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Abstract 
 

Background: Autophagy is a lysosomal degradation process to eliminate damaged components 

from the cells. It also provides a survival mechanism in stressed conditions and limits growth 

processes. Heparan sulfate (HS) is a polysaccharide attached to different proteoglycans. Besides 

other functions, it regulates growth factors' interactions with their receptors. The interplay of 

HS and autophagy in growth signaling demands studying the possible association between HS 

and autophagy. In the drosophila model, the HS biosynthesis genes knockdown displayed 

increased autophagy. However, the mammalian homologs of these genes are yet to be studied 

in the context of autophagy. 

 

Aims: To investigate the effects of HS on autophagy in mammalian cells 

 

Materials & Methods: Chinese hamster ovary (CHO) and Mouse embryonic fibroblasts 

(MEF) were used to evaluate autophagy in wild-type (Wt) and HS biosynthesis enzyme 

knockouts (KO). CHO-K1(Wt), CHO-677 (KO), MEF Wt, MEF Glucuronic Acid Epimerase 

(GLCE) knockout (Epi-KO), and MEF Exostosin Glycosyltransferase 1 knockout (Ext1-KO) 

cells were treated with 10 μM chloroquine to block autophagy steps downstream 

autophagosome formation. Autophagy biomarkers, light chain 3-II (LC3-II), sequestosome-1 

(p62), Unc-51-like autophagy activating kinase 1 (ULK1), and autophagy-related 5 (Atg5), 

were assessed via immunoblotting. To validate the findings, MEF cells were transiently 

transfected with GFP-LC3 for direct fluorescence microscopy.  

 

Results: Compared to the wild-type CHO and MEF cells, LC3-II was decreased in CHO-677 

and Ext1-KO cells which have compromised HS synthesis.  This conclusion was further 

confirmed by the results from fluorescence microscopy of transfected cells.  GFP-LC3 puncta 

were fewer in Ext1-KO compared to Wt. In agreement with the downregulation of LC3-II, the 

levels of p62 were elevated in CHO-677 compared to CHO-K1 cells. However, the levels of 

ULK1 and Atg5 were inconclusive. 

 

Conclusions: The decreased LC3-II levels in KO suggest that HS might be associated with 

autophagy. It indicates a distinct role of HS in autophagy in mammals which differs from 

previous studies in drosophila. 

 

 

Keywords: Heparan sulfate, LC3-II, p62, Autophagy,  
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Popular Science Summary 
 

A new study demonstrates the potential role of HS molecules in autophagy 

 

Cells like to eat themselves in a process called autophagy. They do this to clear unwanted cell 

debris. These materials are rounded up in double-membrane vesicles and corroded in the acidic 

environment of lysosomes. The double-membranous structures ‘eating’ the intracellular 

materials are called autophagosomes. These autophagosomes are evaluated by different protein 

markers such as LC3-II, p62, and ULK1. Autophagy is responsible for maintaining various 

processes in the cell, such as eliminating damaged cell components and maintaining a balance 

in the number of organelles. However, if the autophagy pathway of the cell is disrupted, it could 

lead to several diseases such as Alzheimer's disease and cancers. For this reason, the factors 

regulating autophagy are of scientific interest.   

 

Heparan sulfate (HS), a polysaccharide, plays a role in growth and development processes. It 

is expressed on the cell surface, in the extracellular matrix, and in vesicles. HS interacts with 

different cell communication pathways by presenting the ligands to their receptors. Autophagy 

is also regulated by cell signaling molecules. When cells are under normal conditions, 

autophagic activity is less. When cells are stressed, autophagy increases to conserve energy and 

recycle materials. Therefore, autophagy serves as a survival mechanism for cells. Contrary, the 

growth signals prevent autophagy induction. 

 

To understand the role of HS in autophagy, this study utilized mammalian cell cultures: Chinese 

hamster ovary (CHO) and mouse embryonic fibroblasts (MEF). CHO had one wild-type and 

one HS synthesis compromised cell line, PgsD-677. MEF cells also had a wild-type and one of 

the knockouts that affect HS chain formation and another knockout cell line that affects the 

modification of HS. Cells were treated with chloroquine, which is an inhibitor of lysosomes 

and prevents degradation of autophagy markers along with target materials. Then the cells were 

homogenized and subjected to protein quantification analysis. Interestingly, we found that the 

autophagy biomarker LC3-II was decreased in the knockout cells with compromised HS 

synthesis. It shows that by disrupting HS synthesis, autophagy is also disrupted.  

 

The results were further confirmed by fluorescence microscopy. A conjugate gene of a 

fluorescent molecule and autophagy-related protein LC3 was introduced into the cells. When 

the conjugate protein forms aggregates in autophagosomes, bright fluorescent dots are observed 

via microscopy. So, more dots indicate more autophagosomes, thereby more autophagy and 

vice versa. The fluorescent puncta were less in the knockout cells. This observation aligns with 

the protein quantification assay. These findings suggest that HS plays a role in inducing 

autophagy in mammalian cells. The cells lacking HS synthesis display a reduction in autophagy. 

 

Previously, compromising HS synthesis was known to enhance autophagy in drosophila. This 

study presents some new prospects regarding the effects of HS on autophagy in mammalian 

cells. Cells lacking HS synthesis showed reduced autophagy. These findings may help develop 

the drug targets for autophagy regulation.  Although the study highlights some exciting results, 

there are limitations to each method. Therefore, further research is needed to validate the current 

observations. 
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1.0. Introduction 
 

In 1948, Jorpes and Gardell first identified heparan sulfate (HS) as a distinct polysaccharide 

with less sulfation than heparin 1. With further insights into its structure and composition, 

modern classification assigned it to the group of glycosaminoglycans (GAGs). HS synthesis 

occurs in almost every mammalian cell 2. HS-modified proteins or heparan sulfate 

proteoglycans (HSPGs) are widely distributed in the body and play an indispensable role in 

various cellular processes 3. Evolutionarily conserved expression of HS in different species 

further elucidated its crucial roles in cell physiology4. Due to the charged sulfate moieties on 

the HS chains, HSPGs can bind to several growth factors, thereby mediating ligand-receptor 

interactions 3. HSPGs also regulate morphogen gradients and facilitate developmental processes 
5. In addition to serving as co-receptors for the ligands, HSPGs may act as endocytic receptors 
6. For example, syndecan is a receptor of the heparanase enzyme 7. Heparanase is an 

endoglycosidase that cleaves HS 8. Hence, HSPGs play a role in cellular dynamics including 

endocytosis and signal transduction. 
 

In the context of cellular functions of HS, its relation to autophagy is a topic of emerging studies. 

Autophagy is a process of self-engulfment. Double-membrane structures, the autophagosomes, 

engulf cell materials for lysosomal degradation 9. Based on the functional role, autophagy is 

classified into basal autophagy and induced autophagy 10. Basal level autophagy regulates 

organelle turnover and renewal of cellular components. On the other hand, induced autophagy 

provides a survival mechanism for cells in stressed conditions. Autophagy serves as a starvation 

adaptation mechanism by breaking down the cellular components for reuse during low-nutrient 

conditions 11. In the absence of a functioning apoptotic pathway, it can lead to cell death via a 

non-apoptotic pathway 12. Among three known pathways of autophagy, macroautophagy is a 

major autophagic pathway (Figure 1 indicating key components). 

 

The dynamic nature of autophagy is a challenge to monitoring autophagy. For example, the 

early phagopore contains the Atg5 complex but lacks LC3-II, whereas the mature 

autophagosome contains LC3-II and lacks the Atg5 complex 13. LC3-II is formed by lipidation 

of LC3-I and its increased levels indicate more autophagic activity. Since LC3-II remains 

attached to complete autophagosome 14, it is a good indicator of autophagy. However, there are 

limitations in studying LC3-II as well. The LC3-II molecules attached to the outer membrane 

of the autophagosomes are cleaved 15. Also, LC3-II bound to the inner membrane is degraded 

when the autophagosome fuses with the lysosome 16. Therefore, for a better estimate of 

autophagy biomarker LC3-II, lysosome inhibitors are used to block the steps downstream of 

autophagosome formation. Inhibition of lysosomal degradation results in the accumulation of 

LC3-II to be quantified. Chloroquine prevents lysosomal degradation by altering the pH of 

lysosome 17. Hence, it is widely used in autophagy studies 18.  

 

An abundance of growth factors and nutrients suppresses autophagy through mammalian target 

of rapamycin (mTOR) activation 19.  Although mTOR acts as a growth and nutrient sensor to 

regulate autophagy levels, some signals may inhibit autophagy by mTOR-independent signal 

transduction 20. These signaling pathways require growth factors for their activation. The 

affinity of HS for growth factors gives rise to questions regarding its role in autophagy. Besides 
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acting as co-receptors, HS can also sequester protein ligands 21. Therefore, the effects of HS on 

autophagy and related signaling pathways are unclear. Some studies demonstrated the impact 

of a few specific HSPGs on autophagy in mammalian models and cell cultures 22,23. However, 

the complexity of HSPGs leaves some unanswered questions. Would any kind of HSPGs display 

a similar effect? The diversity in the sulfation patterns and core protein in HSPGs contribute to 

their distinct functions in the cells. Hence, there is a possibility of contrasting roles of HSPGs 

in autophagy.  

 

 24 

1.1. Modulation of autophagy by proteoglycans 

 

HSPGs emerged as regulators of autophagy in some studies.22,23,25. However, this change in 

autophagic flux evoked by HSPGs could either be due to the core proteins or the HS chain. 

Perlecan, an extracellular matrix HSPG, suppresses autophagy in muscle cells of mice models22, 

Figure 1. Schematic representation of autophagy. 1) mTOR serves as a nutrient and growth factor sensor. 

In presence of growth factors, the mTORC1 pathway is active and inhibits the components that are involved 

in autophagy initial steps i.e., ULK1 and Atg13. A pre-autophagosomal structure (PAS) is formed with the 

help of autophagy related proteins ULK1 and Atg13. 2) Autophagy machinery including Beclin-1, Atg14, 

Vps15, and Vps34 colocalize at the double-membrane vesicle. The structure develops into a phagopore. 3) 

Finally, with the involvement of other autophagy proteins, two types of conjugation products are formed – 

Atg5-Atg12-Atg16L1 and LC3-II. 4) Adapter proteins mediate the interaction of target material phagopore. 5) 

Complete autophagosome remains associated with LC3-II whereas Atg5-Atg12-Atg16L1 is recycled. 6) 

Autophagosome fuses with the lysosome via membrane proteins on autophagosome and adapter proteins on 

lysosome. Target materials are digested in the lysosomes. (Figure generated in BioRender.com, inspired by 

figures in Zhang et al.  24) 



UPPSALA UNIVERSITET MASTER’S THESIS 

 7 (33) 

 

   

 

 

Page 7 of 33 

 

whereas endorepellin, a C-terminal fragment of perlecan lacking HS chain, induces autophagy 

in endothelial cells 25. Similarly, decorin, a chondroitin sulfate proteoglycan (CSPG), increases 

autophagy 26,27. The roles of endorepellin and decorin in autophagy are contrary to that of 

perlecan (figure 2). In addition to the core proteins, the polysaccharide chain may also be 

governing the type of interaction between the proteoglycan and the growth factor receptors. 

The potential signaling pathways by which proteoglycans inhibit or invoke autophagy converge 

on mTOR. Ning et al. provided evidence of increased LC3-II levels, a key regulator of 

autophagy, in perlecan deficient mice 22. The increased autophagy was accompanied by 

decreased phosphorylation of mTOR pathway components including Akt and p70S6-kinase. 

Moreover, phosphorylation of AMPKa, the inhibitor of mTOR, was increased in perlecan-

deficient mice. Therefore, Ning et al. postulated that perlecan suppresses autophagy through 

activation of the PI3K/mTOR pathway.  

 

Contrary, decorin increases autophagy via inhibition of the mTOR pathway. Decorin has an 

affinity for endothelial growth factor receptor 2 (VEGFR2) within a domain which overlaps the 

VEGFA ligand-binding site 28. Hence, it may prevent downstream signaling of the PI3K/mTOR 

pathway that suppresses autophagy. The inhibitor of class III PI3K, 3-Methyladenine (3-MA), 

reversed the decorin-induced autophagy 28. The findings suggested that decorin induces 

autophagy via interacting with the components of the mTOR pathway.  

 

Figure 2. Mechanism of proteoglycan-dependent autophagy regulation. A. Perlecan presents growth 

factors to their receptors. Downstream signaling eventually activates mTOR, which inhibits autophagy. LG1, 

LG2, and LG3 domains of perlecan interact differently with VEGFR2 and integrins when it is cleaved into 

endorepellin. B. LG1 and LG2 domains of endorepellin dephosphorylate Tyr1175 residue from VEGFR2. 

Receptor dephosphorylation induces colocalization of autophagy components, Vps34 and Beclin-1. Beclin-1 

co-localizes with PEG3 and LC3-II to promote autophagy. C. Decorin prevents growth factor binding to 

VEGFR2. It inhibits mTOR and therefore lifts mTOR-dependent inhibition of autophagy components. It also 

promotes the co-localization of PEG3, Beclin-1, and LC3-II to induce autophagy. (Created in BioRender.com) 

Drawings inspired by Schultheis et al.29, Douglass et al.23, Neill et al.30 
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Owing to the variability of carbohydrate chain type and its sulfation in proteoglycans, it is 

difficult to predict the response of the autophagy machinery to different HSPGs. Further studies 

are needed to elaborate on the role of HS in autophagy. 29, 23, 30 

  

1.2. Compromising HS synthesis increased autophagy in Drosophila 

 

Studies of HS synthesis enzymes are useful for the functional assessment of HS and its 

involvement in cellular mechanisms. One of the studies evaluated the function of HS in 

autophagy via gene knockdown in drosophila 31. The tout velu (ttv) and sulfateless (sfl) genes 

of drosophila encode enzymes for HS chain synthesis and chain sulfation, respectively. 

Knockdown of ttv and sfl in drosophila led to elevated autophagy in muscle cells and the fat 

body. The increase in autophagy was tracked using fluorescent puncta formed by GFP-Atg8a. 

In drosophila, Atg8a is the orthologue of the mammalian biomarker of autophagy, LC3-II. In 

drosophila, increased GFP-Atg8a punctae formation indicated more autophagy in ttv and sfl 

knockdown models.  

Figure 3. HS biosynthesis in mammalian cells. N-acetylated glucosamine (GlcNAc) and glucuronic acid 

(GlcA) are building blocks for HS chain synthesis. 1) Uridine diphosphate (UDP) carrier molecules enter 

the Golgi apparatus through special channels.2) Some of the UDP-GlcA molecules are converted to UDP-

Xylose. 3) This xylose unit is essential for the assembly of a tetrasaccharide (Xylose-Galactose-Galactose-

GlcA) on the serine residue of the core protein. 4) Exostosin Like Glycosyltransferase 3 (Extl3) adds the 

first GlcNAc in the chain. 5) Ext1 and Ext2 extend the HS chain by alternately adding GlcA and GlcNAc. 

In drosophila, ttv is the homolog of Ext1. 6) N-Deacetylase/N-Sulfotransferase (NDST) replaces acetyl 

with a sulfate unit at the N-position of GlcNAc, converting GlcNAc to GlcN. The sfl gene of drosophila 

is the homolog of mammalian NDST.7) Glucuronic Acid Epimerase (GLCE) enzyme converts some of 

the GlcA units to iduronic acid (IdoA). 8-9) Hs2st and Hs6st catalyze 2O and 6O sulfation of the HS chain, 

respectively. (Adapted from Ling et al., 2022) 32 
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Another important measure of autophagy is represented by autophagy flux. Autophagic flux is 

the estimation of the degradation activity of autophagy. It is analyzed to evaluate whether 

autophagosomes accumulated due to compromised lysosomal degradation or increased 

autophagy. In the drosophila study, autophagic flux was measured in control and knockdown 

models by double fluorescent construct GFP-mCherry-Atg8a. The combined signal of GFP and 

mCherry indicates Atg8a accumulation in autophagosomes. When the autophagosome fuses 

with the lysosome, the GFP signal is quenched but the mCherry signal is retained. Hence, the 

exclusive mCherry signal indicates the degradation activity in lysosomes. In ttv and sfl 

knockdowns both autophagy and autophagic flux were increased compared to the control. 

 

The mammalian homologs of ttv and sfl are Ext1 and N-deacetylase/N-sulfotransferase, 

respectively (illustrated in Figure 3). The current literature provides evidence of increased 

autophagy by knockdown of HS synthesis enzymes of drosophila. However, the mammalian 

HS biosynthesis enzymes are yet to be studied in the context of autophagy.   32 

 

1.3. Heparanase overexpression increases autophagy 

 

Heparanase-I is the only mammalian enzyme that degrades HS chains 8. Its overexpression was 

shown to increase autophagy in tissues of the mice model (Hpa-Tg) and heparanase 

overexpressing tumor-derived cells 33. Similarly, several tissues derived from heparanase KO 

mice (Hpa-KO) displayed reduced autophagy 33. These findings suggested that heparanase 

increases autophagy. Hence, the results align with the studies presenting autophagy inhibition 

by HSPGs. However, the increase in autophagy in response to heparanase overexpression was 

associated with a distinct mechanism rather than involving HS degradation (Figure 4).  
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Heparanase causes the accumulation of mTOR in the perinuclear region, supposedly inhibiting 

its function. The localization of mTOR in the perinuclear region is an effect similar to that in 

response to the mTOR inhibitor, Torin. Therefore, the possible mechanism by which 

heparanase increases autophagy involves mTOR inhibition. The evidence was further supported 

by decreased levels of mTOR substrate, p70S6-kinase, in heparanase over-expressing cell lines. 

Another study also highlighted the role of heparanase in increased autophagy 34. Despite the 

well-elaborated contribution of heparanase in autophagy induction, the role of HS in this 

mechanism is unknown. 35 

 

 

1.4. Hypothesis 

 

Previous studies indicated an increase in autophagy by compromising HS biosynthesis in 

drosophila 31,36. We utilized three cell lines of mouse embryonic fibroblasts (MEFs) to study 

autophagy in mammalian cells: Wt, Epi-KO, and Ext1-KO. In our preliminary experiments, we 

observed that Ext1 knockout corresponds to decreased autophagy. This led us to hypothesize 

that HS might have a distinct role in autophagy in mammalian cells compared to drosophila. 

Furthermore, we aimed to confirm whether the effects of compromising HS synthesis are the 

same in another mammalian cell line. So, we used Chinese hamster ovary (CHO) cells: wild-

type (K1) and HS-compromised (PgsD-677). 

 

1.5. Significance 

 

Studies have shown an association between abnormal autophagy and different pathological 

conditions such as Alzheimer’s disease and lysosomal storage disorders. In cancers, autophagy 

can be either advantageous for tumor cell survival 37 or restrict tumor growth 38–42, by self-

degradation. Specific types of HSPGs are also associated with cancers 43 and plaque formation 

in Alzheimer’s disease 44. Thus, the relationship between HS and autophagy became a focus of 

interest for researchers. Moreover, autophagy-related proteins such as Atg7 have extensive 

biological functions in human health and diseases45. Understanding the mechanisms regulating 

autophagy would provide insight into cell physiology.  

 

Studies on the roles of HS in autophagy are also important from a pharmacological perspective. 

For instance, an HS mimetic, PG545, possesses anti-lymphoma effects 46,47. The proposed 

mechanism of action of PG545 is by regulation of autophagy 47. Exploring the relationship 

between HS and autophagy could lead to new therapeutic strategies for metabolic disorders and 

cancers.   

 

 

 

Figure 4. Heparanase inhibiting autophagy. 1) Latent heparanase is released from the cell. 2) It 

binds to syndecan and is endocytosed into the cell. Processed heparanase in lysosomes causes 

accumulation of mTOR to perinuclear region. Localisation in perinuclear region hinders the function 

of mTOR. (Created in BioRender.com), inspired by diagrams in Ilan et al., 35 
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2.0. Aims 
 

• To assess whether the decreased autophagy observed in Ext1-KO cells earlier is 

significant or random.  

• To explore which stage of the autophagy process is affected. 

 

3.0. Materials and Methods 
 

3.1. Cell culture 

 

Chinese hamster ovary (CHO) cells- K1 and PgsD-677, were cultured in Dulbecco’s modified 

Eagle medium: Nutrient Mixture F-12 (DMEM/F-12, Gibco), supplemented with 10 % fetal 

bovine serum (FBS) and 5 ml 100X Penicillin-Streptomycin (Thermo fisher) antibiotic. Mouse 

Embryonic Fibroblasts (MEF)-Wt, Epi-KO, and Ext1-KO cell lines were cultured in DMEM 

(Gibco), supplemented with 10 % FBS, and 5 ml 100X Penicillin-Streptomycin (Thermo fisher) 

antibiotic. Cells were treated with the lysosome inhibitor, 10 μM chloroquine dissolved in 

dimethyl sulfoxide (DMSO, Thermo Scientific), for 3 hr, 6 hr, 12 hr, and 24 hr durations. 

DMSO was used as a control.  

 

3.2. Western blot 

 

Cells were lysed in RIPA lysis buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% 

sodium deoxycholate, 0.1% SDS), supplemented with 1X Halt TM Protease Inhibitor cocktail 

(Thermo Scientific). Loading (Laemmli) buffer was added to each sample, followed by boiling 

at 100°C for 12 min. Lysates were fractionated on 10 % polyacrylamide gels for detecting p62, 

ULK1, and Atg5 or 15 % polyacrylamide gels for examining LC3. The bands were transferred 

from 1.5 mm gels to PVDF membranes (Merck Millipore Ltd., Tullagreen, Co Cork, Ireland) 

at 280 mA for 90 minutes After wet transfer, the blots were blocked in 5 % non-fat milk 

prepared in 0.1 % TBST (1X Tris-buffered saline with 0.1 % Tween® 20 Detergent).  

Membranes were incubated with mouse monoclonal anti-GAPDH (1:5000, 60004-1-Ig; 

Proteintech), rabbit monoclonal anti-LC3 A/B (1:1000, D3U4C XP®; Cell Signaling 

Technologies), rabbit polyclonal anti-SQSTM1/p62 [N3C1] (1:1000, GTX100685; GeneTex), 

rabbit monoclonal anti-ULK1 (1:1000, D8H5, Cell Signaling Technologies) or rabbit 

polyclonal anti-Atg5 (1:5000, DSF5V, GeneTex) antibodies overnight at 4°C. Membranes were 

washed with 0.1 % TBST followed by incubation with sheep anti-mouse HRP (1:10000, 

NA931V; Amersham Biosciences) or goat anti-rabbit HRP (H+L) secondary antibody 

(1:10000, G-21234; Life Technologies Corporation). The immunocomplexes were visualized 

by enhanced chemiluminescence (SuperSignalTM West Pico PLUS, Thermo Scientific; 

Thermofisher) using Bio-Rad ChemiDoc MP. Densitometry was performed in Bio-Rad Image 

Lab software. 

 

3.3. Plasmid preparation 

 

LC3 tagged with Green Fluorescent Protein (GFP) is used to monitor autophagy via direct 

fluorescence microscopy. The chimeric protein consisting of LC3 and GFP forms fluorescent 
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puncta when associated with autophagosome membranes 48. To prepare the GFP-LC3 plasmid, 

DH5α competent cells were transformed with the pSELECT-GFP-LC3 plasmid (InvivoGen). 

Transformed bacteria were plated on 0.5 mg/mL ZeocinTM (Invitrogen, R25001) selective agar 

plate. Single clones were picked and cultured at 37°C in lysogeny broth (LB)-medium 

containing 0.5 mg/mL Zeocin. GFP-LC3 plasmid was extracted using QIAprep Spin Miniprep 

Kit (Cat. No: 27106X4) according to the protocols provided by the manufacturer. Plasmid 

concentration was measured using Nanodrop 1000 (Thermo fisher). 

 

3.4. Fluorescence microscopy 

 

Wt-MEF and Ext1-KO-MEF cells were grown on coverslips in a 12-well plate and transfected 

with GFP-LC3 plasmid using lipofectamine 3000 (Invitrogen, Cat No. L3000001) according to 

the protocol provided in the kit. The fluorescence from GFP is quenched when it reaches an 

acidic compartment, i.e., lysosome 49. Chloroquine treatment blocks the downstream steps of 

autophagosome formation and thereby prevents the quenching of the GFP signal. Hence, GFP-

LC3 puncta were induced by 6 hr treatment with 20 μM chloroquine and using DMSO as 

control. Cells were fixed on the coverslips with cold methanol for 20 minutes at -20°C, followed 

by washing 3x5 min in 1X phosphate buffered saline (PBS, Medicago AB, A12-9423-5). 

Coverslips were rinsed with sterile H2O for 1 min, followed by mounting in ProLongTM 

Diamond Antifade Mountant containing DAPI (Invitrogen, P36966, Thermo fisher). Images 

were acquired using a fluorescence microscope (Nikon ECLIPSE 90i) equipped with a CCD 

camera (Nikon DS-Qi1Mc). Images were processed in ImageJ and fluorescent puncta were 

counted manually. 

 

4.0 Results 
 

4.1. Downregulation of autophagy in CHO cell with compromised HS biosynthesis 

 

To monitor the autophagy in mammalian cells, mutant CHO cells (PgsD-677) deficient in HS 

synthesis were compared with wild-type CHO (K1) cells for autophagy biomarkers. Cell lysates 

with the control group and 6 hr chloroquine treatment were subjected to immunoblotting.  The 

levels of LC3-II were lower in PgsD-677 than in CHO-K1. The trend was observed in both 

untreated and chloroquine-treated cells. Levels of p62 were higher in PgsD-677 compared to 

CHO-K1 (figure 5).   
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Figure 5. Western blot for autophagy biomarkers in CHO cells. Consistent results for LC3-II and p62 were 

acquired from two independent experiments in CHO cells.  Each experiment consisted of three replicates of CHO-

K1 and PgsD-677. A. Immunoblot of untreated CHO cells showing levels of LC3-II and p62 in CHO-K1 and 

PgsD-677. B. Immunoblot of CHO cells treated with 10 μM chloroquine for 6 hr (CQ=chloroquine). C-D. 

Densitometry graphs for LC3-II and p62. GAPDH bands were measured as a loading control. Signals of LC3-II 

and p62 bands were quantified and normalized against GAPDH. For LC3-II, the mean of wild-type normalized 

signals was set to an arbitrary value of 1 as it was greater than the mutant line. The mean of the LC3-II signal of 

the mutant line is plotted relative to the wild-type value of 1. For p62, the mean of the normalized signal of p62 in 

the mutant line was set to 1 and the wild type was compared against it. 

 

The levels of ULK1 were decreased in PgsD-677 compared to CHO-K1, in one of the 

experiments. In another independent experiment, the levels of ULK1 in PgsD-677 and CHO-

K1 were inconsistent among the three replicates. These findings are displayed in figure 6 

separately for two independent experiments.  
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Figure 6. Immunoblot and densitometry for ULK1. A-D. Immunoblot and densitometry graphs of untreated 

and treated CHO cells from one experiment.  All three replicates show less ULK1 in PgsD-677. E-H. Immunoblot 

and densitometry graphs for ULK1 in untreated and treated CHO cells from another independent experiment 

showing inconsistencies in ULK1 levels in untreated PgsD-677 compared to CHO-K1. The results were not 

consistent in the experiments. Hence, the ratios of ULK1 in PgsD-677 to CHO-K1 were not averaged from the 

two experiments or the triplicates in each experiment.  

 

 
Figure 7. Immunoblot and densitometry for ULK1. A-D. Immunoblot and densitometry graphs of untreated and 

treated CHO cells from one experiment.  All three replicates show less ULK1 in PgsD-677. E-H. Immunoblot and 

densitometry graphs for ULK1 in untreated and treated CHO cells from another indepedent experiment showing 

inconsistencies in ULK1 levels in untreated PgsD-677 compared to CHO-K1. 
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4.2. Knocking out Ext-1 decreases autophagy in MEF cells 

 

MEF cells (Wt, Epi-KO, Ext1-KO) were treated with 10 µM chloroquine for 6 hr. Lysates from 

untreated cells and treated cells were loaded into the gel side by side to examine the expression 

of LC3-II. The intensity of LC3-II bands from treated samples was dramatically increased 

compared to the bands from untreated cells (figure 7), which indicated that chloroquine 

treatment worked. In the preliminary results, LC3-II was lower in Ext1-KO compared to Wt. 

The trend followed in repeated independent experiments. However, the pattern of LC3-II in 

Epi-KO in comparison to Wt was inconsistent across different experiments. Therefore, later 

experiments were performed with triplicates of Wt and Ext1-KO. The treated and untreated 

samples were loaded on the gel separately and developed under different exposure durations 

for chemiluminescence so that the higher intensity bands of treated samples do not mask the 

lower protein expression in untreated samples. 

 

 

 

MEF cells (Wt and Ext1-KO) were treated with chloroquine for varying durations to find the 

optimal time point (6 hr) where accumulated LC3-II could be observed. The 3 hr treatment of 

cells was insufficient as it did not correspond to a robust change in LC3-II with chloroquine. 

At the 6 hr time point, the LC3-II levels increased robustly in treated cells compared to 

untreated cells. LC3-II was less in Ext1-KO than in Wt (figure 8). Whereas 12 hr and 24 hr 

treatment of cells gave inconsistent results (supplementary figure 1) and cells were in bad 

condition. 

 

 

 

Figure 7. Immunoblot and densitometry for LC3-II in MEF cells. A. Immunoblot of MEF cells, control and 6 

hr chloroquine treatment (CQ=chloroquine). B. Densitometry graph for normalized LC3-II in chloroquine-treated 

Wt, Epi-KO, and Ext1-KO cells. 
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4.3. The number of GFP-LC3 puncta were reduced in MEF-Ext-1 KO cells 

 

MEF Wt and Ext1-KO cells transfected with GFP-LC3 and treated with 20 μM chloroquine 

were observed via direct fluorescent microscopy. The average number of fluorescent punctae 

in Wt and Ext1-KO was calculated to estimate the autophagic activity in cells. Wt cells formed 

more fluorescent puncta when transfected with GFP-LC3-II. On the other hand, very few and 

less intense puncta were observed in Ext1-KO cells (figure 9). 

 

 

Figure 8. LC3-II levels in Wt and Ext1-KO. A. Immunoblot of untreated cells. B. Immunoblot of samples 

treated with chloroquine for 6 hr. C. Densitometry graph for LC3-II. Signal was normalized against GAPDH 

in each well. Average normalized LC3-II signals of triplicates from three independent experiments (3x3) 

were compared in Wt and Ext1-KO. Wt is set to arbitrary value 1.  

 

A. B. 

C. 
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Figure 9. Fluorescence microscopy images (A-C): images from GFP-LC3 transfected MEF-Wt cells 

treated with 20 μM chloroquine for 6 hr. A. GFP signal, B. DAPI stain for nucleus, C. Merged image 

for GFP-expressing treated Wt cells (D-F): images from GFP-LC3 transfected MEF-Ext1-KO cells 

treated with 20 μM chloroquine for 6 hr. D. GFP signal, E. DAPI stain for nucleus, F. Merged image 

for GFP-expressing Ext-KO cells. The untreated Wt and Ext1-KO cells (not shown) displayed diffused 

fluorescence signal compared to the treated cells which demonstrate discrete punctate formation.  G. 

Average number of punctae in transfected Wt and Ext1-KO cells treated with 20 μM chloroquine. 

Twenty GFP-LC3 positive cells of each cell line, Wt and Ext1-KO, were included in the analysis to 

calculate the average number of punctae per cell. The cells belonged to a single experiment.  
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5.0. Discussion 

 

5.1. Challenges in autophagy studies and their role in the interpretation of results 

 

Cell density is an important factor while studying autophagy. In these experiments, wild-type 

cell lines were growing faster than the HS compromised cell lines. Therefore, to achieve a 

similar cell density, the seeding densities of the Wt and KO cells for 6-well or 12-well plates 

were adjusted. With optimized cell seeding, Wt and KO had similar cell populations the next 

day, at the time of chloroquine treatment and harvesting after 6 hr. However, maintaining the 

cell densities for longer durations is a challenge. So, the results obtained from 6 hr treatment 

are more reliable as the densities of Wt and KO cells were similar while comparing other 

parameters. 

 

The difference in the cell densities can sometimes result in variations in the observed 

biomarkers. If the cell lines have unequal cell densities, the diffusion of chloroquine into the 

cells may vary. As mentioned earlier, chloroquine leads to the accumulation of LC3-II by 

inhibiting lysosomes. If the amount of chloroquine diffusing into the cells is different, it can 

affect the estimate of LC3-II. Moreover, the difference in cell population also affects autophagy 
50.  

 

5.2. Decreased LC3-II in HS compromised cell lines 

 

The CHO PgsD-677 cell line has compromised HS chain polymerization. It is deficient in two 

crucial enzymes N-acetylglucosaminyltransferase and glucuronyltransferase. These enzymes 

play roles in transferring N-acetylglucosamine (GlcNAc) and glucuronic acid (GlcA), 

respectively. The molecules, GlcNAc and GlcA are building blocks for HS synthesis. Hence, 

PgsD-677 cells do not synthesize HS.  

 

The LC3-II levels in CHO-K1 (Wt) were higher than in PgsD-677. The results could arise from 

two reasons: 1) more autophagy in K1 than in PgsD-677, or 2) more autophagic degradation 

activity in PgsD-677, causing less LC3-II. A decrease in LC3-II was observed in both untreated 

and chloroquine-treated Ext1-KO cells. In untreated cells, the decreased LC3-II levels could 

also be associated with increased lysosomal degradation. However, by treating with 

chloroquine, the uncertainty in the interpretation of results is reduced because chloroquine 

prevents the degradation step. So, the reason for reduced LC3-II is likely to be the decrease in 

autophagic activity in the cell. Therefore, the lesser LC3-II levels indicate decreased autophagy 

in PgsD-677. The results suggest a direct or indirect effect of HS on autophagy induction, which 

was reduced by enzyme knockout. 

 

Similar results were observed in MEF cells with 6 hr chloroquine treatment. MEF Epi-KO lacks 

the glucuronyl C5-epimerase (GLCE) enzyme. GLCE is responsible for the epimerization of 

glucuronic acid (GlcA) to iduronic acid (IdoA) in a polymerized HS chain 51. MEF Ext1-KO 

cell line is deficient in the Exostosin-1 (Ext1) enzyme. Ext1 transfers the GlcA unit of the HS 

chain to form a disaccharide of alternating GlcA and GlcNAc units 52. Ext1-KO cells had 

decreased LC3-II compared to Wt. Whereas LC3-II in Epi-KO was inconclusive when 

compared to expression in Wt. One possible reason could be that HS chain modification by 



UPPSALA UNIVERSITET MASTER’S THESIS 

 19 (33) 

 

   

 

 

Page 19 of 33 

 

GLCE might not affect autophagy as much as HS chain formation does. But knocking out the 

enzyme (Ext1) involved in the HS chain formation process could lead to decreased autophagy. 

Therefore, the presence of HS chains rather than modifications on HS chains is suggested to be 

more important concerning autophagy. 

 

Since the decrease in LC3-II was observed in both cell line with HS-knockouts (CHO and 

MEF), we can conclude that the results are cell-type independent. It indicates the effects of HS 

on autophagy in both mammalian cell lines. Furthermore, CHO PgsD-677 and MEF Ext1-KO 

are deficient in different types of enzymes vital for HS synthesis. These knockouts 

corresponding to similar outcomes further strengthen the evidence of decreased LC3-II in 

response to compromised HS synthesis. 
 

5.3. Duration of chloroquine treatment 

 

MEF cells treated with chloroquine for longer durations displayed varying results. In some of 

the experiments with 12 and 24 hr treatment, the LC3-II levels were decreased in the Ext1-KO. 

However, in other experiments, the levels of LC3-II in Ext1-KO and Wt were similar 

(Supplementary figure 1). Hence, the results for longer-duration treatments were unstable.  

 

There might be two possible explanations for unstable results: 1) cells may overgrow and 

demonstrate different behavior than in normal conditions. 2) longer time chloroquine treatment 

might change the cell's physiological functions. Due to these variables, cell lysates may also 

contain dead cells which died due to detachment-induced cell death or prolonged chloroquine 

treatment. 

 

A previous study by Trajkovic et al. reported altered expression of autophagy proteins in highly 

confluent cells 50. The alteration in autophagy is presumably due to nutrient depletion as cells 

grow. Another study demonstrated the effects of contact inhibition on autophagy 53. The cell-

cell contact in dense populations of cells signals to cease proliferation. Halted cell growth in 

response to cell-cell contact is referred to as contact inhibition. In the Pavel et al. study 53, 

contact inhibition corresponded to decreased autophagy. Non-cancerous cell lines retain the 

phenomenon of contact inhibition, while in cancerous cells, contact inhibition is lost. MEF cells 

are non-cancerous. Therefore, contact inhibition or nutrient depletion could be responsible for 

the altered expression of observed biomarkers. 

 

However, the controls (untreated cells) exhibited the same pattern as 6 hr treated MEF cells, 

i.e., less LC3-II in Ext1-KO than in Wt. Hence, the second reason for inconsistent results is 

more probable – chloroquine causing altered behavior. Chloroquine is known to induce 

endoplasmic reticulum (ER)-stress 54. Hence, the longer duration treatment with chloroquine is 

one of the possible reasons for variation in results. 

 

 

5.4. Elevated p62 in PgsD-677 

 

The adaptor protein, p62, recruits the ubiquitinated targets to autophagosome 55. Due to its 

involvement in selective autophagy, p62 is used as an autophagy biomarker.  However, p62 
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also interacts with other pathways through its multiple domains 56. Therefore, the levels of p62 

might not be directly associated with autophagy. 

 

Nevertheless, p62 is a good indicator for autophagy assessment when studied together with 

other autophagy biomarkers. Along with the target, p62 becomes a substrate for the autophagy 

machinery. Blocking autophagy causes the accumulation of p62 in several cell lines 57. Hence, 

the increased levels of p62 in PgsD-677 as compared to CHO-K1 indicate less autophagy in the 

knockout cell line.  

 

In 6 hr chloroquine-treated MEF cells, Ext1-KO presented accumulated p62 compared to Wt 

(Supplementary figure 2). However, the signal could not be quantified properly as the 

polyclonal antibody gave a stronger signal for the non-specific bands. The signal for the target 

band could be improved by increasing the exposure time or cutting the membranes at the correct 

molecular weight place. The increase in p62 levels in 24 hr chloroquine treated MEF-Ext1-KO 

was also observed in some experiments (Supplementary figure 3). However, some of the 24 hr 

treated cells gave varying results due to the unstable conditions.  

 

5.5. Less GFP-LC3 puncta in Ext1-KO cells 

 

The 10 μM concentration of chloroquine did not induce the robust formation of puncta in 

transfected MEF cells. Hence, 20 μM chloroquine was used to optimize the observations. The 

reduced number of fluorescent puncta in Ext1-KO compared to Wt is indicative of less 

autophagy, which is consistent with the results from Western blot. The results relied on transient 

transfection, which allows observing the immediate effects on autophagy. Though, there are 

limitations to transient transfections i.e., plasmid degradation and unstable expression. Stable 

GFP-LC3 cell lines can offer a solution to avoid transfection errors. Another optimization 

option is to select stable GFP-LC3 expressing cells through fluorescence-activated cell sorting 

(FACS) 58.  

 

 

5.6. Inconsistent levels of Atg5 and ULK1 

 

Autophagy-related (Atg) proteins including Atg5, Atg12, Atg16L1, and ULK1 are shedded off 

the complete autophagosome membrane 59. It could be one of the possible reasons for the 

inconsistent results in the Atg5 and ULK1 levels. However, in one of the two independent 

experiments, ULK1 was decreased in triplicates of PgsD-677 compared to K1. The observed 

decrease in ULK1 in the PgsD-677 cell line might indicate that the process of autophagy was 

affected at the initial stages of autophagosome formation. This trend was not observed in the 

other experiment, presumably due to technical issue or irrelevance of ULK1 in this mechanism. 

Therefore, the results are inconclusive and further experiments could help identify potential 

problems.  
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5.7. Effects of HS on autophagy in mammalian cells and drosophila 

 

The decreased LC3-II, less fluorescent puncta of GFP-LC3, and increased p62 in the KO cell 

lines suggest a decrease in autophagy with compromised HS synthesis in mammalian cells. 

Previously, knockout of a specific HSPG, perlecan, led to increased LC3-II in mouse muscle 

cells. The results of this project showed that knockout of HS biosynthesis causes an opposite 

effect i.e., decreased LC3-II. It highlights the difference between the effects of HS synthesis 

and HSPGs in which core protein also affects cellular functions. 

 

In drosophila, Reynolds-Peterson et al. found an increase in autophagosomal structures with 

compromised HS synthesis 31. This increase in autophagy was demonstrated through GFP- 

Atg8a (homologue of mammalian LC3). The increased GFP-Atg8a puncta in knockdown 

drosophila and decreased GFP-LC3 puncta in knockout MEF cells highlight an interesting and 

distinct function of HS in the two species. However, the different nature of knockdown and 

knockout models may interfere with the study methods such as transfection efficiencies for 

introducing the fluorescent gene. It is also noteworthy that the sfl knockdown in drosophila 

induced more prominent effects on autophagy compared to the ttv knockdown. The sfl gene is 

involved in the HS chain modification whereas the ttv gene is essential for HS chain formation. 

In the project, Ext1-KO cells (mammalian homolog of ttv) consistently presented reduced 

autophagy. 

 

Similar to our results, the study on drosophila showed increased ref(2)P, a protein homologous 

to mammalian p62. However, in subsequent experiments, the authors demonstrated that the 

increased ref(2)P did not indicate decreased autophagy. 

 

In the future, more experiments could be designed to validate the results. Rescue experiments 

with the biosynthesis genes can be performed to see whether PgsD-677 and Ext1 KO was 

related to decreased autophagy markers. Moreover, to expand the study, transgenic mice models 

with knockdown or overexpression of HS synthesis genes can be employed. 

Immunohistochemistry and immunoblotting from the tissue sections would reveal the effects 

of HS on autophagy in different types of tissues.  

Conclusion 
 

CHO and MEF cells deficient in HS synthesis manifested reduced autophagy. Therefore, the 

effect of HS on autophagy in mammalian cells may differ from that in drosophila. The 

mechanism of autophagy regulation through HS is unknown. Hence, further studies are needed 

to explore the gaps in the literature. 
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List of abbreviations 
 

3-MA 3-Methyladenine 

AMPKa AMP-activated protein kinase 

Atg5 Autophagy-related 5 

Atg8a Autophagy-related 8a 

Atg12 Autophagy-related 12 

Atg16L1 Autophagy related 16 like 1 

CHO Chinese hamster ovary 

CSPG Chondroitin sulfate proteoglycan 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

Ext1 Exostosin glycosyltransferase 1 

Extl3 Exostosin Like Glycosyltransferase 3 

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

GAGs Glycosaminoglycans 

GFP Green fluorescent protein 

GLCE Glucuronic Acid Epimerase 

GlcNAc N-acetylglucosamine 

GlcA glucuronic acid 

HRP Horseradish peroxidase 

HS Heparan sulfate 

HSPG Heparan sulfate proteoglycan 

IdoA iduronic acid 

LC3 Light chain 3 

LIR LC3 interaction region 

MEF Mouse embryonic fibroblast 

NDST N-Deacetylase/N-Sulfotransferase 

mTOR Mammalian target of rapamycin 

PI3K Phosphoinositide 3-kinases 

ref(2)P refractory to sigma P (p62 homolog) 

sfl sulfateless (Drosophila N-deacetylase N-sulfotransferase) 

ttv tout-velu (Drosophila EXT1 homolog) 

UBA Ubiquitin associated 

UDP Uridine diphosphate 

ULK1  Unc-51 like autophagy activating kinase 1 

VEGFR2 Vascular endothelial growth factor receptor 
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Supplementary figure. 1 A-B Immunoblot and densitometry of 24 hr treated MEF cells. Both control and treated 

have less LC3-II in Ext1-KO cells. C-D: Another independent experiment with 24 hr treatment. Treated cells have 

variation in LC3-II expression in Ext-KO in comparison to Wt. 

 

 
 

Supplementary figure. 2 Two independent experiments A and B with 6 hr chloroquine treated MEF cells (CQ= 

chloroquine). Accumulated p62 is more evident in Ext1-KO (indicated by an arrow). The signal of the non-specific 

band above 70 kDa is too strong and the bands at the correct position were not quantified. 
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Supplementary figure. 3 A- immunoblot of 24 hr chloroquine treated MEF cells for p62 levels. B- Densitometry 

for p62 in 24 hr treated MEF cells. Both untreated and treated cells demonstrated more p62 in Ext1-KO than in 

Wt 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



UPPSALA UNIVERSITET MASTER’S THESIS 

 27 (33) 

 

   

 

 

Page 27 of 33 

 

References 

 

1. Jorpes, J. E. & Gardell, S. ON HEPARIN MONOSULFURIC ACID. Journal of Biological 

Chemistry 176, 267–276 (1948). 

2. Jones, C. L., Liu, J. & Xu, D. 6.14 - Structure, Biosynthesis, and Function of 

Glycosaminoglycans. in Comprehensive Natural Products II (eds. Liu, H.-W. (Ben) & 

Mander, L.) 407–427 (Elsevier, 2010). doi:10.1016/B978-008045382-8.00132-5. 

3. Bishop, J. R., Schuksz, M. & Esko, J. D. Heparan sulphate proteoglycans fine-tune 

mammalian physiology. Nature 446, 1030–1037 (2007). 

4. Lawrence, R. et al. Evolutionary Differences in Glycosaminoglycan Fine Structure 

Detected by Quantitative Glycan Reductive Isotope Labeling. Journal of Biological 

Chemistry 283, 33674–33684 (2008). 

5. Koziel, L., Kunath, M., Kelly, O. G. & Vortkamp, A. Ext1-Dependent Heparan Sulfate 

Regulates the Range of Ihh Signaling during Endochondral Ossification. Developmental 

Cell 6, 801–813 (2004). 

6. Williams, K. J. & Fuki, I. V. Cell-surface heparan sulfate proteoglycans: dynamic 

molecules mediating ligand catabolism. Curr Opin Lipidol 8, 253–262 (1997). 

7. Vreys, V. et al. Cellular Uptake of Mammalian Heparanase Precursor Involves Low 

Density Lipoprotein Receptor-related Proteins, Mannose 6-Phosphate Receptors, and 

Heparan Sulfate Proteoglycans. Journal of Biological Chemistry 280, 33141–33148 (2005). 

8. Nasser, N. J. Heparanase involvement in physiology and disease. Cellular and Molecular 

Life Sciences. 65, 1706–1715 (2008). 

9. Mizushima, N. & Klionsky, D. J. Protein Turnover Via Autophagy: Implications for 

Metabolism. Annual Review of Nutrition 27, 19–40 (2007). 



UPPSALA UNIVERSITET MASTER’S THESIS 

 28 (33) 

 

   

 

 

Page 28 of 33 

 

10. Mizushima, N. The pleiotropic role of autophagy: from protein metabolism to bactericide. 

Cell Death Differ 12, 1535–1541 (2005). 

11. Murrow, L. & Debnath, J. Autophagy As A Stress Response And Quality Control 

Mechanism—Implications for Cell Injury and Human Disease. Annual Review of 

Pathology  8, 105–137 (2013). 

12. Shimizu, S. et al. Role of Bcl-2 family proteins in a non-apoptotic programmed cell death 

dependent on autophagy genes. Nature Cell Biology 6, 1221–1228 (2004). 

13. Tanida, I. Autophagy basics. Microbiology and Immunology 55, 1–11 (2011). 

14. Kabeya, Y. et al. LC3, a mammalian homologue of yeast Apg8p, is localized in 

autophagosome membranes after processing. EMBO J 19, 5720–5728 (2000). 

15. Kirisako, T. et al. The Reversible Modification Regulates the Membrane-Binding State of 

Apg8/Aut7 Essential for Autophagy and the Cytoplasm to Vacuole Targeting Pathway. 

Journal of Cell Biology 151, 263–276 (2000). 

16. Tanida, I. et al. HsAtg4B/HsApg4B/Autophagin-1 Cleaves the Carboxyl Termini of Three 

Human Atg8 Homologues and Delipidates Microtubule-associated Protein Light Chain 3- 

and GABAA Receptor-associated Protein-Phospholipid Conjugates. Journal of Biological 

Chemistry 279, 36268–36276 (2004). 

17. Homewood, C. A., Warhurst, D. C., Peters, W. & Baggaley, V. C. Lysosomes, pH and the 

Anti-malarial Action of Chloroquine. Nature 235, 50–52 (1972). 

18. Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for monitoring 

autophagy (4th edition)1. Autophagy 17, 1–382 (2021). 

19. Noda, T. & Ohsumi, Y. Tor, a phosphatidylinositol kinase homologue, controls autophagy 

in yeast. Journal of Biological Chemistry 273, 3963–3966 (1998). 



UPPSALA UNIVERSITET MASTER’S THESIS 

 29 (33) 

 

   

 

 

Page 29 of 33 

 

20. Mordier, S., Deval, C., Béchet, D., Tassa, A. & Ferrara, M. Leucine Limitation Induces 

Autophagy and Activation of Lysosome-dependent Proteolysis in C2C12 Myotubes 

through a Mammalian Target of Rapamycin-independent Signaling Pathway. Journal of 

Biological Chemistry 275, 29900–29906 (2000). 

21. Turnbull, J., Powell, A. & Guimond, S. Heparan sulfate: decoding a dynamic 

multifunctional cell regulator. Trends in Cell Biology 11, 75–82 (2001). 

22. Ning, L. et al. Perlecan inhibits autophagy to maintain muscle homeostasis in mouse soleus 

muscle. Matrix Biology 48, 26–35 (2015). 

23. Douglass, S., Goyal, A. & Iozzo, R. V. The role of perlecan and endorepellin in the control 

of tumor angiogenesis and endothelial cell autophagy. Connective Tissue Research 56, 

381–391 (2015). 

24. Zhang, J. Teaching the basics of autophagy and mitophagy to redox biologists—

Mechanisms and experimental approaches. Redox Biology 4, 242–259 (2015). 

25. Poluzzi, C. et al. Endorepellin Evokes Autophagy in Endothelial Cells. Journal of 

Biological Chemistry 289, 16114–16128 (2014). 

26. Neill, T., Torres, A., Buraschi, S. & Iozzo, R. V. Decorin has an appetite for endothelial 

cell autophagy. Autophagy 9, 1626–1628 (2013). 

27. Yao, T. et al. Decorin-mediated inhibition of the migration of U87MG glioma cells involves 

activation of autophagy and suppression of TGF-β signaling. FEBS Open Bio 6, 707–719 

(2016). 

28. Buraschi, S. et al. Decorin causes autophagy in endothelial cells via Peg3. Proc Natl Acad 

Sci U S A 110, E2582–E2591 (2013). 



UPPSALA UNIVERSITET MASTER’S THESIS 

 30 (33) 

 

   

 

 

Page 30 of 33 

 

29. Schultheis, N., Jiang, M. & Selleck, S. B. Putting the brakes on autophagy: The role of 

heparan sulfate modified proteins in the balance of anabolic and catabolic pathways and 

intracellular quality control. Matrix Biology (2021) doi:10.1016/j.matbio.2021.01.006. 

30. Neill, T., Buraschi, S., Kapoor, A. & Iozzo, R. V. Proteoglycan-driven Autophagy: A 

Nutrient-independent Mechanism to Control Intracellular Catabolism. Journal of 

Histochemistry & Cytochemistry. 68, 733–746 (2020). 

31. Reynolds-Peterson, C. E. et al. Heparan sulfate proteoglycans regulate autophagy in 

Drosophila. Autophagy 13, 1262–1279 (2017). 

32. Ling, J., Li, J., Khan, A., Lundkvist, Å. & Li, J.-P. Is heparan sulfate a target for inhibition 

of RNA virus infection? American Journal of Physiology-Cell Physiology 322, C605–C613 

(2022). 

33. Shteingauz, A. et al. Heparanase enhances tumor growth and chemo-resistance by 

promoting autophagy. Cancer Research 75, 3946–3957 (2015). 

34. Tatsumi, Y. et al. Inhibition of Heparanase Expression Results in Suppression of Invasion, 

Migration and Adhesion Abilities of Bladder Cancer Cells. International Journal of 

Molecular Sciences 21, 3789 (2020). 

35. Ilan, N., Shteingauz, A. & Vlodavsky, I. Function from within: Autophagy induction by 

HPSE/heparanase—new possibilities for intervention. Autophagy 11, 2387–2389 (2015). 

36. Reynolds-Peterson, C. et al. Heparan Sulfate Structure Affects Autophagy, Lifespan, 

Responses to Oxidative Stress, and Cell Degeneration in Drosophila parkin Mutants. G3 

(Bethesda) 10, 129–141 (2019). 

37. Degenhardt, K. et al. Autophagy promotes tumor cell survival and restricts necrosis, 

inflammation, and tumorigenesis. Cancer Cell 10, 51–64 (2006). 



UPPSALA UNIVERSITET MASTER’S THESIS 

 31 (33) 

 

   

 

 

Page 31 of 33 

 

38. Liang, X. H. et al. Induction of autophagy and inhibition of tumorigenesis by beclin 1. 

Nature 402, 672–676 (1999). 

39. Vega-Rubín-de-Celis, S. et al. Increased autophagy blocks HER2-mediated breast 

tumorigenesis. Proc Natl Acad Sci U S A 115, 4176–4181 (2018). 

40. Qu, X. et al. Promotion of tumorigenesis by heterozygous disruption of the beclin 1 

autophagy gene. J Clin Invest 112, 1809–1820 (2003). 

41. Wei, Y. et al. EGFR-mediated Beclin 1 phosphorylation in autophagy suppression, tumor 

progression, and tumor chemoresistance. Cell 154, 1269–1284 (2013). 

42. Morselli, E. et al. Oncosuppressive Functions of Autophagy. Antioxidants & Redox 

Signaling 14, 2251–2269 (2011). 

43. Fuster, M. M. & Esko, J. D. The sweet and sour of cancer: glycans as novel therapeutic 

targets. Nature Reviews Cancer 5, 526–542 (2005). 

44. van Horssen, J., Wesseling, P., van den Heuvel, L. P., de Waal, R. M. & Verbeek, M. M. 

Heparan sulphate proteoglycans in Alzheimer’s disease and amyloid‐related disorders. The 

Lancet Neurology 2, 482–492 (2003). 

45. Collier, J. J., Suomi, F., Oláhová, M., McWilliams, T. G. & Taylor, R. W. Emerging roles 

of ATG7 in human health and disease. EMBO Mol Med 13, e14824 (2021). 

46. Hammond, E., Brandt, R. & Dredge, K. PG545, a Heparan Sulfate Mimetic, Reduces 

Heparanase Expression In Vivo, Blocks Spontaneous Metastases and Enhances Overall 

Survival in the 4T1 Breast Carcinoma Model. PLOS ONE 7, e52175 (2012). 

47. Weissmann, M. et al. The heparanase inhibitor PG545 is a potent anti-lymphoma drug: 

Mode of action. Matrix Biology 77, 58–72 (2019). 

48. LC3B-GFP. InvivoGen https://www.invivogen.com/gfp-autophagy-genes (2020). 



UPPSALA UNIVERSITET MASTER’S THESIS 

 32 (33) 

 

   

 

 

Page 32 of 33 

 

49. Kneen, M., Farinas, J., Li, Y. & Verkman, A. S. Green fluorescent protein as a noninvasive 

intracellular pH indicator. Biophysical Journal 74, 1591–1599 (1998). 

50. Trajkovic, K., Valdez, C., Ysselstein, D. & Krainc, D. Fluctuations in cell density alter 

protein markers of multiple cellular compartments, confounding experimental outcomes. 

PLoS One 14, e0211727 (2019). 

51. Sugahara, K. & Kitagawa, H. Heparin and Heparan Sulfate Biosynthesis. IUBMB Life 54, 

163–175 (2002). 

52. Lind, T., Tufaro, F., McCormick, C., Lindahl, U. & Lidholt, K. The Putative Tumor 

Suppressors EXT1 and EXT2 Are Glycosyltransferases Required for the Biosynthesis of 

Heparan Sulfate . Journal of Biological Chemistry 273, 26265–26268 (1998). 

53. Pavel, M. et al. Contact inhibition controls cell survival and proliferation via YAP/TAZ-

autophagy axis. (2018) doi:10.17863/CAM.25112. 

54. Jia, B. et al. Autophagy inhibitor chloroquine induces apoptosis of cholangiocarcinoma 

cells via endoplasmic reticulum stress. Oncology Letters 16, 3509–3516 (2018). 

55. Pankiv, S. et al. p62/SQSTM1 Binds Directly to Atg8/LC3 to Facilitate Degradation of 

Ubiquitinated Protein Aggregates by Autophagy . Journal of Biological Chemistry 282, 

24131–24145 (2007). 

56. Clague, M. J. & Urbé, S. Ubiquitin: Same Molecule, Different Degradation Pathways. Cell 

143, 682–685 (2010). 

57. Liu, W. J. et al. p62 links the autophagy pathway and the ubiqutin–proteasome system upon 

ubiquitinated protein degradation. Cellular & Molecular Biology Letters 21, 29 (2016). 

58. Xu, Y., Yuan, J. & Lipinski, M. M. Live imaging and single-cell analysis reveal differential 

dynamics of autophagy and apoptosis. Autophagy 9, 1418–1430 (2013). 



UPPSALA UNIVERSITET MASTER’S THESIS 

 33 (33) 

 

   

 

 

Page 33 of 33 

 

59. Longatti, A. & Tooze, S. A. Vesicular trafficking and autophagosome formation. Cell 

Death Differ 16, 956–965 (2009). 

 

 

 


