 Cell Lines  

Phenotypically, NSV3 and GM1SV3 cells appear to be the same. These cell lines also 

match with enzyme activity levels expected based on in vivo results from GM1 

gangliosidosis affected felines (Figures 3 and 4). Because of this, GM1SV3 cells appear 

to be valid as a model of GM1 gangliosidosis. It was also observed that NSV3 and 

GM1SV3 show differing levels of autophagic activity.  

Greater intensity of red and green in GM1SV3 cells signifies an increased 

presence of autophagosomes and lysosomes independently.  Yellow in overlay images 

indicates that there is co-localization of lysosomes and autophagosomes.  This yellow 
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present in NSV3 images mean that there is likely normal fusion of the organelles to form 

autolysosomes.  The lack of presence of yellow in GM1SV3 samples indicates that there 

is impaired fusion and that normal autophagy is disrupted.  This was expected as similar 

imaging results were seen in a mouse model of Multiple Sulfatase Deficiency (MSD)23, 

another LSD, with a decrease in co-localization of around 40% compared to wild-type 

animals. However, results presented here were more dramatic than these, with an almost 

90% decrease in co-localization. This difference could be explained by the differences 

occurring between diseases and disease models, with MSD co-localization studies using 

embryonic fibroblasts of MSD-affected mice and this study using skin fibroblasts of GM1-

ganglisodisosis affected felines. Also previously, an increase of LC3-II, an 

autophagosome specific marker, in GM1 Gangliosidosis29,30 has been observed.  This 

was observed by fluorescent imaging of LC3-II in βgal -/- mice when compared to wild 

type.  The LC3-II intensity was much greater in the βgal -/- mice samples.  This is also 

shown in our GM1SV3 model when tagging autophagosome LC3-II with LC3 antibody.  

In the model of GM1SV3, the red intensity tagging autophagosomes was greater than 

NSV3. This observed increase of LC3-II indicates that there is a buildup of 

autophagosomes that are not fusing with lysosomes to form the autophagosome 

complex. 

4.2. NSV3 Starvation Immunofluorescence and Quantification 

Placing NSV3 cells under starvation conditions induced impaired autophagy.  This is 

shown by the increasing red and green intensities in immunofluorescent images.  This 

indicates that there is an increase in lysosomes and autophagosomes.  The presence of 

yellow, or co-localization, also decreases with increased starvation showing that fusion of 
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autophagosomes and lysosomes begins to become impaired after 6 hours (Figures 5 and 

6).  A similar phenomenon was observed in a model of MSD23, where starving mouse 

embryonic fibroblasts affected with MSD leading to even further autophagic failure 

denoted by a further decrease in co-localization of around 60% compared to wild-type 

mice. The MSD study was looking at the end-point effect of starvation on autophagy, 

where this paper attempts to study the impact of varying levels of autophagic failure on 

enzyme activity levels. Seeing that starvation further impairs autophagy in other 

lysosomal storage disorders helps to validate our hypothesis that levels of autophagic 

failure can be mimicked by starvation. 

4.3. Enzyme Activities 

An increase of lysosomal enzymes is seen as NSV3 cells are starved at different time 

points. Most notably as starvation time is increased, enzyme activity levels begin to reach 

and exceed activity levels of diseased GM1SV3 cells. There is a correlation between the 

induction of impaired autophagy and the increase of lysosomal hydrolases.  It is unlikely 

that this increase in enzymes is due to longer potential growth times, as when starved of 

FBS, no growth factors are available for the cells to proliferate.  To the best of our 

knowledge, this autophagy/enzyme relationship has not yet been observed in other 

models. 

5. Conclusions 

The data presented here suggests a connection between impaired autophagy and 

enzyme upregulation in GM1 Gangliosidosis. Research has consistently shown that 

enzyme upregulation occurs in GM1 gangliosidosis-affected animals in tandem with 
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limited to no β-galactosidase production.  As such, these activity levels correspond to 

disease. Combining this with our newly collected data indicates that there is a potential 

link between early stage disease, which relates to autophagosome accumulation (Figure 

1), and this hydrolase regulation. Autophagic failure, although known to be an early effect 

of neurodegeneration, is not measurable in situ. The results presented here identify that 

hydrolase activity may be a biomarker indicative of autophagic failure, and thus 

neurodegeneration. Enzyme activity levels, with upregulation during disease, can be used 

as a diagnostic, non-invasive, biomarker to detect and track the disease in early cellular 

onset of neurodegeneration: the impairment of the autophagic process. Furthermore, this 

discovery indicates that impaired autophagy could be used as a target for treatment.  To 

support this idea, two novel drug candidates, amodiaquine dihydrochloride dehydrate and 

thiethylperazine malate, that have the potential to treat GM1 Gangliosidosis target and 

activate autophagy31.   

On a cellular level, neurodegeneration leads to increased autophagy in many other 

neurodegenerative conditions4,7,35–40,8,15,23,25,30,32–34. However, current methods of 

monitoring disease progression are limited to sacrificial, endpoint measurements. 

Although multiple neurodegenerative diseases22,41–48 are characterized by the 

upregulation of lysosomal hydrolases early in neurodegeneration, the relationship 

between enzyme upregulation and autophagy remains mostly unknown. Knowing this, 

the conclusions drawn and the methods developed in this paper have the potential to set 

a basis of information into determining a universal biomarker for the diagnosis and 

progression of neurodegenerative diseases. 
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Table 1. Fold Normal Enzyme Activity Values. Fold normal 
enzyme activities are measured by comparing activity levels to 
NSV3 (healthy) cells. Fold normal activity levels in starved NSV3 
cells are compared to diseased GM1SV3 cells. 

Table 2. Values used to quantify co-localization in ImageJ 
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Figure 1. Pathway of neurodegeneration, beginning with accumulation and autophagosomes and 
leading to ultimate cell death. The role of upregulated lysosomal hydrolases remains unknown, as 
indicated in the figure. This paper explores a potential link between accumulation of 
autophagosomes and hydrolase upregulation. 
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Figure 2. Autophagic Process during Neurodegeneration. In many neurodegenerative diseases, 
lack of autophagosomal-lysosomal fusion is believed to be the main cause of autophagic failure 
and apoptosis. 
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Figure 3. Phenotypic, Lysosomal, and Autophagic behavior of unaltered NSV3 and GM1SV3 cell 
lines. 
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Figure 4. Xgal staining results of NSV3 (A) and GM1SV3 (B) cellular lines, compared to (C) 
published results from GM1-affected felines49 
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Figure 5. Behavior of Starved NSV3 cells at various time points. These results show that starvation 
causes otherwise healthy cells (NSV3) to appear more like diseased cells (GM1SV3). Left panel is 
provided for comparison. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2020. ; https://doi.org/10.1101/2020.10.28.359083doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.28.359083


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

C
o

lo
c
a
li
z
a
ti

o
n

 p
e
r 

C
e
ll
 (

%
)

** 

* 

 

 

** 
 

 
 

** 

** 

Figure 6. Quantification of Co-localization Observed in NSV3, GM1SV3, and starved NSV3 cells 
at various time points. Star (*) denotes significantly different from NSV3, with * = p<0.05, and ** = 
p< 0.025. Diamond (◊) denotes statistically different from GM1SV3, with ◊◊ = p < 0.025. 
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Figure 7. Fold normal enzyme activities of GM1SV3 and NSV3 starvation compared to healthy 
NSV3 of β-gal, Hex A, and Mann. Star (*) denotes significantly different from NSV3, with * = 
p<0.05, and ** = p< 0.025. Diamond (◊) denotes statistically different from GM1SV3, with ◊◊ = 
p < 0.025. 
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Supplemental Figure 1. (A) Control with no antibodies present, (B) primary antibody only, (C) 
secondary antibody only. 
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