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Highlights  15 

Extracellular aggregates of amyloid beta are a hallmark of Alzheimer’s disease. Here we developed a 16 

novel C. elegans transgenic line that secretes human amyloid beta, which forms aggregates in the 17 

extracellular matrix (ECM). We show that ECM dynamics can disturb aggregation and that ADM-2, an 18 

ortholog of Human ADAM9, is involved in removing these extracellular aggregates. 19 
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Abstract 22 

The amyloid-beta (Aβ) plaques found in Alzheimer’s disease (AD) patients’ brains contain collagens 23 

and are embedded extracellularly. Several collagens have been proposed to influence Aβ aggregate 24 

formation, yet their role in clearance is unknown. To investigate the potential role of collagens in 25 

forming and clearance extracellular aggregates in vivo, we created a transgenic Caenorhabditis elegans 26 

strain that expresses and secretes human Aβ1-42. This secreted Aβ forms aggregates in two distinct 27 

places within the extracellular matrix. In a screen for extracellular human Aβ aggregation regulators, 28 

we identified different collagens to ameliorate or potentiate Aβ aggregation. We show that a 29 

disintegrin and metalloprotease ADM-2, an orthologue of ADAM9, reduces the load of extracellular Aβ 30 

aggregates. ADM-2 is required and sufficient to remove the extracellular Aβ aggregates. Thus, we 31 

provide in-vivo evidence of collagens essential for aggregate formation and metalloprotease 32 

participating in extracellular Aβ aggregate removal.  33 

 34 

Introduction 35 

Alzheimer’s disease currently affects >1 in 9 people above 65 years of age (11.2%) in the USA and is 36 

the seventh cause of death worldwide (Alzheimer’s Association, 2021.; Mortality and Global Health 37 

Estimates, 2019). A hallmark of Alzheimer’s disease is the extracellular aggregation of amyloid-beta. 38 

Over the past decades, much knowledge has been gained on the production and removal of amyloid-39 

beta (Aβ). Several mechanisms are involved in clearing Aβ from the brain, including enzymatic and 40 

non-enzymatic pathways. The non-enzymatic pathways include the continuous flow of the interstitial 41 

fluid into the cerebrospinal fluid followed by interstitial fluid drainage, phagocytosis by microglia or 42 

astrocytes, and receptor-mediated transport across the blood-brain barrier (Elbert et al., 2022; Sagare 43 

et al., 2007; Tajbakhsh et al., 2021; Zhao et al., 2015). The enzymatic pathway involves several 44 

proteases, including matrix metalloproteinases, neprilysin, insulin-degrading enzymes, and glutamate 45 

carboxypeptidase. The extracellular protein heparan sulfate proteoglycans (HSPGs) can block the 46 

clearance of Aβ. HSPGs are often found in Aβ depositions where they might block enzymatic 47 

degradation (Gupta-Bansal et al., 1995; Su et al., 1992; van Horssen et al., 2003). Moreover, while most 48 

HSPGs promote the uptake of Aβ through lipid rafts, uptake of Aβ through clathrin-mediated 49 

endocytosis is blocked when the HSPG (SDC3) binds to Aβ (Letoha et al., 2019).  50 

One of the least understood observations is the consistent co-aggregation of specific collagens with 51 

Aβ plaques. Interestingly, the compaction of Aβ into plaques can be influenced by the expression of 52 

collagenous amyloid plaque components (CLACs) (Hashimoto et al., 2020). CLAC is a collagen type XXV 53 

a1 chain (COL25A1) cleavage product. COL25A1 overexpression can have detrimental effects in mice 54 

(Tong et al., 2010). However, human genetic studies suggest a more complex interplay where certain 55 

single nucleotide polymorphisms in COL25A1 are associated with AD and others are, in contrast, 56 

associated with health effects in the elderly (Erikson et al., 2016; Forsell et al., 2010). Curiously, several 57 

other collagens have been found to have a protective role. Co-localizing with vascular amyloid at the 58 

basal lamina is collagen XVIII, a heparan sulfate proteoglycan that reduces disease symptoms (Van 59 

Horssen et al., 2002). Collagen VI was found at the ECM and the basal lamina and can block the 60 

interaction between neurons and oligomers and help protect against neurotoxicity (Cheng et al., 2009; 61 

Ma et al., 2020). Furthermore, the basement lamina collagen IV was 55% upregulated in cerebral 62 

vessels when comparing AD to healthy subjects (Cheng et al., 2009; Farkas et al., 2000; Kalaria & Pax, 63 

1995; Nguyen et al., 2021). This upregulation is specific to the brain region and Braak stage (Lepelletier 64 
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et al., 2017). Collagen IV was shown to bind the amyloid precursor protein (APP), prevent Aβ fibril 65 

formation, and even disrupt preformed Aβ fibrils (Kiuchi, Isobe, & Fukushima, 2002; Kiuchi, Isobe, 66 

Fukushima, et al., 2002; Narindrasorasak et al., 1995). Based on these collected studies, we 67 

hypothesized that the ECM may be more than a passive bystander and that its components hold the 68 

potential to influence disease progression. 69 

To address this hypothesis, we set out to explore the mechanisms by which ECM components influence 70 

amyloid beta aggregate formation and clearance in vivo. However, a model monitoring this in-vivo and 71 

non-invasively was missing. Therefore, we generated a novel transgenic C. elegans strain, with 72 

inducible expression and secretion of human Aβ1-42 tagged with super-folder GFP (sfGFP::Aβ). 73 

Furthermore, C. elegans is a suitable model to address this question. Several Alzheimer-related 74 

pathways are highly conserved between humans and C. elegans (Apostolakou et al., 2021; Ewald & Li, 75 

2010). Moreover, the ECM components associated with AD have orthologs in C. elegans. The C. elegans 76 

EMB-9 and LET-2 are collagen type IV, CLE-1 is collagen type XVIII, and COL-99 is collagen type XXV 77 

(Teuscher, Jongsma, et al., 2019). While EMB-9 and LET-2 localize to the basal lamina, CLE-1 and COL-78 

99 localize to neurons.  79 

Here, we show that upon induction, secreted sfGFP::Aβ is initially cleared by the excretory system, the 80 

gut, and the coelomocytes. However, Aβ is retained past 24h and forms non-mobile structures in the 81 

ECM. We identified collagens that can completely suppress Aβ aggregate formation. Moreover, we 82 

find modulators of the ECM, metalloproteases, to assist in the removal of extracellular Aβ aggregates. 83 

We demonstrate that one of these metalloproteases, ADM-2 is essential to remove Aβ aggregates. 84 

Taken together, this suggests that ECM composition is critical to allow Aβ aggregate formation, while 85 

dynamic regulation of the ECM through metalloproteases is key in Aβ aggregate clearance. 86 

 87 

Results 88 

Generating an in-vivo model for extracellular Aꞵ aggregates  89 
An obstacle to studying the interaction of the ECM with amyloid-beta aggregation and clearance is the 90 

lack of an in-vivo model. Previous human Aβ expressing C. elegans strains failed to secrete Aβ and 91 

model intracellular Aβ toxicity (Ewald & Li, 2012; Link, 1995). Therefore, we designed a genetic 92 

construct that secretes Aβ tagged with GFP (Figure 1A, 1B). Expression of this construct was induced 93 

by heat shock under the control of the hsp-16.2 promoter that drives expression in many tissues but 94 

predominantly in neurons and hypodermis (Bacaj & Shaham, 2007).  Furthermore, the construct has a 95 

longer 3’ UTR targeting its mRNA for non-sense mediated degradation to prevent the leakage of the 96 

hsp-16.2 promoter (Ewald et al., 2016). This allowed us to separate events scaled in time, for example, 97 

deposition versus removal of Aβ. We used super-folder GFP (sfGFP) because it is more stable in the 98 

extracellular space than classical GFP (Pédelacq et al., 2006). A spacer sequence was placed between 99 

the sfGFP and the Aβ to allow the comparably smaller-sized Aβ to move and interact freely to form 100 

aggregates (Figure 1A, 1B). The full length of the Aβ1-42 peptide is essential for its aggregation (Mccoll 101 

et al., 2012). In our construct, Aβ is preceded by the sfGFP and spacer sequence, which prevents the 102 

truncation of the first few amino acids observed in many previous C. elegans Aβ models (McColl et al., 103 

2009). As controls, we generated two constructs; one containing a non-aggregating version of Aβ1-42 104 

(secreted sfGFP::Aβ(F20S, L35P)) (Wurth et al., 2002), and the other control is the secreted sfGFP 105 

without amyloid-beta fragment (Figure 1A).  106 

 107 
 108 

109 
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Dynamic turnover of secreted amyloid beta  110 
After a single heat shock induction of sfGFP::Aβ (i.e., single pulse-chase), sfGFP::Aβ was expressed in 111 
many tissues and secreted into the extracellular space surrounding different tissues (Figure 1C). This 112 
Aβ localization changed over time. Initially, Aβ localized to neurons in the nerve ring, the gut, the canal 113 
cells, the excretory canal, the canal-associated neurons, and the uterus (Figure 1C, 1D). During the first 114 
24h, most of the sfGFP::Aβ appeared diffuse. After 24h, we observed bright puncta localized to the 115 
pharyngeal cuticle, the coelomocytes, and the cuticle (Figure 1D). Remarkably, the sfGFP::Aβ remained 116 
for an exceptionally long time at the cuticle, coelomocytes, and the uterus, up to eight days after 117 
induction (Figure 1D).  118 

To determine whether this is due to the potential aggregation of Aβ, we followed sfGFP::Aβ 119 
intensity in a pulse-chase time course, including our two controls. After heat shock, all three strains 120 
showed similar time course trajectories for the induction (Supporting figure 1E.1). However, at the 24h 121 
time point where the sfGFP::Aβ was observed at the cuticle, the non-aggregating sfGFP::Aβ(F20S, 122 
L35P) and the sfGFP-only strains almost completely lost the GFP signal (Figure 1E, Supporting Figure 123 
1E.1 and 1E.2). No localization to the cuticle was observed at this time point. Taken together, this 124 
suggests these sfGFP-linked Aβ were secreted and efficiently cleared from the extracellular spaces. At 125 
the same time, the retention at the cuticle after 24h was specific to Aβ1-42 due to its ability to form 126 
aggregates. In search of mechanisms selectively affecting the aggregation-prone amyloid-beta, all 127 
further interventions were assessed at the 24h (Figure 1F). We have generated a transgenic strain 128 
expressing and secreting aggregation-prone sfGFP::Aβ that, after initial clearance, is retained at the 129 
cuticle (Figure 1G). 130 
 131 
sfGFP::Aβ forms ‘flower’ and ‘moss’ patterns in the extracellular space 132 
To characterize the potential sfGFP::Aβ aggregates in the extracellular space, we compared the non-133 

aggregating sfGFP::Aβ(F20S, L35P) with the aggregation-prone sfGFP::Aβ. At 16 hours post-induction, 134 

the non-aggregating sfGFP::Aβ(F20S, L35P) formed a striped pattern, equally distributed along the 135 

body, reminiscent of the striped pattern of furrows on the cuticle. This signal was relatively weak and 136 

uniform, similarly to the GFP-only strain (Figure 2A (intensity enhanced), Supporting figure2.1). By 137 

contrast, sfGFP::Aβ formed two types of bright structures, which we named ‘flower’ and ‘moss’ (Figure 138 

2B). Interestingly, the ‘flower’ structures were exclusively found over the nematode's dorsal and 139 

ventral sides, where muscle tissue underlies the hypodermis. The ‘moss’ structures were consistently 140 

found on the left and right sides of the nematode, apical to the main hypodermal syncytium (hyp7). 141 

The localization of the aggregate type is invariant and correlates with the underlying tissue type. The 142 

flower and moss structures are not found for the non-aggregating sfGFP::Aβ(F20S, L35P) (Figure 2A) 143 

nor for GFP-only (Supporting figure 2.1) but were unique to the wild-type sfGFP::Aβ strain. 144 

The ‘Flower’ and ‘moss’ patterns are immobile aggregates. 145 
Next, to determine whether these flower and moss structures could be aggregates, we used 146 

fluorescence recovery after photobleaching (FRAP), a technique commonly used to determine if the 147 

tagged protein of interest is fixed in place. A small area within the image field was photobleached using 148 

a brief exposure to UV, quenching the GFP fluorescence. Free movement or transport of the 149 

fluorescently-tagged protein should lead to an exchange of molecules between the bleached- and 150 

unbleached area, resulting in a recovery of fluorescence in the bleached (dark) area over time. In the 151 

moss structure, no such recovery was observed (Figure 2C). Even when one-half of a single moss 152 

structure was photobleached, there was no recovery in the bleached area, indicating no movement or 153 

exchange of molecules even within the structure (Figure 2C). Upon photobleaching, the flower 154 

structures turn completely dark (Figure 2D). The surrounding, relatively low GFP intensity recovered 155 

rapidly (within seconds), but the flower structure remained dark. No recovery of signal inside the 156 

structure was observed; however, after four hours, some bright dots were observed on the edge of 157 

the flower structures, indicating potential growth or exchange of Aβ from outside the photobleached 158 

area. However, this was observed only at the border and not at the center of the flower structures 159 
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(Figure 2D), suggesting confinement on the upper and lower part of this structure as it would be 160 

“sandwiched” between something. For both the flower and moss structures, the absence of 161 

fluorescence recovery for up to four hours confirmed that these structures are immobile, suggesting 162 

that these structures are aggregates.  163 

Distinct aggregate patterns on the cuticular extracellular matrix 164 
To determine where these structures localize, we used correlative light and electron microscopy 165 

(Mateos et al., 2018). This technique localizes the fluorescence signal in relation to the morphology of 166 

the tissue on the same thin sections (110 nm), providing a high X, Y, and Z resolution. The sfGFP::Aβ 167 

was observed to localize to two different parts of the cuticular extracellular matrix (Figure 2E, 2F, 168 

Supporting figures 2.2-2.4). The localization apical to the hypodermis, underneath the collagen-dense 169 

cuticle, is representative of the ‘moss’ type aggregates since these are associated with the hypodermis 170 

(Figure 2E, Supporting figures 2.2,2.3). By contrast, the localization to the cortical layer of the cuticle 171 

is representative of the ‘flower’ type aggregates since these are associated with underlying muscle 172 

tissue (Figure 2F, Supporting figure 2.4). Taken together, we established a novel in-vivo model of 173 

secreted human Aβ that forms aggregates in the extracellular matrix. 174 

Screening identified clearance mechanisms of Aβ aggregates in the extracellular matrix 175 
To identify key molecular players in the formation and clearance of Aβ aggregates localized in the 176 

extracellular matrix (ECM), we designed a targeted RNA interference (RNAi) screen. We rationalized 177 

that examining four main categories of genes could elucidate a role for ECM molecules in Aβ 178 

aggregation. These categories were: all known ECM genes and ECM remodeling genes (matrisome; 179 

n=719)(Teuscher, Jongsma, et al., 2019), genes involved in attaching the cell to the ECM and 180 

mechanosensation (n=255), C. elegans orthologs of genes associated with human Alzheimer’s Disease 181 

(n=776) (Vahdati Nia et al., 2017)  as well as genes protecting against neurodegenerative and age-182 

related pathologies (n=631) (Figure 3A, Supplementary file 1. 183 

To assess the effects of individual gene knockdown on aggregation in the ECM, an increase or 184 

decrease in sfGFP::Aβ signal was scored 24h post-induction (Figure 3B), the time point at which non-185 

aggregating Aβ and soluble GFP were flushed out. We identified 176 from 2368 screened genes to 186 

increase- or decrease sfGFP::Aβ intensity in vivo (Figure 3A; Supplementary file 1). To prioritize hits, 187 

we categorized these candidate genes into four groups (Figure 3C, Supplementary file 2). In category 188 

1, we grouped hits expected to affect sfGFP::Aβ, such as genes involved in protein homeostasis, 189 

chaperones, and protein degradation (Figure 3C, Supplementary file 2). Reassuringly, we identified 71 190 

orthologs of Alzheimer’s Disease implicated genes (category 2, Figure 3C, Supplementary file 2), 191 

suggesting the conservation of key molecular players relevant to human disease. We also identified 192 

interesting hits with less established relationships to Alzheimer’s disease, such as vesicle transport and 193 

vesicle fusion, as well as members of the SNARE complex (category 3, Figure 3C, Supplementary file 2). 194 

When interrogating these hits with follow-up experiments, the change in sfGFP::Aβ aggregation could 195 

be explained by alternative mechanisms, such as impaired secretion or endosome-recycling. Lastly, in 196 

category 4, we found that the knockdown of metalloproteinases (MMP) increased Aβ levels, whereas 197 

the knockdown of their inhibitors (TIMP) decreased the Aβ levels (Figure 3C, Supplementary file 2). 198 

Furthermore, knockdown of several individual collagens either increased or decreased sfGFP::Aβ 199 

fluorescence, which reinforced the idea of a potentially active role of ECM components in Aβ 200 

aggregation and Aβ aggregate removal (Figure 3C, Supplementary file 2).  201 

Collagens implicated in Aβ aggregate formation 202 
To determine the role of collagens in Aβ aggregation and Aβ aggregate removal, we examined flower 203 
and moss Aβ aggregates upon collagen knockdown. We found that knockdown of cuticular collagen 204 
col-2 or col-79 resulted in more animals with flower Aβ aggregates (Figure 4A). By contrast, cuticular 205 
collagens dpy-3 and col-89 knockdown resulted in the complete absence of moss and flower Aβ 206 
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aggregates, and col-8(RNAi) showed a marked reduction in Aβ aggregates (Figure 4A). As previously 207 
reported, DPY-3 is required for furrow formation of the cuticle, and animals lacking DPY-3 show 208 
disturbance of cuticular organization combined with a shortened and thicker body shape (Sandhu et 209 
al., 2021). DPY-3 is expressed during early developmental stages, while COL-8 and COL-89 are 210 
expressed during the last larval stage L4. The aggregates may require a particular ECM composition or 211 
specific collagens to form aggregates, or the knockdown of some collagens triggers overall ECM 212 
remodeling aiding the removal of aggregates. To separate these possibilities, we compared the 213 
knockdown of these collagens starting at different time points: RNAi beginning at the first larval stage 214 
(L1) to RNAi starting at the last larval stage (L4). We found that DPY-3 was required from early 215 
development for aggregates to form but not at later stages (Figure 4B, 4C). For COL-8 and COL-89, the 216 
effects of RNAi on intensity and aggregates were present when knocked down from the L4 stage 217 
(Figure 4B, 4C). Indeed, this suggests that the presence of these structural components of the ECM is 218 
either directly or indirectly required for Aβ aggregate formation.  219 
 220 
 Next, we went back to our screening hits to determine whether the four conserved collagens 221 
(collagen type IV (let-2 and emb-9), collagen type XVIII (cle-1), and collagen type XXV (col-99)), which 222 
had previously been found to influence Aβ aggregation in mammals, would also have a functional role 223 
in our system. CLE-1 has been reported to be expressed in neurons and muscles and localizes 224 
predominantly around synapses and neuromuscular junctions (Ackley et al., 2001; Heljasvaara et al., 225 
2017). Since RNAi is incompletely penetrant and less effective in neurons (Asikainen et al., 2005), we 226 
used a mutant for this neuronal-expressed collagen. We found that collagen type XVIII orthologue cle-227 
1(gk364) mutants showed lower overall sfGFP::Aβ fluorescence and a mild reduction in moss and 228 
flower aggregates (Figure 4D, 4E). Since CLE-1 does not localize to the cuticle, this suggests indirect 229 
effects of cle-1 collagen on Aβ aggregates. For collagen type XXV, col-99 in C. elegans, RNAi showed no 230 
change in sfGFP::Aβ fluorescence intensity (Figure 4F). Neither col-99(ok1204) mutants nor COL-99 231 
overexpression showed any consistent effect on sfGFP::Aβ fluorescence intensity (Supplementary file 232 
3). For collagen type IV (let-2 and emb-9), emb-9 RNAi showed no changes in sfGFP::Aβ fluorescence 233 
intensity but showed a mild developmental delay (Figure 4F). Assessment using RNAi from the L4 stage 234 
again showed no influence on sfGFP::Aβ fluorescence intensity (Supplementary file 1). Furthermore, 235 
overexpression of EMB-9 did not noticeably change sfGFP::Aβ aggregation, nor did sfGFP::Aβ and EMB-236 
9::mCherry colocalize (Figure 4G, 4H, Supporting figure 4.1-4.3), which could explain why we observed 237 
no effect of collagen type IV on sfGFP::Aβ aggregation in this model. In summary, although we 238 
observed that cuticular collagens could influence Aβ aggregation and Aβ aggregate removal, the 239 
previously implicated orthologues might not directly affect sfGFP::Aβ aggregation in the cuticular ECM. 240 
Nevertheless, our data points towards collagen and ECM remodeling influencing Aβ aggregation and 241 
Aβ aggregate removal. 242 
 243 
TIMP and MMPs regulate Aβ removal 244 
To define a role for collagen and ECM remodeling in the development and removal of Aβ aggregates 245 
at the cuticle, we used a broad range inhibitor of metalloproteases, batimastat (BB94) (Jacobsen et al., 246 
2010). Consistent with our RNAi screening hits on extracellular proteases, exposure to batimastat  247 
increased the sfGFP::Aβ load, represented by an increase in GFP intensity (Figure 5A, 5B), suggesting 248 
that metalloprotease activity is essential in removal.  249 

 250 
Metalloprotease activity is controlled by tissue inhibitors of metalloproteases (TIMPs) (Nagase 251 

et al., 2006). Interestingly, we also picked up cri-2 in the screen, an ortholog of human TIMP (Teuscher 252 
et al., 2019). Knockdown of cri-2 resulted in reduced sfGFP::Aβ intensity, suggesting that when the 253 
inhibitor of metalloproteases is removed, the metalloproteases increase their activity and remove the 254 
sfGFP::Aβ. To validate this, we crossed in a genetic deletion, cri-2(gk314), and found lower levels of 255 
sfGFP::Aβ compared to a wild-type background at the 24h time point (Figure 5C). This reduction is not 256 
due to a difference in initial expression of sfGFP::Aβ, as there was no difference between intensities in 257 
the cri-2 mutant and wild-type backgrounds over the first 20h after induction (Supporting figure 5.1). 258 
To identify the metalloproteases inhibited by CRI-2, we tested all MMPs identified in our screen in the 259 
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cri-2 mutant background (Figure 5D, 5E). From the nine metalloproteases tested, knockdown of adm-260 
1, adm-2, adt-2, and mig-6 resulted in increased GFP intensity in both the wild-type and cri-2 mutant 261 
backgrounds (Figure 5D, 5E). This suggests that when the inhibitor CRI-2 is absent, these four 262 
metalloproteases become more active and contribute to the removal of sfGFP::Aβ. Knockdown of 263 
adm-2 outperformed the other metalloproteases as indicated by the higher intensity in the cri-2 264 
mutant background (Figure 5E), suggesting a more prominent role for ADM-2.  265 
 266 
ADM-2 reduces ss::sfGFP::Aβ intensity 267 
ADM-2 is a disintegrin plus metalloprotease family member, a membrane-bound metalloprotease with 268 
extracellular peptidase M12B, disintegrin, and EGF-like domains. ADM-2 is an ortholog of the human 269 
ADAM9, which is implicated in inflammation, cancer, and Alzheimer’s disease by cleaving the amyloid 270 
precursor protein (APP) (Chou et al., 2020), but whether ADAM9 plays a potential role in Aβ removal 271 
is unknown. To verify the increase of sfGFP::Aβ upon adm-2 knockdown, we crossed a deleterious 272 
mutant for adm-2(ok3178) into the wildtype sfGFP::Aβ strain as well as into the cri-2(gk314) mutant 273 
strain. We confirmed that cri-2 mutants showed lower, whereas adm-2 mutants showed higher 274 
sfGFP::Aβ fluorescent levels (Figure 6A). The double mutants of cri-2; adm-2 showed wild-type 275 
sfGFP::Aβ fluorescent levels (Figure 6A), suggesting that the benefits of losing the inhibitor of 276 
metalloprotease CRI-2 on Aβ aggregation are dependent on ADM-2.  277 
 278 
ADM-2 is required for Aβ aggregate removal 279 
Next, we assessed whether the changes in GFP intensity reflect changes in secreted sfGFP::Aβ 280 
aggregates. In wild-type sfGFP::Aβ populations, about 81% showed the ‘flower’ structures (Figure 6B), 281 
and about 93% showed the ‘moss’ structures (Figure 6C). Similar to the total sfGFP::Aβ fluorescent 282 
levels at the 24 hour time point, we found that cri-2 mutant had lower, whereas adm-2 mutants had 283 
higher moss and flower-positive animals, which in cri-2; adm-2 double mutants were returned to wild-284 
type levels (Figure 6B, 6C). This confirms that the observed changes in GFP intensity reflect changes in 285 
aggregation and highlights that adm-2 was required for the clearance of extracellular Aβ aggregates in 286 
the ECM.  287 
 288 
ADM-2 is sufficient for Aβ aggregate removal 289 
To test whether ADM-2 is sufficient to reduce Aβ aggregation, we constructed a transgene with ADM-290 
2::mScarlet-I that inducibly overexpressed ADM-2 under the control of the hsp-16.2 promoter. The 291 
mScarlet-I fluorophore is situated at the cytoplasmic domain so as not to obstruct ADM-2 activity in 292 
the extracellular space. While the initial localization was the same as they are both induced by the 293 
same promoter, ADM-2::mScarlet-I did not colocalize with sfGFP::Aβ aggregates at 24h after induction 294 
(Supporting figure 6.1). This could be either due to the mScarlet tag being intracellular, i.e., only 295 
membrane-bound ADM-2 was visible, or ADM-2 efficiently removed nearby sfGFP::Aβ. ADM-2 296 
overexpression showed a trend toward a reduced count and intensity of both moss and flower 297 
aggregates at 24h (Supporting figure 6.2). However, when the aggregate count, size, and intensity were 298 
compared 48h after induction, we found a significant reduction of all aggregation structures upon 299 
ADM-2 overexpression (Figure 6D-F). These data support the idea that ADM-2 is both required and 300 
sufficient to reduce sfGFP::Aβ aggregates in the cuticle. Thus, we propose the model that TIMP(CRI-2) 301 
inhibits ADAM (ADM-2) to either directly reduce Aβ aggregation or indirectly via ECM remodeling 302 
(Figure 6G).  303 
 304 
  305 
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Discussion 306 

Amyloid-beta plaques are a hallmark of Alzheimer's Disease. Collagen is consistently found within 307 

these plaques, but a functional relation between amyloid-beta and collagens has not been shown in 308 

vivo. We assessed the interaction between ECM components and regulators of ECM turnover for a 309 

potential mediating role in amyloid pathology, using novel C. elegans transgenic strains to express and 310 

secrete human amyloid beta; Aβ1-42. This amyloid beta was found to form two types of extracellular 311 

aggregates associated with underlying tissue type. Targeted genetic knockdown showed mediating 312 

effects on aggregation by several extracellular proteins, including collagens and metalloproteases. A 313 

complete absence of aggregation was observed for the knockdown of dpy-3 and col-8 collagens. From 314 

a selection of metalloproteases, A Disintegrin and Metalloprotease 2 (ADM-2) were found to be most 315 

effective in reducing amyloid-beta aggregation. We found overexpression of ADM-2 to be sufficient to 316 

remove extracellular Aβ aggregates in vivo. These findings support a potential active, mediating role 317 

for ECM components on Aβ aggregation. 318 

Generally, metalloproteases are known for their function in mediating ECM remodeling by 319 

cleaving collagens. While some collagens are long-lived ECM components, ECM turnover allows for 320 

damage repair (wound healing) or in response to other tissue demands, such as exercise (Ewald, 2019; 321 

Kritikaki et al., 2021; Xue & Jackson, 2015). In combination with the collagens we found, this could 322 

imply that ADM-2 assists in the removal of Aβ aggregates by remodeling the ECM. The collagen 323 

components that, when the expression is knocked down, suppress aggregate formation suggest that 324 

there are ECM composition requirements for aggregates to form. It is unclear if these specific collagens 325 

are required for direct interaction with Aβ before aggregate formation or if a more general structural 326 

composition within the ECM is required. However, these data support the concept that ECM dynamics 327 

are fundamental to Aβ aggregation, and ECM remodeling contributes to aggregate removal. 328 

Another category identified in the RNAi screen bridges the extracellular and intracellular 329 

environments and involves clathrin-mediated endocytosis, the sorting endosome, and (targeted) 330 

vesicle secretion. In our screen, knockdown of RAB-7 led to an abundant accumulation of small, bright 331 

green vesicles near the cuticle, while aggregates remained absent (Supporting figure 3). Furthermore, 332 

members of the ESCRT complex, as well as SNAREs and sorting nexins, were indicated to alter the 333 

localization, accumulation, and aggregate formation of Aβ. Conceptually, ECM remodeling and vesicle 334 

uptake and secretion may serve a common purpose regarding dynamic ECM adaptations. In the 335 

process of ECM turnover, metalloproteases are actively cleaving ECM components such as collagens 336 

and fibronectins (Shi & Sottile, 2011), and the resulting cleaved products are internalized via receptor-337 

mediated phagocytosis and degraded in the lysosome (Arora et al., 2000). Furthermore, to secrete 338 

metalloproteases, newly synthesized collagens, or Aβ to the ECM, the sorting endosome and (vesicle) 339 

secretion pathways are in play (Chang et al., 2021). As such, these seemingly distinct mechanisms could 340 

all work together for the collective purpose of extracellular aggregate removal. 341 

In recent work, ADM-2 overexpression was shown to lead to molting defects (Joseph et al., 342 

2021). To allow growth, the cuticle of C. elegans is shed and replaced by a new cuticle, secreted and 343 

deposited by hypodermal cells underneath the cuticle. Initiation of the molt requires the 344 

internalization of sterol hormones and activating a cascade of proteases to mediate the shedding of 345 

the old cuticle. As such, molting depends on ECM remodeling, in which ADM-2 plays an essential role. 346 

Interestingly, one of the potential targets of ADM-2 cleavage revealed in that work is LRP-1, the C. 347 

elegans low-density lipoprotein receptor orthologous to human LRP1 (Joseph et al., 2021). LRP-1 in C. 348 

elegans is a membrane-bound receptor, which can sequester sterols from the extracellular 349 

environment, and when internalized together, these sterols can initiate molting (Yochem et al., 1999).  350 
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ADM-2 is suggested to cleave LRP-1 and release it from the membrane, then referred to as 351 

sLRP. Although this sLRP-1 can still capture sterols, they are not internalized, leading to incomplete 352 

shedding of the cuticle (Joseph et al., 2021). Genes involved in C. elegans molting that are a hit in our 353 

screen are dab-1, hgrs-1, and apl-1. DAB-1 is a cytoplasmic adaptor protein involved in endocytosis. 354 

Endocytosis of sterols is essential for molting (Lažetić & Fay, 2017). HGRS-1 is a Vps27 ortholog, which 355 

recruits ESCRT machinery to endosomes. Inhibition of HGRS-1 leads to molting defects (Lažetić & Fay, 356 

2017). Interestingly, HGRS-1 and ADM-2 colocalize (Joseph et al., 2021), which suggests they may be 357 

involved in similar pathways through direct interaction. Loss of APL-1, the APP ortholog, causes lethal 358 

defects upon shedding the cuticle, which is rescued by the expression of the extracellular part of APL-359 

1 (Hornsten et al., 2007). The association of multiple genes involved in the molting process with an 360 

increase in sfGFP::Aβ load and aggregate formation in adult C. elegans suggests that changes in ECM 361 

dynamics can influence amyloid aggregate load. However, the exact role of ADM-2 and its potential 362 

targets needs further refining. 363 

The human ortholog of ADM-2, ADAM9, has been implicated in AD and is suggested to regulate 364 

the shedding of APP as an alpha-secretase, either indirectly by regulating ADAM10 or by functioning 365 

as an alpha-secretase itself, cleaving APP in a non-amyloidogenic manner (Asai et al., 2003; Moss et 366 

al., 2011). The cleavage site for alpha-secretase is situated in the middle of the Aβ fragment, potentially 367 

allowing direct cleavage of Aβ peptides. Moreover, human ADAM9 can be alternatively spliced, losing 368 

its transmembrane and cellular domains, resulting in an extracellular, active enzyme (Hotoda et al., 369 

2002). This could potentially be a way for ADM-2 to reach the Aβ aggregates in the cuticle. As an 370 

ortholog of ADAM9, ADM-2 could potentially cleave Aβ directly and, as such, assist in the removal of 371 

extracellular aggregates.  372 

In conclusion, we established an in-vivo model to trace Aβ aggregation in the extracellular 373 

matrix. Our findings suggest that activating ECM remodeling promotes aggregate removal and could 374 

become an important strategy to ameliorate AD disease progression.   375 

 376 

 377 

Materials and Methods 378 

Strain handling  379 

Preparation of NGM agar plates, feeding with OP50 Escherichia coli, and handling of C. elegans strains 380 

by picking as described by Stiernagle (Stiernagle, 2006). For maintenance of C. elegans strains, ten 381 

adults are picked and transferred to a fresh plate per generation and are kept at 15°C.  382 

C. elegans strains 383 

For the generation of the strain expressing the transgene sfGFP::Aβ, the germline of C. elegans N2 384 
Bristol (wild type) was injected with the plasmid pLSD134 at 50 ng/μL and pRF4 rol-6(su1006), also at 385 
50 ng/μL. The total concentration of DNA in the injection mix was 100 ng/μL. Plasmid pLSD134 was 386 
cloned by VectorBuilder. Detailed plasmid sequence and map are in Supplementary file 4. The 387 
extrachromosomal array was integrated into the genome using UV irradiation with the Stratagene UV 388 
Stratalinker 2400 (254 nm). The resulting integrated strain was backcrossed with N2 Bristol four times 389 
and named LSD2104, which was used throughout this study.  390 
To attain deletion of the genes cri-2, adm-2, col-99 and cle-1 in LSD2104(sfGFP::Aβ), LSD2104 was 391 
crossed to VC718 cri-2(gk314) V, RB2342 adm-2(ok3178) X, RB1165 col-99(ok1204) IV, and VC855 cle-392 
1(gk364) I; resulting in the strains LSD2165, LSD2201, LSD1056, and LSD1052 respectively. The double 393 
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mutant background with deletions for cri-2(gk314) and adm-2(ok3178) was generated by crossing 394 
LSD2165(sfGFP::Aβ, cri-2(gk314) V) with RB2342 adm-2(ok3178) X, resulting in the strain LSD2204.  395 
To induce overexpression of ADM-2 in LSD2104(sfGFP::Aβ) background, LSD2104 was injected with the 396 
plasmid pLSD170, hsp-16.2p::adm-2::mScarlet-I. This plasmid was designed to express ADM-2 with the 397 
mScarlet-I tag in the cellular compartment, so as not to obstruct enzymatic function. Plasmid pLSD170 398 
was cloned by VectorBuilder, and a detailed plasmid sequence and map are in Supplementary file 4. 399 
Injection of pLSD170 was performed with a total DNA concentration of 50 ng/μL. Exposure to UV to 400 
induce integration was not successful, and a non-integrated line, not exposed to UV, was maintained 401 
by selecting for expression of ADM-2::mScarlet-I, resulting in the strain LSD3014.  402 
More details on strains and primers for identification of strains are in Supplementary file 4.  403 

Induction of ss::sfGFP::Aβ expression 404 

Age-synchronized populations, as described by Teuscher (Teuscher, Statzer, et al., 2019) were grown 405 

at 20°C on NGM plates for 4 days until the young-adult stage. The heat shock was performed by placing 406 

the plates at 33°C for two hours, after which they were returned to 20°C. The assessment was 24h 407 

after heat shock induction unless otherwise mentioned. 408 

Assessment of GFP intensity 409 

The intensity of the GFP signal was obtained from imaging with an upright bright field fluorescence 410 

microscope, camera, and filter set according to (A. Teuscher & Ewald, 2018). Analysis software used is 411 

Fiji(Schindelin et al., 2012), with a program described in GitHub (Statzer et al., 2021), code accessible 412 

on github.com/JongsmaE/GreenIntensityCalculator. Briefly, the triple filter set is used to separate 413 

autofluorescence in the C. elegans gut from the GFP signal, and the autofluorescence appears yellow. 414 

The GFP intensity is calculated by the program as follows: the color image is split into green, blue, and 415 

red channels. Since yellow is an addition of green and red, green pixels are only counted if ‘green 416 

intensity’ > ‘red intensity’, and the red value is subtracted from the green value. The remaining green 417 

values are added up per selected area (worm) to obtain the total intensity. The number of pixels is 418 

counted as well to calculate the average intensity per pixel, in case one wants to account for animal 419 

size. A minimum of 20 animals are measured per condition. 420 

RNAi screen 421 

RNA interference plates are prepared as described before with the addition of carbenicillin (50 μg/mL) 422 

and Isopropyl -D-1-thiogalactopyranoside (IPTG) (1 mM) after autoclaving. These plates are seeded 423 

with bacteria carrying RNAi. These bacteria originate from the Vidal RNAi library (Rual et al., 2004) and 424 

Ahringer RNAi library (Fraser et al., 2000; Kamath et al., 2003). Clones were copied from the Vidal and 425 

Ahringer libraries by growth overnight at 37°C on an LB-agar plate containing carbenicillin (50 μg/mL) 426 

and tetracycline (12.5 μg/mL) (carb/tet) and consequently grown in liquid LB(+carb/tet) from a single 427 

colony. Sequence-confirmed glycerol stocks were stored at -80°C. For RNAi experiments, clones are 428 

selected from the frozen library at -80°C and grown overnight in liquid LB with ampicillin 50 μg/mL and 429 

tetracycline (12.5 μg/mL). The following day, the cultures were spun down, and the LB(amp/tet) 430 

medium was refreshed and filled to 5x the original volume. The cultures are allowed to grow for 3h, 431 

aiming to harvest them in the growth phase. They are then concentrated 20x and resuspended in LB 432 

supplemented with 1mM IPTG to induce replication of the RNAi. These were then seeded onto the 6 433 

cm RNAi plates, 500 μL each. Approximately 40 animals were allowed to feed at 20°C from larval stage 434 

1 to young adulthood before heat-shock induction. As a negative control, the empty vector pL4440 435 

was used. As a control for RNAi induction, a vector carrying RNAi for GFP is used. For the RNAi of genes 436 

that led to developmental delay, RNAi was repeated from the L4 stage to re-assess an effect on 437 
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sfGFP::Aβ intensity. Raw data are presented in Supplementary file 1, together with the list of hits, 438 

including developmental delay, in separate tabs of the file.  439 

Confocal imaging and FRAP 440 

Images of aggregation were taken using an upright confocal laser scanning microscope (CLSM) as 441 

described by Hess (Hess et al., 2019). Adaptations: 60/1.00 oil objective, excitation at 488 nm, an 442 

intensity of 0.3%, and a 2% agarose pad. Additionally, photobleaching was performed by exposing a 443 

selected region to UV (405nm) laser at 3% intensity for 17 seconds. Photobleached areas were 444 

observed for recovery of fluorescent signal from the first seconds up to four hours after 445 

photobleaching. 446 

 447 

Correlative light and electron microscopy (CLEM) 448 

C. elegans were fixed with 4 % formaldehyde and 0.1 % glutaraldehyde in 0.1 M sodium cacodylate 449 

buffer, immersed in gelatine 12%, cryoprotected with 2.3 M sucrose. Samples were frozen in liquid 450 

nitrogen, and using an ARTOS 3D ultracut system equipped with a cryochamber EM UC7 Leica, 110 nm 451 

ultrathin cryosections were collected on 7x7 mm silicon wafers with fluorescent beads (PS-Speck, 452 

ThermoFisher). Light microscopy images were acquired with a widefield microscope, Thunder Leica, 453 

objective 100x/1.44. Electron microscopy images from the very same section were taken with a SEM 454 

Auriga 40 Zeiss microscope at an acceleration voltage of 800 eV, with an InLens detector, pixel size 455 

4nm, and dwell time 100 us. Registration and alignment of the light and electron microscopy images 456 

were done with TrakEM2 (Cardona et al., 2012)  within the open-source platform Fiji (Schindelin et al., 457 

2012).  458 
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Figures  472 

473 
Figure 1. Expression of secreted human amyloid beta tagged with super-folder GFP. A) Genetic 474 

constructs used to generate transgenic C. elegans strains. SS indicates secretion sequence, UTR = 475 

untranslated region B) Hypothetical model of induction, expression, and secretion of sfGFP::Aβ in C. 476 
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elegans. After a single heat shock induction, sfGFP::Aβ is secreted and localizes to different tissues over 477 

time. C) Localization of sfGFP::Aβ to different tissues in C. elegans. The localization to the excretory 478 

canal and the coelomocytes confirm that the sfGFP::Aβ is secreted. D) Percentage of tissue type with 479 

sfGFP::Aβ over time. After production and secretion, most of the produced sfGFP::Aβ was flushed out, 480 

but some was retained at the cuticle up to 8 days after the induction event. E) Clearance of sfGFP::Aβ 481 

is significantly slowed >18h after induction compared to non-aggregating control sfGFP::Aβ(F20S, 482 

L35P). Data represented is the average from three independent repeats combined; repeats are shown 483 

in supporting figure 1E. Figure 1E, sub III image is from one of the repeats, unpaired, two-tailed t-484 

test.  ****: p < 0.0001. F) Representation of methods regarding the time of heat shock induction of 485 

expression and imaging or sample collection 24h after induction. G) Representative image of the 486 

transgenic line LSD2104 and localization of secreted sfGFP::Aβ. 487 

 488 

Supporting Figure 1.1. Time course of secreted amyloid beta. A) GFP-only and non-aggregating 489 

amyloid-beta showed similar induction as wild-type amyloid-beta. However, in contrast to wild-type 490 

amyloid-beta, GFP-only and non-aggregating amyloid-beta are efficiently removed within a 24h 491 

timespan. B) Tail end of A for better visibility. Plot: Tukey. 492 
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 493 

Supporting Figure 1.2. Quantification of the secreted amyloid-beta time course. Three independent 494 

trials were used to create the average for the main figure. Raw and normalized intensities are available 495 

in the data source file. A) Independent repeats are shown together with the average used as the main 496 

figure. Each trial was normalized to its peak (100%) intensity. Sub III contains the 24h timepoint for 497 

each repeat. The statistical test used was an unpaired, two-tailed t-test.  ****: p < 0.0001 for each. B) 498 

Raw intensity per independent trial, showing the variation within each. Plot: Tukey. C) The last few 499 

time points for each repeat showed the sfGFP::Aβ(F20S, L35P) values are still going down, while 500 

sfGFP::Aβ seems to plateau. Plotted: Tukey. 501 

 502 
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 503 

Figure 2. Secreted amyloid beta form aggregates at C. elegans ECM. A) The control strain 504 

sfGFP::Aβ(F20S, L35P) shows localization near the cuticle. However, the signal is relatively weak and 505 

uniform. Note. Image intensity enhanced, taken 16h after induction.  B) Two types of bright patterns, 506 

dubbed ‘moss’ and ‘flower’, can be observed for sfGFP::Aβ near the cuticle, 24h past induction of 507 

expression.  C, D) Fluorescence recovery after photobleaching shows both the moss (C) and flower (D) 508 

structures are immobile. Time of imaging up to 4h after bleaching.  E, F) Correlative light electron 509 

microscopy revealed localization to ECM structures. E) Localization of the “moss” structures to basal 510 

lamina when there is no muscle underneath. F) Localization of the “flower” structures to the cuticle 511 
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when there is muscle underneath. CZ: cortical zone of the cuticle, MZ: medial zone of the cuticle, BZ: 512 

basal zone of the cuticle. Scale bars are 10 m unless otherwise indicated. 513 

 514 
Supporting Figure 2.1. Flower and moss structures were not observed in the GFP-only strain. The 515 

GFP-only expression appears smooth and uniform in the animal and cuticle. A) Full-length GFP-only 516 

image, taken 16h after induction of expression. B) view at the cuticle of the GFP-only strain, 16h after 517 

induction, brightness enhanced 40%. 518 
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 519 

Supporting Figure 2.2. Location of sfGFP::Aβ apical to the hypodermis. A) Unedited fluorescence 520 

image. B) Unedited EM image. C) Crop of- and intensity reduced fluorescence image. D) Corresponding 521 

crop of the EM image, contrast adjusted. E) Overlay of EM image with the contour of GFP signal. F) 522 

Composite image of EM and fluorescence- adjusted, cropped images. Scale bar is 1000 nm. 523 
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 524 

Supporting Figure 2.3. Location of sfGFP::Aβ above the hypodermis. A) Unedited fluorescence image. 525 

B) Unedited EM image. C) Crop of- and intensity reduced fluorescence image. D) Corresponding crop 526 

of the EM image, contrast adjusted. E) Overlay of EM image with the contour of GFP signal. F) 527 

Composite image of EM and fluorescence- adjusted, cropped images. Scale bar is 1000 nm. 528 
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 529 

Supporting Figure 2.4. Location of sfGFP::Aβ in the cuticle. A) Unedited fluorescence image. B) 530 

Unedited EM image. C) Crop of- and intensity reduced fluorescence image. D) Corresponding crop of 531 

the EM image, contrast adjusted. E) Overlay of EM image with the contour of GFP signal. F) Composite 532 

image of EM and fluorescence- adjusted, cropped images. Scale bar is 1000 nm. 533 

 534 
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 535 

536 
Figure 3. Strategy for RNA interference screening identified genes involved in the removal of 537 

extracellular sfGFP::Aβ. A) Four RNAi libraries were designed based on their hypothesized potential 538 

to affect extracellular sfGFP::Aβ aggregation. The Matrisome library contains all extracellular C. 539 

elegans genes, the Anchoring library contains transmembrane genes, the Alzheimer’s disease library 540 

is based on a meta-analysis of C. elegans orthologs of human GWAS studies, and the healthy aging 541 

library consists of genes that have a protective role against aging-related disease. Of the 2381 genes 542 

assessed, 176 genes were found to either increase- or decrease sfGFP::Aβ load. B) Expected 543 

fluorescence phenotypes of suppressor or enhancer genes. Grown on individual RNA clones from the 544 

L1 larval stage, populations of about 45 animals were assessed for an increase- or decrease in GFP 545 

signal. An increase of signal would indicate decreased aggregate removal, while a decrease of GFP 546 
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signal would imply improved aggregate removal upon knockdown of target gene expression. C) 547 

Summary of categorization of hits shows relevant mechanisms to extracellular sfGFP::Aβ aggregate 548 

removal. Category 1 revealed screen hits in protein homeostasis, as expected when observing protein 549 

expression and turnover. Category 2 showed screen hits of orthologues of genes well known to be 550 

associated with Alzheimer’s disease in humans. Category 3 revealed screen hits of genes involved in 551 

vesicle uptake and release, processes essential to secretion and removal of extracellular proteins such 552 

as sfGFP::Aβ. Category 4 showed the involvement of metalloproteases and an inhibitor of 553 

metalloproteases. Selected candidate hits are shown; the full table and raw RNAi score are available 554 

in Supplementary file 2. 555 

 556 

Supporting Figure 3.1.  Vesicle and transport screening hits might prevent extracellular amyloid beta 557 

aggregation simply by blocking export. A)  Intensity per pixel for all follow-up hits for the ‘vesicle’ 558 
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group; genes involved in transport, secretion, or uptake of vesicle pathways. Similar results for the 559 

genes shown in A but here, as a representative, the follow-up results are only shown for rab-7 560 

knockdown. Knockdown by rab-7 RNAi showed high intensity of the GFP signal, yet no flower or moss 561 

aggregates at the cuticle. B, C) RNAi of rab-7 (representative image C) showed a remarkable increase 562 

in GFP intensity compared to the empty vector (representative image B). Scale bars are 50 μm. D) rab-563 

7 RNAi showed a high density of vesicles near the cuticle, yet no moss or flower pattern of aggregation. 564 

Scale bar is 50 μm. 565 

 566 

Figure 4. Collagens knockdown prevented or promoted extracellular sfGFP::Aβ aggregation. A) 567 

Collagen knockdowns that initially showed an increase in GFP intensity were followed up by 568 
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observation of aggregate formation on the cuticle. RNAi of collagens dpy-3 and col-89 showed no 569 

sfGFP::Aβ aggregates. Statistics: ordinary two-way ANOVA, error bars SEM. B, C) The lack of sfGFP::Aβ 570 

aggregates could be due to a structural requirement or indirectly due to increased turnover of 571 

collagens at the ECM. To separate the two, RNAi initiated from the first larval stage (L1) was compared 572 

to RNAi initiated from the last (L4) larval stage; the latter should only take effect after the cuticle has 573 

been fully formed. B) Score for aggregates as the % of the population. Statistics: ordinary two-way 574 

ANOVA, error bars SEM. C) Normalized GFP intensity. Statistics: ANOVA, plotted: Tukey. D, E) Knockout 575 

of cle-1(gk364), the ortholog of COL18A1, showed a significant reduction of sfGFP::Aβ intensity, 576 

combined with a mild reduction in flower aggregate formation. Statistics: ANOVA, error bars SEM. F) 577 

Numbers represent individual trials for the categorized phenotype. n observed gives the total number 578 

of times the experiment was performed. RNAi of conserved collagens showed no effect on sfGFP::Aβ. 579 

G) Colocalization of sfGFP::Aβ and collagen type IV/emb-9::mCherry showed the moss aggregates in 580 

the region of the hypodermis (absence of muscle tissue underneath). H) Colocalization of sfGFP::Aβ 581 

and collagen type IV/emb-9::mCherry showed the flower aggregates in the region of the muscle tissue. 582 
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 583 

Supporting Figure 4.1. Co- localization of sfGFP::Aβ and collagen type IV/emb-9::mCherry revealed 584 

that the moss aggregates consistently colocalize to the hypodermis in the absence of muscle tissue 585 

underneath. A) GFP signal image. B) mCherry signal image. C) Normal light image. D) All three merged 586 

images. Scale bar 10 μm E) GFP and mCherry signals fused. 587 
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 588 

Supporting Figure 4.2. Colocalization of sfGFP::Aβ and collagen type IV/emb-9::mCherry revealed 589 

the flower aggregates consistently colocalize above the muscle tissue. A) GFP signal image, B) 590 

mCherry signal image C) Normal light image D) All three merged images, scale bar 10 μm E) GFP and 591 

mCherry signals fused. 592 
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 593 

594 
Supporting Figure 4.3. Colocalization of sfGFP::Aβ and collagen type IV/emb-9::mCherry showed that 595 

they do not colocalize. Rather, the GFP seems to localize to the cuticle while the mCherry is situated 596 

just below the cuticle. Scale bar 10 μm. 597 
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 598 

Figure 5. Regulation of ECM structure and turnover influences aggregates. A, B) Exposure to the 599 

metalloproteinase-inhibiting drug batimastat showed a marked increase in sfGFP::Aβ; suggesting 600 

reduced removal. A) representative image of the GFP intensity on the DMSO control treatment and 601 

representative image of the GFP intensity on the batimastat treatment B) Combined, normalized data 602 

of three independent trials. Statistics: unpaired t-test. Error bars SEM. C) The deletion of the Tissue 603 

Inhibitor of MetalloProteases (TIMP) cri-2(gk314) showed a decrease of sfGFP::Aβ load, suggesting 604 

increased activity of metalloproteases. Statistics: unpaired t-test. Error bars SEM. D, E) To determine 605 

which metalloprotease under the regulation of CRI-2 showed the most potential to assist in the 606 

removal of extracellular sfGFP::Aβ, GFP intensities per population were measured for RNAi of several 607 

individual metalloproteases and compared between the wildtype and cri-2 mutant background. Loss 608 

of ADM-2 showed the largest increase in sfGFP::Aβ intensity and was selected for follow-up. Plotted: 609 

normalized mean of independent trials (each trial is one dot) with SEM.  610 

 611 
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612 
Supporting Figure 5.1. Secreted sfGFP::Aβ intensities were similar in induction between wildtype 613 

and cri-2(gk314) backgrounds, yet, at 24h, less GFP signal is found for the cri-2(gk314) background. 614 

Black line: mean. Error: SEM. A) total intensity measured per worm every second hour after induction 615 

up to 24h. Every point represents the GFP intensity of one worm. Black line: mean. Error: SEM. B) 616 

Cropped 12-24h for better resolution of the tail end of the graph in A. C) cropped to the 24h timepoint 617 

for better resolution of the difference between wildtype and cri-2 mutant background. Statistics: 618 

unpaired t-test, P value 0.0201. 619 
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 620 

Figure 6. ADM-2 was required and sufficient to remove extracellular sfGFP::Aβ. A) The GFP intensity 621 

for sfGFP::Aβ was reduced in the cri-2 mutant background. Loss of adm-2 increased sfGFP::Aβ 622 

intensity, even in the cri-2/adm-2 double mutant. Data were combined from four independent 623 

experiments. Statistics: ordinary two-way ANOVA. Plotted bars are mean with SEM. B, C) Similarly, loss 624 

of cri-2 resulted in fewer animals with flower and moss aggregations, while loss of adm-2 increased 625 

both aggregation types. Loss of cri-2 and adm-2 in the double mutant background showed that other 626 

metalloproteases could not compensate for the loss of adm-2 regarding the removal of extracellular 627 

aggregates; suggesting that adm-2 was required for the removal of extracellular sfGFP::Aβ aggregates. 628 

Statistics: ANOVA. Plotted is the percentage of the population positive for aggregation type, one dot 629 

per experiment, bars are mean with SEM. D) Visual representation of the observation that 630 

overexpression of adm-2 (ADM-2 oe) led to a reduction of extracellular sfGFP::Aβ aggregates. E, F) 631 

Overexpression of ADM-2 was sufficient to lead to a significant reduction of sfGFP::Aβ aggregates, both 632 

in count and intensity of aggregates, measured 48h after induction of transgene expression. Data is 633 
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the intensity and count measures over two independent experiments. Plotted are mean and SEM. 634 

Statistical analysis: unpaired t-test. G) Schematic representation of the mechanisms in which ADM-2, 635 

under regulation by CRI-2, either directly or indirectly assisted in removing extracellular sfGFP::Aβ 636 

aggregates. 637 

 638 

Supporting Figure 6.1 Intracellular ADM-2::mScarlet-I did not colocalize with sfGFP::Aβ. A, B) No 639 

colocalization of intracellular ADM-2::mScarlet-I and secreted sfGFP::Aβ aggregates A) Merged image 640 

of normal light, GFP and mScarlet-I B) The same image as A, without the normal light, merged mScarlet-641 

I and GFP signal. C, D) No colocalization of ADM-2::mScarlet-I and sfGFP::Aβ was observed at the 642 

cuticle. C) Merged image of normal light, GFP, and mScarlet-I D) The same image as C, without the 643 

normal light, merged mScarlet-I and GFP signal. Scale bars 50 μm. 644 

 645 
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646 
Supporting Figure 6.2 Overexpression of ADM-2 is sufficient to lead to a significant reduction of 647 

sfGFP::Aβ aggregates. Both the count and intensity of moss aggregates were reduced, but not of 648 

flower aggregates, when measured 24h after induction of ADM-2 overexpression. Data is the intensity 649 

and count measures over two independent experiments. Plotted are mean and SEM. Statistical 650 

analysis: unpaired t-test.   651 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

32 

References 652 

Ackley, B. D., Crew, J. R., Elamaa, H., Pihlajaniemi, T., Kuo, C. J., & Kramer, J. M. (2001). The 653 

Nc1/Endostatin Domain of Caenorhabditis elegans Type Xviii Collagen Affects Cell Migration and 654 

Axon Guidance. Journal of Cell Biology, 152(6), 1219–1232. 655 

https://doi.org/10.1083/JCB.152.6.1219 656 

Alzheimer’s Facts and Figures Report | Alzheimer’s Association. (n.d.). Retrieved May 6, 2022, from 657 

https://www.alz.org/alzheimers-dementia/facts-figures 658 

Apostolakou, A. E., Sula, X. K., Nastou, K. C., Nasi, G. I., & Iconomidou, V. A. (2021). Exploring the 659 

conservation of Alzheimer-related pathways between H. sapiens and C. elegans: a network 660 

alignment approach. Scientific Reports, 11(1), 1–11. https://doi.org/10.1038/s41598-021-661 

83892-9 662 

Arora, P. D., Manolson, M. F., Downey, G. P., Sodek, J., & McCulloch, C. A. G. (2000). A novel model 663 

system for characterization of phagosomal maturation, acidification, and intracellular collagen 664 

degradation in fibroblasts. Journal of Biological Chemistry, 275(45), 35432–35441. 665 

https://doi.org/10.1074/jbc.M003221200 666 

Asai, M., Hattori, C., Szabó, B., Sasagawa, N., Maruyama, K., Tanuma, S. I., & Ishiura, S. (2003). 667 

Putative function of ADAM9, ADAM10, and ADAM17 as APP α-secretase. Biochemical and 668 

Biophysical Research Communications, 301(1), 231–235. https://doi.org/10.1016/S0006-669 

291X(02)02999-6 670 

Asikainen, S., Vartiainen, S., Lakso, M., Nass, R., & Wong, G. (2005). Selective sensitivity of 671 

Caenorhabditis elegans neurons to RNA interference. Neuroreport, 16(18), 1995–1999. 672 

https://doi.org/10.1097/00001756-200512190-00005 673 

Bacaj, T., & Shaham, S. (2007). Temporal Control of Cell-Specific Transgene Expression in 674 

Caenorhabditis elegans. Genetics, 176(4), 2651–2655. 675 

https://doi.org/10.1534/GENETICS.107.074369 676 

Cardona, A., Saalfeld, S., Schindelin, J., Arganda-Carreras, I., Preibisch, S., Longair, M., Tomancak, P., 677 

Hartenstein, V., & Douglas, R. J. (2012). TrakEM2 Software for Neural Circuit Reconstruction. 678 

PLOS ONE, 7(6), e38011. https://doi.org/10.1371/JOURNAL.PONE.0038011 679 

Chang, J., Pickard, A., Garva, R., Lu, Y., Gullberg, D., & Kadler, K. E. (2021). The endosome is a master 680 

regulator of plasma membrane collagen fibril assembly. BioRxiv, 2021.03.25.436925. 681 

https://doi.org/10.1101/2021.03.25.436925 682 

Cheng, J. S., Dubal, D. B., Kim, D. H., Legleiter, J., Cheng, I. H., Yu, G. Q., Tesseur, I., Wyss-Coray, T., 683 

Bonaldo, P., & Mucke, L. (2009). Collagen VI protects neurons against Aβ toxicity. Nature 684 

Neuroscience 2008 12:2, 12(2), 119–121. https://doi.org/10.1038/nn.2240 685 

Chou, C. W., Huang, Y. K., Kuo, T. T., Liu, J. P., & Sher, Y. P. (2020). An overview of ADAM9: Structure, 686 

activation, and regulation in human diseases. In International Journal of Molecular Sciences 687 

(Vol. 21, Issue 20, pp. 1–22). MDPI AG. https://doi.org/10.3390/ijms21207790 688 

Elbert, D. L., Patterson, B. W., Lucey, B. P., Benzinger, T. L. S., & Bateman, R. J. (2022). Importance of 689 

CSF-based Aβ clearance with age in humans increases with declining efficacy of blood-brain 690 

barrier/proteolytic pathways. Communications Biology 2022 5:1, 5(1), 1–13. 691 

https://doi.org/10.1038/s42003-022-03037-0 692 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

33 

Erikson, G. A., Bodian, D. L., Rueda, M., Niederhuber, J. E., Topol, E. J., Torkamani, A., Erikson, G. A., 693 

Bodian, D. L., Rueda, M., Molparia, B., Scott, E. R., Zeeland, A. A. S., Topol, S. E., Wineinger, N. 694 

E., Niederhuber, J. E., Topol, E. J., & Torkamani, A. (2016). Whole-Genome Sequencing of a 695 

Healthy Aging Resource Whole-Genome Sequencing of a Healthy Aging Cohort. Cell, 165(4), 696 

1002–1011. https://doi.org/10.1016/j.cell.2016.03.022 697 

Ewald, C. Y. (2019). The matrisome during aging and longevity: a systems-level approach towards 698 

defining matreotypes promoting healthy aging. Gerontology, 66(3), 266. 699 

https://doi.org/10.1159/000504295 700 

Ewald, C. Y., & Li, C. (2010). Understanding the molecular basis of Alzheimer’s disease using a 701 

Caenorhabditis elegans model system. In Brain Structure and Function (Vol. 214, Issues 2–3, pp. 702 

263–283). Brain Struct Funct. https://doi.org/10.1007/s00429-009-0235-3 703 

Ewald, C. Y., & Li, C. (2012). Caenorhabditis elegans as a model organism to study APP function. In 704 

Experimental Brain Research (Vol. 217, Issues 3–4, pp. 397–411). Springer. 705 

https://doi.org/10.1007/s00221-011-2905-7 706 

Ewald, C. Y., Marfil, V., & Li, C. (2016). Alzheimer-related protein APL-1 modulates lifespan through 707 

heterochronic gene regulation in Caenorhabditis elegans. Aging Cell, 15(6), 1051–1062. 708 

https://doi.org/10.1111/ACEL.12509 709 

Farkas, E., de Jong, G. I., de Vos, R. A. I., Jansen Steur, E. N. H., & Luiten, P. G. M. (2000). Pathological 710 

features of cerebral cortical capillaries are doubled in Alzheimer’s disease and Parkinson’s 711 

disease. Acta Neuropathologica, 100(4), 395–402. https://doi.org/10.1007/s004010000195 712 

Forsell, C., Björk, B. F., Lilius, L., Axelman, K., Fabre, S. F., Fratiglioni, L., Winblad, B., & Graff, C. 713 

(2010). Genetic association to the amyloid plaque associated protein gene COL25A1 in 714 

Alzheimer’s disease. Neurobiology of Aging, 31(3), 409–415. 715 

https://doi.org/10.1016/J.NEUROBIOLAGING.2008.04.009 716 

Fraser, A. G., Kamath, R. S., Zipperlen, P., Martinez-Campos, M., Sohrmann, M., & Ahringer, J. (2000). 717 

Functional genomic analysis of C. elegans chromosome I by systematic RNA interference. 718 

Nature, 408(6810), 325–330. https://doi.org/10.1038/35042517 719 

Hashimoto, T., Fujii, D., Naka, Y., Kashiwagi-Hakozaki, M., Matsuo, Y., Matsuura, Y., Wakabayashi, T., 720 

& Iwatsubo, T. (2020). Collagenous Alzheimer amyloid plaque component impacts on the 721 

compaction of amyloid-β plaques. Acta Neuropathologica Communications, 8(1), 1–18. 722 

https://doi.org/10.1186/S40478-020-01075-5/FIGURES/9 723 

Heljasvaara, R., Aikio, M., Ruotsalainen, H., & Pihlajaniemi, T. (2017). Collagen XVIII in tissue 724 

homeostasis and dysregulation — Lessons learned from model organisms and human patients. 725 

Matrix Biology, 57–58, 55–75. https://doi.org/10.1016/J.MATBIO.2016.10.002 726 

Hess, M., Gomariz, A., Goksel, O., & Ewald, C. Y. (2019). In-vivo quantitative image analysis of age-727 

related morphological changes of C. elegans neurons reveals a correlation between neurite 728 

bending and novel neurite outgrowths. ENeuro, 6(4), 1–13. 729 

https://doi.org/10.1523/ENEURO.0014-19.2019 730 

Hornsten, A., Lieberthal, J., Fadia, S., Malins, R., Ha, L., Xu, X., Daigle, I., Markowitz, M., O’Connor, G., 731 

Plasterk, R., & Li, C. (2007). APL-1, a Caenorhabditis elegans protein related to the human β-732 

amyloid precursor protein, is essential for viability. Proceedings of the National Academy of 733 

Sciences of the United States of America, 104(6), 1971. 734 

https://doi.org/10.1073/PNAS.0603997104 735 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

34 

Hotoda, N., Koike, H., Sasagawa, N., & Ishiura, S. (2002). A secreted form of human ADAM9 has an α-736 

secretase activity for APP. Biochemical and Biophysical Research Communications, 293(2), 800–737 

805. https://doi.org/10.1016/S0006-291X(02)00302-9 738 

Jacobsen, J. A., Major Jourden, J. L., Miller, M. T., & Cohen, S. M. (2010). To bind zinc or not to bind 739 

zinc: An examination of innovative approaches to improved metalloproteinase inhibition. In 740 

Biochimica et Biophysica Acta - Molecular Cell Research (Vol. 1803, Issue 1, pp. 72–94). Elsevier. 741 

https://doi.org/10.1016/j.bbamcr.2009.08.006 742 

Joseph, B. B., Meadows, S., Edeen, P. T., Binti, S., & Fay, D. S. (2021). An unexpected role for the 743 

conserved ADAM-family metalloprotease ADM-2 in Caenorhabditis elegans molting. BioRxiv, 744 

2021.12.15.472830. https://doi.org/10.1101/2021.12.15.472830 745 

Kalaria, R. N., & Pax, A. B. (1995). Increased collagen content of cerebral microvessels in Alzheimer’s 746 

disease. Brain Research, 705(1–2), 349–352. https://doi.org/10.1016/0006-8993(95)01250-8 747 

Kamath, R. S., Fraser, A. G., Dong, Y., Poulin, G., Durbin, R., Gotta, M., Kanapin, A., le Bot, N., Moreno, 748 

S., Sohrmann, M., Welchman, D. P., Zipperien, P., & Ahringer, J. (2003). Systematic functional 749 

analysis of the Caenorhabditis elegans genome using RNAi. Nature, 421(6920), 231–237. 750 

https://doi.org/10.1038/nature01278 751 

Kiuchi, Y., Isobe, Y., & Fukushima, K. (2002). Type IV collagen prevents amyloid β-protein fibril 752 

formation. Life Sciences, 70(13), 1555–1564. https://doi.org/10.1016/S0024-3205(01)01528-4 753 

Kiuchi, Y., Isobe, Y., Fukushima, K., & Kimura, M. (2002). Disassembly of amyloid β-protein fibril by 754 

basement membrane components. Life Sciences, 70(20), 2421–2431. 755 

https://doi.org/10.1016/S0024-3205(02)01501-1 756 

Kritikaki, E., Asterling, R., Ward, L., Padget, K., Barreiro, E., & Simoes, D. C. M. (2021). Exercise 757 

training‐induced extracellular matrix protein adaptation in locomotor muscles: A systematic 758 

review. Cells, 10(5). https://doi.org/10.3390/CELLS10051022/S1 759 

Lažetić, V., & Fay, D. S. (2017). Molting in C. elegans. Worm, 6(1), e1330246. 760 

https://doi.org/10.1080/21624054.2017.1330246 761 

Lepelletier, F.-X., Mann, D. M. A., Robinson, A. C., Pinteaux, E., & Boutin, H. (2017). Early changes in 762 

extracellular matrix in Alzheimer’s disease. Neuropathology and Applied Neurobiology, 43(2), 763 

167–182. https://doi.org/10.1111/nan.12295 764 

Letoha, T., Hudák, A., Kusz, E., Pettkó-Szandtner, A., Domonkos, I., Jósvay, K., Hofmann-Apitius, M., & 765 

Szilák, L. (2019). Contribution of syndecans to cellular internalization and fibrillation of amyloid-766 

β(1–42). Scientific Reports 2019 9:1, 9(1), 1–17. https://doi.org/10.1038/s41598-018-37476-9 767 

Link, C. D. (1995). Expression of human β-amyloid peptide in transgenic Caenorhabditis elegans. 768 

Proceedings of the National Academy of Sciences of the United States of America, 92(20), 9368–769 

9372. https://doi.org/10.1073/pnas.92.20.9368 770 

Ma, J., Ma, C., Li, J., Sun, Y., Ye, F., Liu, K., & Zhang, H. (2020). Extracellular Matrix Proteins Involved in 771 

Alzheimer’s Disease. Chemistry - A European Journal, 26(53), 12101–12110. 772 

https://doi.org/10.1002/CHEM.202000782 773 

Mateos, J. M., Barmettler, G., Doehner, J., Kaech, A., & Ziegler, U. (2018). Direct imaging of uncoated 774 

biological samples enables correlation of super-resolution and electron microscopy data. 775 

Scientific Reports 2018 8:1, 8(1), 1–8. https://doi.org/10.1038/s41598-018-29970-x 776 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

35 

McColl, G., Roberts, B. R., Gunn, A. P., Perez, K. A., Tew, D. J., Masters, C. L., Barnham, K. J., Cherny, R. 777 

A., & Bush, A. I. (2009). The Caenorhabditis elegans Aβ1-42 model of Alzheimer disease 778 

predominantly Expresses Aβ 3-42. Journal of Biological Chemistry, 284(34), 22697–22702. 779 

https://doi.org/10.1074/jbc.C109.028514 780 

Mccoll, G., Roberts, B. R., Pukala, T. L., Kenche, V. B., Roberts, C. M., Link, C. D., Ryan, T. M., Masters, 781 

C. L., Barnham, K. J., Bush, A. I., & Cherny, R. A. (2012). Utility of an improved model of amyloid-782 

beta (Aβ1-42) toxicity in Caenorhabditis elegans for drug screening for Alzheimer’s disease. 783 

Molecular Neurodegeneration, 7(1), 57. https://doi.org/10.1186/1750-1326-7-57 784 

Mortality and global health estimates. (n.d.). Retrieved May 6, 2022, from 785 

https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates 786 

Moss, M. L., Powell, G., Miller, M. A., Edwards, L., Qi, B., Sang, Q. X. A., de Strooper, B., Tesseur, I., 787 

Lichtenthaler, S. F., Taverna, M., Zhong, J. L., Dingwall, C., Ferdous, T., Schlomann, U., Zhou, P., 788 

Griffith, L. G., Lauffenburger, D. A., Petrovich, R., & Bartsch, J. W. (2011). ADAM9 inhibition 789 

increases membrane activity of ADAM10 and controls α-secretase processing of amyloid 790 

precursor protein. Journal of Biological Chemistry, 286(47), 40443–40451. 791 

https://doi.org/10.1074/jbc.M111.280495 792 

Nagase, H., Visse, R., & Murphy, G. (2006). Structure and function of matrix metalloproteinases and 793 

TIMPs. Cardiovascular Research, 69(3), 562–573. 794 

https://doi.org/10.1016/J.CARDIORES.2005.12.002/2/69-3-562-FIG3.GIF 795 

Narindrasorasak, S., Altman, R. A., Gonzalez-DeWhitt, P., Greenberg, B. D., & Kisilevsky, R. (1995). An 796 

interaction between basement membrane and Alzheimer amyloid precursor proteins suggests a 797 

role in the pathogenesis of Alzheimer’s disease. Laboratory Investigation, 72(3), 272–282. 798 

Nguyen, B., Bix, G., & Yao, Y. (2021). Basal lamina changes in neurodegenerative disorders. In 799 

Molecular Neurodegeneration (Vol. 16, Issue 1, p. 81). BioMed Central Ltd. 800 

https://doi.org/10.1186/s13024-021-00502-y 801 

Pédelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C., & Waldo, G. S. (2006). Engineering and 802 

characterization of a superfolder green fluorescent protein. Nature Biotechnology, 24(1), 79–803 

88. https://doi.org/10.1038/nbt1172 804 

Rual, J. F., Ceron, J., Koreth, J., Hao, T., Nicot, A. S., Hirozane-Kishikawa, T., Vandenhaute, J., Orkin, S. 805 

H., Hill, D. E., van den Heuvel, S., & Vidal, M. (2004). Toward improving Caenorhabditis elegans 806 

phenome mapping with an ORFeome-based RNAi library. Genome Research, 14(10 B), 2162–807 

2168. https://doi.org/10.1101/gr.2505604 808 

Sagare, A., Deane, R., Bell, R. D., Johnson, B., Hamm, K., Pendu, R., Marky, A., Lenting, P. J., Wu, Z., 809 

Zarcone, T., Goate, A., Mayo, K., Perlmutter, D., Coma, M., Zhong, Z., & Zlokovic, B. v. (2007). 810 

Clearance of amyloid-β by circulating lipoprotein receptors. Nature Medicine, 13(9), 1029–1031. 811 

https://doi.org/10.1038/nm1635 812 

Sandhu, A., Badal, D., Sheokand, R., Tyagi, S., & Singh, V. (2021). Specific collagens maintain the 813 

cuticle permeability barrier in Caenorhabditis elegans. Genetics, 217(3). 814 

https://doi.org/10.1093/GENETICS/IYAA047 815 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., Rueden, 816 

C., Saalfeld, S., Schmid, B., Tinevez, J. Y., White, D. J., Hartenstein, V., Eliceiri, K., Tomancak, P., & 817 

Cardona, A. (2012). Fiji: an open-source platform for biological-image analysis. Nature Methods 818 

2012 9:7, 9(7), 676–682. https://doi.org/10.1038/nmeth.2019 819 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

36 

Shi, F., & Sottile, J. (2011). MT1-MMP regulates the turnover and endocytosis of extracellular matrix 820 

fibronectin. Journal of Cell Science, 124(23), 4039–4050. https://doi.org/10.1242/jcs.087858 821 

Statzer, C., Jongsma, E., Liu, S. X., Dakhovnik, A., Wandrey, F., Mozharovskyi, P., Zülli, F., & Ewald, C. 822 

Y. (2021). Youthful and age‐related matreotypes predict drugs promoting longevity. Aging Cell, 823 

20(9), e13441. https://doi.org/10.1111/acel.13441 824 

Tajbakhsh, A., Read, M., Barreto, G. E., Ávila-Rodriguez, M., Gheibi-Hayat, S. M., & Sahebkar, A. 825 

(2021). Apoptotic neurons and amyloid-beta clearance by phagocytosis in Alzheimer’s disease: 826 

Pathological mechanisms and therapeutic outlooks. European Journal of Pharmacology, 895, 827 

173873. https://doi.org/10.1016/J.EJPHAR.2021.173873 828 

Teuscher, A. C., Jongsma, E., Davis, M. N., Statzer, C., Gebauer, J. M., Naba, A., & Ewald, C. Y. (2019). 829 

The in-silico characterization of the Caenorhabditis elegans matrisome and proposal of a novel 830 

collagen classification. Matrix Biology Plus, 1, 100001. 831 

https://doi.org/10.1016/j.mbplus.2018.11.001 832 

Teuscher, A. C., Statzer, C., Pantasis, S., Bordoli, M. R., & Ewald, C. Y. (2019). Assessing collagen 833 

deposition during aging in Mammalian tissue and in Caenorhabditis elegans. In Methods in 834 

Molecular Biology. https://doi.org/10.1007/978-1-4939-9095-5_13 835 

Tong, Y., Xu, Y., Scearce-Levie, K., Ptáček, L. J., & Fu, Y. H. (2010). COL25A1 triggers and promotes 836 

Alzheimer’s disease-like pathology in vivo. Neurogenetics, 11(1), 41. 837 

https://doi.org/10.1007/S10048-009-0201-5 838 

Vahdati Nia, B., Kang, C., Tran, M. G., Lee, D., & Murakami, S. (2017). Meta Analysis of Human 839 

AlzGene Database: Benefits and Limitations of Using C. elegans for the Study of Alzheimer’s 840 

Disease and Co-morbid Conditions. Frontiers in Genetics, 8(MAY), 55. 841 

https://doi.org/10.3389/fgene.2017.00055 842 

Van Horssen, J., Wilhelmus, M. M. M., Heljasvaara, R., Pihlajaniemi, T., Wesseling, P., De Waal, R. M. 843 

W., & Verbeek, M. M. (2002). Collagen XVIII: a Novel Heparan Sulfate Proteoglycan Associated 844 

with Vascular Amyloid Depositions and Senile Plaques in Alzheimer’s Disease Brains. Brain 845 

Pathology, 12(4), 456–462. https://doi.org/10.1111/J.1750-3639.2002.TB00462.X 846 

Wurth, C., Guimard, N. K., & Hecht, M. H. (2002). Mutations that reduce aggregation of the 847 

alzheimer℉s Aβ42 peptide: An unbiased search for the sequence determinants of Aβ 848 

amyloidogenesis. Journal of Molecular Biology, 319(5), 1279–1290. 849 

https://doi.org/10.1016/S0022-2836(02)00399-6 850 

Xue, M., & Jackson, C. J. (2015). Extracellular Matrix Reorganization During Wound Healing and Its 851 

Impact on Abnormal Scarring. Advances in Wound Care, 4(3), 119–136. 852 

https://doi.org/10.1089/wound.2013.0485 853 

Yochem, J., Tuck, S., Greenwald, I., & Min, H. (1999). A gp330/megalin-related protein is required in 854 

the major epidermis of Caenorhabditis elegans for completion of molting. Development 855 

(Cambridge, England), 126(3), 597–606. https://doi.org/10.1242/DEV.126.3.597 856 

Zhao, Z., Sagare, A. P., Ma, Q., Halliday, M. R., Kong, P., Kisler, K., Winkler, E. A., Ramanathan, A., 857 

Kanekiyo, T., Bu, G., Owens, N. C., Rege, S. v., Si, G., Ahuja, A., Zhu, D., Miller, C. A., Schneider, J. 858 

A., Maeda, M., Maeda, T., … Zlokovic, B. v. (2015). Central role for PICALM in amyloid-β blood-859 

brain barrier transcytosis and clearance. Nature Neuroscience 2015 18:7, 18(7), 978–987. 860 

https://doi.org/10.1038/nn.4025 861 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

37 

 862 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 16, 2022. ; https://doi.org/10.1101/2022.09.14.507993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507993
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Removal of extracellular human amyloid beta aggregates by extracellular proteases in C. elegans

