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SUMMARY 11 

Vast numbers of elongated collagen fibrils are assembled in the extracellular matrix during 12 

development then persist unchanged throughout life to maintain tissue shape.  How cells distinguish 13 

between the synthesis of new fibrils and elongation of existing fibrils cannot be explained with our 14 

current understanding of protein secretion. Using CRISPR/Cas9 endogenous engineering of cells to 15 

express collagen-I containing photoswitchable and bioluminescent tags, we showed that fibroblasts 16 

secrete 100,000 collagen-I molecules/h via the conventional ER-Golgi pathway whereas fibril 17 

formation occurs at the plasma membrane at times longer than 24 h and requires functional 18 

lysosomes that store procollagen, without degradation, with a t½ of 70 h.  We showed that cells from 19 

patients with lysosomal storage disorders exhibit impaired collagen fibril assembly. Thus, we have 20 

uncovered distinct transport routes for collagen fibril nucleation versus elongation.  We suggest 21 

targeting lysosomal function could be a new approach for treating collagenopathies for which cures 22 

are unavailable.  23 

INTRODUCTION 24 

The ability of proteins to polymerize into elongated filaments, microfibrils and fibrils is essential for 25 

life.  However, the mechanisms that determine how many assembly units (monomers, dimers or 26 

multimers depending on the protein) are used to initiate new polymers or grow pre-formed polymers 27 

are not fully understood.  This is especially true for collagen fibrils, which are the most abundant 28 

protein polymer in vertebrates, accounting for ~ 25% of total body protein mass (Smejkal and 29 

Fitzgerald, 2017).  The fibrils are D-periodic (where D ~ 67 nm), can be centimeters in length (Craig et 30 

al., 1989), and range in diameter from ~12 nm to ~300 nm (Parry et al., 1978) depending on tissue and 31 

stage of development, and provide sites of attachment for a wide range of macromolecules including 32 

signaling complexes and cell receptors (Wickstrom and Fassler, 2011).  In most tissues including skin, 33 

cornea, blood and lymphatic vessels, and musculoskeletal tissues, the fibrils occupy the vast majority 34 

of the tissue volume with large numbers of fibrils arranged in elaborate three-dimensional scaffolds 35 

that maintain tissue shape and mechanical integrity, even when the cells have been removed (e.g., 36 

see (Hodgson et al., 2018; Song et al., 2013)).  The interdependence of the physiological requirements 37 

of the tissue and the number, size and arrangement of collagen fibrils means that a robust cellular 38 

mechanism must in place to regulate the nucleation of new fibrils or to grow existing fibrils.  However, 39 

if and how cells distinguish between fibril nucleation and elongation cannot be explained by our 40 

current understanding of collagen synthesis.  This decision is critical to tissue health because once 41 
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formed, the fibrils are permanent and persist throughout life without being replaced (Heinemeier et 42 

al., 2013; Heinemeier et al., 2016; Vaben et al., 2020).   43 

Progress in understanding how cells regulate collagen fibril assembly has been hampered because 44 

individual collagen fibrils are too narrow to be visualized by light microscopy, tagging strategies have 45 

not been developed to visualize fibril assembly in real time, and electron microscopy provides 46 

information only on pre-formed fibrils.  Consequently, much of what we understand about collagen 47 

fibril assembly has come from in vitro studies using purified collagen. Collagen is readily solubilized 48 

from animal tissues into dilute acidic solution in which it remains stable for extended periods of time 49 

without unfolding or denaturation of the triple helix.  Neutralization of these acidic solutions produces 50 

opaque gels containing D-periodic fibrils. This method of generating collagen fibrils was established in 51 

the 1950s (e.g. (Jackson and Fessler, 1955)) and continues to be widely used today to generate 52 

collagen fibrils in vitro. Fibrils can also be formed in vitro at neutral pH by cleaving the N- and C- 53 

terminal propeptides of procollagen with ADAMTS2 and BMP-1, respectively (Kadler et al., 1990).  54 

Thus, there is compelling evidence that protein self-assembly is a major aspect of collagen fibril 55 

assembly.  However, fibrils formed in vitro have no defined alignment, diameter, or length; thus, a 56 

motivation for our study was to understand how cells exert control over the self-assembly process in 57 

vivo.  58 

Extensive cell biology and biochemistry studies have provided important insights into collagen 59 

synthesis. In brief, synthesis occurs by: (1) the folding of three polypeptide chains of procollagen (the 60 

soluble precursor) into a triple helix (Lamande and Bateman, 1999) in the endoplasmic reticulum (ER), 61 

followed by (2) transport of procollagen to the Golgi apparatus (Bonfanti et al., 1998; McCaughey et 62 

al., 2019) where cleavage of N- and C-propeptides can occur to generate mature collagen (Canty et 63 

al., 2004; Humphries et al., 2008; Stevenson et al., 2021), and (3) transport of procollagen and collagen 64 

in an undefined post-Golgi carrier to the plasma membrane (Polishchuk et al., 2000) for release to the 65 

extracellular matrix (ECM) where fibrils occur. Much is known about the accessory proteins and 66 

chaperones involved in procollagen folding (reviewed by (Ricard-Blum, 2011)) and transport of 67 

procollagen from ER to the Golgi (involving, for example, TANGO1 (e.g. see (McCaughey et al., 2021; 68 

Raote and Malhotra, 2021)) has been extensively studied but the molecular events leading up to fibril 69 

formation as procollagen progresses through the secretory pathway to the plasma membrane are less 70 

clear.  71 

Glimpses into how cells assemble fibrils have come from electron microscopy studies of embryonic 72 

tendon and cornea, in which fibrils are seen to be attached via their pointed tips to the plasma 73 

membranes of cells (Birk and Trelstad, 1984; 1986; Canty et al., 2004; Kalson et al., 2013; Starborg et 74 

al., 2013; Trelstad and Hayashi, 1979; Young et al., 2014). Mathematical modelling based on electron 75 

microscopy images suggests that the fibrils grow by nucleation and propagation (Trotter et al., 2000) 76 

(analogous to the formation of crystals (Kadler et al., 1987)) in which the earliest-formed structures 77 

are ~ 1 µm in length (Graham et al., 2000) and are the precursors to the centimeter-long fibrils in adult 78 

tissues (Parry and Craig, 1977).  Electron microscopy provides only a snapshot of the process and direct 79 

evidence for a cellular mechanism was lacking.  A conundrum facing the cell-regulated model of fibril 80 

formation is that type I procollagen (PCI) is synthesized, partially or wholly converted to collagen 81 

within the cell, and then secreted to the extracellular space within 2 h (Canty et al., 2004; Mirigian et 82 

al., 2014). However, anecdotal evidence suggests that fibrils form at a much slower rate, and perhaps 83 

over the course of days.  84 
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In this study, we used CRISPR/Cas9 gene editing of COL1A2 to endogenously tag the N-terminus of PCI 85 

with photoswitchable and quantifiable bioluminescent protein tags.  This enabled us to image, at near 86 

super-resolution, collagen fibrils assembling at the plasma membrane. Correlative atomic force 87 

microscopy (AFM) confirmed that the fibrils had the characteristic 67 nm D-periodicity. Combined 88 

approaches involving photoswitching, immunofluorescence labeling, proteomics, and SILAC revealed 89 

newly-synthesized PCI transiting through a pool of pre-existing PCI.  This pool of stored PCI co-localized 90 

with procollagen chaperones (e.g. Hp47), fibril formation enhancers (e.g. procollagen C-proteinase 91 

enhancer (PCOLCE), lysyl hydroxylases (PLODs)), and, surprisingly, lysosomal markers (e.g. LAMP1, 92 

LAMP2, M6PR).  No evidence of procollagen degradation was found.  Furthermore, we showed that 93 

fibroblasts from patients with mucopolysaccharidosis lysosomal storage disorders exhibited an 94 

impaired ability to form fibrils but secretion of PCI was normal. These results showed that functional 95 

lysosomes are required for fibril formation but not secretion of PCI, thereby showing separate 96 

intracellular pathways for fibril nucleation and fibril elongation. Our observations have important 97 

implications for tissue morphogenesis and highlight potential for cell targeted therapies aimed at 98 

regulating fibril assembly in combating diseases in which collagen synthesis and fibrous tissue 99 

formation are dysregulated. 100 

RESULTS 101 

Cells exhibit precise control of collagen fibril assembly 102 

Using methods developed previously to enable quantitation of PCI in cultured cells (Calverley et al., 103 

2020), we used CRISPR/Cas9 to introduce a nanoluciferase encoding sequence (Nluc) downstream of 104 

the signal peptide sequence of proa2(I) (encoded by Col1a2 and denoted Nluc-PCI).  By comparing the 105 

amount of Nluc activity secreted into the culture medium to the levels of Nluc within cells we showed 106 

that fibroblasts secrete the equivalent of their entire collagen store in approximately 2.5 h (Figure 1A). 107 

Nluc-PCI could be detected in the medium within 5 min of changing the culture medium (Extended 108 

data figure 1A), in agreement with previous measurements of collagen secretion rates (Canty et al., 109 

2004; Mirigian et al., 2014). To visualize the dynamics of PCI secretion we used CRISPR/Cas9 to 110 

introduce photoswitchable Dendra2 into proa2(I) at the same site used to introduce Nluc (Figure 1B 111 

and Extended data figure 1B-E). Insertion of Dendra2 did not disrupt the pro-fibrotic responsiveness 112 

of the cells (Figure S1F). Photoswitching of Dendra2-PCI from green to red allowed the fate of existing 113 

Dendra2-PCI to be traced Figure 1C, D, Extended data figure 1G, Video 1). The results showed that 114 

the photoswitched Dendra2-PCI had a half-life of ~24 h which some Dendra2-PCI remaining the cell 115 

for a longer period (Figure 1D, red line).  This estimate was slower than our previous estimate 116 

observed with the Nluc tag (Calverley et al., 2020) and implied that not all PCI is secreted rapidly.  117 

Using confocal microscopy with Airyscan detection, Dendra2-positive fibrils were conspicuous by their 118 

absence in the first day of culture, despite active collagen molecule secretion (Figure 1E).  However, 119 

at 36 h in culture several Dendra2-positive fibrils began to appear at the same time (Figure 1F, Video 120 

2). The time lag in appearance of the fibrils after extended time in culture was in line with previous 121 

studies that had detected type I collagen fibrils by immunofluorescence (Chang et al., 2020; Kubow et 122 

al., 2015).   123 

Collagen fibril formation requires collagen to be in a triple helical confirmation (Kadler et al., 1988).  124 

Furthermore, pNcollagen (i.e., collagen with retained N-propeptides) readily assembles into fibrils in 125 

vitro and in vivo (Holmes et al., 1993; Hulmes et al., 1989).  Therefore, we wanted to know if the fibrils 126 

formed from Dendra2-pNcollagen-I exhibited the characteristic 67 nm D-periodicity.  Using correlative 127 

Airyscan microscopy and atomic force microscopy (AFM) we showed that the Dendra2-positive fibrils 128 
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exhibited a D-period of 65 ± 7.4 nm and was within the expected range for collagen fibrils (Ushiki, 129 

2002) (Figure 1G).  In further experiments using an anti-collagen-I antibody we showed that the fibrils 130 

assembled by NIH3T3 fibroblasts were Dendra2 positive and recognized by an anti-collagen-I antibody 131 

(Extended data figure 2A).  We engineered MC3T3 osteoblasts to express Dendra2-PCI and showed 132 

that the fibrils generated by these cells were Dendra2 positive and exhibited the characteristic D-133 

banding of collagen fibrils (Extended data figure 2B, C).  Taken together, these results showed that 134 

the Dendra2 tag had not disrupted procollagen secretion, procollagen folding or fibril assembly.  135 

We noted that Dendra2-positive collagen fibrils were associated with cells; no fibrils were observed in 136 

isolation of the cells (Figure 2A, Video 3).  We have observed that cells continually secrete collagen 137 

into the medium during 48 h (see Figure 1D); however, when we compared rates of Dendra2 signal 138 

loss from cells during the onset of fibril formation (here termed nucleation) to the loss of the red 139 

Dendra2 signal it was noted that cellular levels of Dendra2 diminished approximately 5 times faster 140 

during fibril nucleation (Figure 2B-C, Figure S2E). These data also show that levels of Dendra2 remain 141 

relatively stable prior to the onset of fibril formation and recover rapidly during fibril growth (Figure 142 

2B, Figure S2D). From these experiments we postulated that cells can store collagen to achieve the 143 

high concentration required for nucleation (Kadler et al., 1987), but can also feed fibril growth by 144 

continued synthesis with prolonged culture (Figure S2F-H).  Using a blue fluorescent protein with a 145 

KDEL retention signal to mark the ER we confirmed that the Dendra2-positive fibrils were deposited 146 

on the basal surface of cells (Figure 2D, Video 4). These experiments also identified loops within the 147 

Dendra2-positive fibrils that were located close to the BFP signal (Video 5).  Finally, we generated 3D 148 

tissue mimetics in which fibroblasts grown in a fibrin gel under tension replace the fibrin with parallel 149 

fibrils of collagen (Kapacee et al., 2008).  As shown in Extended data figure 2F-H, CRISPR-Cas9 edited 150 

NIH3T3 cells with endogenous knock-in of Nluc-PCI or Dendra2-PCI were highly effective at generating 151 

a matrix with aligned collagen fibrils.  152 

The extracellular environment regulates growth in length of fibrils 153 

To gain further insights into how cells generate collagen fibrils we used a bioreactor to pass a constant 154 

flow (0.05 mL/minute) of culture medium over the apical surfaces of the cells, thereby removing 155 

newly-secreted collagen (shown schematically in Figure 3A).  Assessment of Nluc levels showed that 156 

the flow reduced the levels of collagen in the medium by 99.5% compared to cells grown under static 157 

conditions (Figure 3B, C).  Removing this secreted collagen had two significant effects: (i) the 158 

intracellular (Figure 3D) and (ii) extracellular matrix (Figure 3E) levels of collagen were reduced.  159 

Parallel experiments performed with Dendra2::Col1a2 edited cells showed that the numbers of 160 

collagen fibrils generated by cells did not alter between constant flow or static conditions (Figure 3F); 161 

however, the length of these fibrils were significantly shorter under constant flow (Figure 3G, H).  162 

These findings suggests that fibril nucleation occurs at the plasma membrane and the length of the 163 

fibril is influenced by extracellular environmental conditions.  164 

Contribution of extracellular collagen to fibril formation 165 

To explore further the concept that secreted collagen contributes to fibril elongation, we crossed the 166 

Col1a1fl/fl mouse (Li et al., 2017; Yang et al., 2013) with the Col1a2-CreERT(2) mouse (Li et al., 2017; 167 

Yang et al., 2013) and isolated tendon fibroblasts. These primary fibroblasts were then incubated with 168 

tamoxifen to stop endogenous full-length collagen production (Garva et al., manuscript in 169 

preparation).  We then incubated these primary fibroblasts with conditioned medium from 170 

Dendra2:Col1a2 edited NIH3T3 cells.  Using confocal microscopy with Airyscan processing we 171 

observed Dendra2-positive fibrils (Figure 4A).  This not only confirmed our findings that cells control 172 
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the fibril assembly process but also suggested that cells are able to internalize Dendra2-collagen for 173 

this purpose.  This observation was confirmed by incubating primary human fibroblasts with Cy3-174 

labeled rat tail type I collagen (Extended data figure 3A, B); the Cy3-collagen was generated as 175 

previously described (Doyle, 2018).  Tendon fibroblasts were effective at internalizing the Cy3-collagen 176 

in a time dependent manner (Figure 4B) and was confirmed in different cell types (Figure S3A-C).  The 177 

uptake of collagen into cells was significantly enhanced in cells maintained in culture for prolonged 178 

periods and this further correlated with increased incorporation of Cy3-collagen into fibrils (Figure 179 

4C).  Using conditioned medium from Nluc:Col1a2 cells the dynamics of collagen uptake were 180 

monitored. The results showed that cells actively internalize Nluc-PCI in a concentration-dependent 181 

manner but reached a ceiling beyond which no more collagen was taken up (Figure 4D, Extended data 182 

figure 3D). This differed to the uptake of recombinant Nluc (rNluc) where cellular levels correlated 183 

directly with the amount of rNluc added to cells (Extended data figure 3E). The uptake of Nluc-PCI 184 

could also be further enhanced by the addition of increasing amounts of unlabeled rat tail collagen-I 185 

(Figure 4E). This process was also concentration limited suggesting that there are cellular processes 186 

actively involved in taking up the collagen.  Addition of the dynamin/endocytosis inhibitor Dyngo4a to 187 

fibroblasts prior to addition of Nluc-PCI resulted in a reduced rate of Nluc-PCI internalization 188 

(Extended data figure 3F). These findings identify a cell-controlled internalization process that 189 

contributes to collagen fibrillogenesis, and that this process is enhanced with prolonged culture, 190 

helping to explain the lag period for collagen fibril assembly exhibited by cells.   191 

Concomitant storage and secretion of PCI 192 

Our previous studies using Nluc-PCI and pulse chase approaches (e.g., (Calverley et al., 2020; Canty et 193 

al., 2004)) focused on the fate of newly-synthesized procollagen.  In the current study we were able 194 

to use the photoswitchable properties of Dendra2 to detect, simultaneously, (1) newly synthesized 195 

‘green’ Dendra2-PCI, (2) pre-existing ‘red’ Dendra2-PCI, and (3) mixing of the two pools when the color 196 

changed to yellow.  By analyzing time-lapse movies (Figure 5A and Video 1), we visualized green 197 

Dendra2-PCI transiting through the Golgi apparatus (Figure 5B) and then entering a pool of red 198 

Dendra2-PCI, which then changed to yellow (Figure 5B and Extended data figure 4). Examination of 199 

the red channel showed pre-existing collagen fibrils and extracellular non-fibrillar red Dendra2-PCI.  200 

To examine the rate of PCI secretion from unedited and Dendra2:Col1a2 edited fibroblasts, we 201 

introduced the HiBit split-nanoluciferase peptide sequence into the telopeptide region of the proa2(I) 202 

chain using CRISPR-Cas9 knock-in in the Col1a2 gene (see schematic in Figure 5C).  Sampling of 203 

conditioned medium after addition of fresh culture medium indicated that Dendra2:HiBit:Col1a2 cells 204 

secreted collagen-I at the same rate as HiBit-PCI (Figure 5D). These experiments showed that the 205 

presence of the tags did not affect PCI secretion.  206 

SILAC confirmed long-lived intracellular PCI 207 

To examine further if fibroblasts are able to store PCI we grew unedited NIH3T3 fibroblasts for 48 h 208 

with C13-lysine and subjected intracellular proteins to analysis by liquid chromatography coupled 209 

tandem mass spectrometry (LC-MS/MS). The analysis was able to detect ‘heavy’ and ‘light’ peptides 210 

for 1380 proteins.  Both ‘heavy’ and ‘light’ Col1a1-encoding peptides were detected after 48 h labeling 211 

of which ~ 39-43% of the peptides were ‘light’ (Figure 5E).  Based on the abundance of heavy and light 212 

peptides the half-lives of the detected proteins were determined (Figure 5F).  The presence of both 213 

‘heavy’ and ‘light’ versions of peptides derived from proa1(I) identifies a pool of stable PCI (giving rise 214 

to the ‘light' peptides) and a pool of PCI (giving rise to the 'heavy peptide') synthesized during the 48 215 

h labeling with C13-lysine.  The ratio of the light/heavy peptides was used to calculate the t½ for 216 
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proteins detected.  This analysis showed that the t½ of ‘light’ proa1(I) was ~70 h.  For comparison, 217 

Hnrnpa1 (involved in pre-mRNA packaging) had a t½ of ~123 h and Lig1 (a DNA ligase) had a t½ of ~34 218 

h. 219 

Procollagen-I is transported in carriers that range in size and distribution 220 

By sampling different areas of large numbers of Dendra2:Col1a2 cells by confocal microscopy with 221 

Airyscan detection, we were able to image pre-fibril forming events.  Several features were apparent; 222 

firstly, Dendra2-PCI occurred in a constellation of punctate compartments that ranged in size.  223 

Secondly, we repeatedly observed looped structures derived from larger intracellular carriers that 224 

were apparent only when imaging in multiple z-planes (Figure 6A).  In these large carriers, the collagen 225 

appeared to be restricted to the periphery and were close to sites of fibril assembly.  During embryonic 226 

tendon development the tips of collagen fibrils are observed within plasma membrane fibripositors 227 

(Canty et al., 2004). Using volume-EM imaging and 3D-reconstruction of mouse tail tendon, we found 228 

that fibripositors were often in contact with ribbons of ER and electron dense vesicles typical of 229 

lysosomes (Figure 6B, Extended data figure 5A, Video 6).   230 

Procollagen-I localizes to ER and lysosomal compartments at sites of fibril assembly 231 

The next series of experiments tested the hypothesis that both ER and lysosomal-like compartments 232 

are involved in fibril formation.  In tendon fibroblasts cultured for 72 h, intracellular PCI localizes 233 

largely to the ER, as indicated by co-localization with the ER resident enzyme, protein disulfide 234 

isomerase (PDI) (Figure 6C).  There were also regions where the two proteins did not co-localize.  To 235 

determine the identity of PCI-containing compartments we performed cellular fractionation followed 236 

by western blotting and LC-MS/MS protein identification.  As expected PCI was identified in fractions 237 

that contained ER-resident protein (e.g. calreticulin, CALR). However, PCI was found in fractions that 238 

did not contain CALR (see fractions 5-7 in Figure 6D).  Some non-CALR fractions contained Hp47, which 239 

binds triple helical collagen (Ishikawa and Bachinger, 2013) and lysosome associated membrane 240 

protein (LAMP)-1 (Figure 6D).  These PCI-positive/CALR-negative fractions were analyzed by LC-241 

MS/MS to identify resident proteins.  Pathway analysis of the proteins identified ‘endocytosis’ and 242 

‘lysosome’ as the enriched pathways (Figure 6E).  Peptides originating from LAMP1 and LAMP2 as well 243 

as core components of the retromer complex (Vps35, Vps26, and Vps29) and the sorting nexins SNX1 244 

and 6 were present in PCI-containing fractions (Supplementary table 1).  Retromer is responsible for 245 

the recycling of transmembrane proteins to the cell surface or the trans-Golgi network (TGN) and 246 

prevents their degradation by the lysosomal system (Bonifacino and Hurley, 2008).  Within these 247 

fractions, peptides along the length of both proa1(I) and proa2(I) were identified. Furthermore, 248 

peptides from both the N- and C-propeptides of PCI were detected (Figure 6F).  Further analysis of the 249 

proteins within these fractions identified 35 of the known collagen-interacting proteins (Doan et al., 250 

2019).  These included Hp47 and PPIB that catalyzes peptidyl proline isomerization, which is the rate-251 

limited step in folding of the collagen triple helix.  Similarly, Colgalt1, which transfers of beta-galactose 252 

to the hydroxylysine residues on collagen, was also present.  The collagen crosslinking enzymes, 253 

PLOD1-3, were also readily detected (Supplementary table 1).  Taken together, the presence of these 254 

proteins suggests that these lysosomal compartments contain triple helical PCI molecules in 255 

preparation for fibril formation.  256 

Non-classical exocytosis route for collagen fibril assembly 257 

Next, we expressed LAMP1-YFP in the Dendra2:Col1a2 cells and used Airyscan to localize the 258 

fluorescent proteins (Extended data figure 6 and Figure 7A).  Networks of Dendra2-positive fibrils 259 

were clearly visible associated with cells and Dendra2-PCI was readily detected in LAMP1 positive 260 
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compartments (Figure 7), as was Hp47 (Figure 7B and Extended data figure 6B post photoswitch).  261 

Dual-immunofluorescent staining confirmed collagen was present in the lysosomes of both mouse 262 

and human fibroblasts (Extended data figure 5B, C) and at sites close to collagen fibrils (Figure 7A, C).  263 

In a separate series of experiments, immunogold labeling electron microscopy of collagen-I in mouse 264 

tail tendon readily identified collagen in large diameter compartments, which are clearly 265 

distinguishable from ER (Figure 7D).  Taken together, the results indicate that PCI is trafficked through 266 

lysosome-like compartments in vivo.  267 

Next, we examined PCI secretion and fibril deposition in the presence of inhibitors of the protein 268 

secretion pathway and lysosome function.  A previous study showed that the secretory pathway 269 

inhibitors brefeldin A and monensin (which inhibit ER-Golgi transport (Colanzi et al., 2013) and 270 

transport to lysosomes (Stenseth and Thyberg, 1989), respectively) inhibited Nluc-PCI secretion 271 

(Calverley et al., 2020).  We confirmed here that the secretion of Nluc-PCI into the culture medium 272 

was highly sensitive to brefeldin A (Figure 8A).  However, deposition of Nluc-positive collagen fibrils 273 

into the matrix over 3 days was unaffected (Figure 8B, C). This finding was confirmed when cultures 274 

of Dendra2:Col1a2 cells were grown for 3 days in the presence of brefeldin A, then decellularized and 275 

the amount of Nluc in the residual matrix measured.  On the other hand, monensin almost completely 276 

blocked fibril formation (Figure 8D-F).  277 

In the next series of experiments, we examined the effects of bafilomycin A1 and chloroquine on 278 

collagen fibril formation. These compounds impair lysosome function (reviewed by (Fedele and Proud, 279 

2020)).  Bafilomycin and chloroquine significantly inhibited fibril formation (Figure 8F and Extended 280 

data figure 7). Bafilomycin in combination with monensin completely blocked fibril formation (Figure 281 

8F).   282 

Further demonstration of the redundancy of the canonical secretory pathway in collagen fibril 283 

formation was shown by knockdown of the Golgi localized SNARE protein syntaxin 5 (Stx5).  Stx5 is 284 

essential for ER-Golgi traffic of multiple cargoes including collagens (Nogueira et al., 2014).  Here, 285 

knockdown of Stx5 was effective in disrupting collagen secretion but had no impact on incorporation 286 

of collagen into the matrix (Figure 8G-J, Extended data figure 8). 287 

Disrupted lysosome function results in defective deposition of type I collagen to the matrix 288 

Because inhibition of lysosome function results in reduced deposition of collagen to the matrix, we 289 

monitored type I collagen deposition in skin fibroblasts derived from patients with lysosomal storage 290 

disorders. Fibroblasts from patients with mucopolysaccharidosis (MPS) type I and type IIIa were 291 

allowed to assemble a matrix during 3 days, after which we detected collagen fibrils by immune-292 

staining using an anti-collagen I antibody.  Levels of intracellular collagen did not appear to be overtly 293 

altered in MPS patient fibroblasts however, there was reduced deposition of collagen fibrils in these 294 

cultures.  Failed fibril nucleation events were observed in fibroblasts from patients with both MPS 295 

type I and type IIIA MSP (red boxes), again implicating the lysosome as an essential compartment in 296 

the formation collagen fibrils (Figure 9A, B). CRISPR-Cas9 editing of lysosomal storage disorder patient 297 

fibroblasts with the split nanoluciferase tag allowed the secretion of endogenous PCI to be monitored.  298 

Secretion of HiBit-PCI molecules was unaffected despite defective collagen fibril formation. Previously, 299 

the ionophore ionomycin has been used in studies of lysosome exocytosis (Rodriguez et al., 1997).  300 

Here, we treated HiBit:Col1a2 cells with ionomycin and observed rapid release of HiBit-PCI from the 301 

cells, consistent with the collagen-containing lysosomes behaving as a storage compartment in 302 

fibroblasts (Figure 9C, D). 303 
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DISCUSSION 304 

In this report we show how lysosomes store collagen in preparation for collagen fibril assembly at the 305 

plasma membrane and that collagen secretion is not synonymous with collagen fibril formation.  We 306 

show that the secretion of collagen monomers occurs via the conventional ER-Golgi secretory pathway 307 

whereas the assembly of collagen fibrils occurs via a lysosomal route. These findings help solve a long-308 

standing puzzle of how cells traffic procollagen through the cell to either assemble a new fibril or to 309 

elongate one that has already been seeded.  Understanding how cells assemble collagen fibrils (i.e., 310 

whether to nucleate new ones or grow existing ones) is important for developing strategies to control 311 

collagen homeostasis to combat a wide range of collagenopathies.  312 

Our discovery that the processes of collagen secretion and collagen fibril assembly are independently 313 

regulated stemmed from the observation that fibroblasts secrete 100,000 collagen molecules per h 314 

but fibril formation begins at least 24 h later.  In the cell cultures used here, fibril assembly occurs on 315 

the underside of the cell where a microenvironment most probably exists to help concentrate 316 

extracellular collagen.  This hypothesis is supported by our observation that once fibril assembly 317 

begins the process is completed swiftly.  It is plausible that cells in vivo create a similar niche, perhaps 318 

between neighboring cells, to facilitate rapid propagation of fibril growth.  The pathway of rapid 319 

collagen egress from the cell is clearly dependent upon traffic from ER to Golgi, as described elsewhere 320 

(Bonfanti et al., 1998).  However, the involvement of compartments containing PCI and lysosomal 321 

proteins, such as LAMP1, to generate fibrils, was unexpected.  Non-classical routes of secretion have 322 

been described for various cargoes, but these typically carry proteins without signal peptides (for 323 

review see (Kim et al., 2018)).  Some Golgi-bypassing mechanisms have been described e.g., ER 324 

targeted cargoes such as alpha integrins, the thrombopoietin receptor, and mutant forms of CFTR 325 

(reviewed by (Kim et al., 2018)).  The term ‘secretory lysosome’ has been used to describe dual 326 

function organelles that function both for degradation and storage of secretory proteins (reviewed by 327 

(Blott and Griffiths, 2002)).  These secretory lysosomes are found in T cells, natural killer cells, mast 328 

cells and macrophages.  Natural killer cells release toxic proteins by secretory lysosomes (reviewed by 329 

(van der Sluijs et al., 2013), and in cancer, secretory lysosomes can be a temporary store of immune 330 

checkpoint proteins (reviewed by (Wang et al., 2020)).  Wounding of fibroblasts leads to the 331 

presentation of lysosomes to the cell periphery and is important to the repair of the cell membrane 332 

(Reddy et al., 2001).  This presentation of lysosomes to the cell periphery is also observed during the 333 

differentiation of osteoblasts at times of enhanced collagen production (Beck et al., 2001; Nabavi et 334 

al., 2008).  Thus, beyond the well documented role in protein degradation and recycling, lysosomal 335 

systems play a role in exocytosis for the purpose of cellular clearance and cell-cell communication 336 

(reviewed by (Buratta et al., 2020).  In the context of collagen trafficking, the lysosome has typically 337 

been viewed as a degradative compartment via an autophagy pathway (Gorrell et al., 2021).  We 338 

propose that fibroblasts use lysosomes to store and concentrate a pool of procollagen and collagen.  339 

Indeed, imaging approaches using Dendra2 showed the existence of the pool in the presence of active 340 

PCI synthesis and SILAC studies confirmed long-lived intracellular collagen with a t½ ~ 70 h.  The 341 

lysosome is an ideal storage compartment for type I collagen due to its acidic pH, which prevents 342 

spontaneous fibril formation in vitro (Harris and Reiber, 2007) at concentrations well above that 343 

needed for fibril nucleation (Kadler et al., 1990), and is a stable environment for the collagen triple 344 

helix which is highly resistant to proteolytic degradation, other than by neutral metalloproteinases.  345 

This storage function could represent a state of preparedness in the event of tissue damage or 346 

wounding. The rate of appearance of collagen in the lysosome compartment is slower than through 347 
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the ER (Leblond, 1989) and others have demonstrated accumulation of collagen within the lysosome 348 

when applying high concentrations of inhibitors (Forrester et al., 2019).  Recent studies following the 349 

trafficking of type I and II collagens in the presence of lysosomal inhibitors also suggest that collagen 350 

is trafficked to the lysosome (Forrester et al., 2019).  Evidence from past studies suggest that not all 351 

collagen is rapidly secreted; labeling of newly synthesized collagen in rat fibroblasts appears in the 352 

lysosome at a slower rate than in the Golgi (Leblond, 1989). Together, these studies suggest that 353 

collagen may utilize this route during its exit from cells.  In our present study the importance of the 354 

lysosome compartment in collagen fibril formation was demonstrated using lysosomal inhibitors and 355 

in fibroblasts derived from patients with lysosomal storage disorders, where lysosomal function is 356 

disrupted due to improper processing of glycoproteins.  The defect in the ability to assemble an 357 

effective matrix may help to explain some of the skeletal and connective tissue malformations 358 

observed in these disorders.  Importantly, these fibroblasts continue to secrete type-I collagen which 359 

again demonstrates the distinction between collagen secretion and fibril assembly.  360 

Collagen concentration is critical to the dynamics of fibril formation in vitro, with a concentration of 361 

0.4 µg/mL being needed to initiate fibril assembly (Kadler et al., 1987).  We recently quantified the 362 

concentration of intracellular collagen (Calverley et al., 2020).  In the main, intracellular collagen is 363 

below this nucleation limit but is exceeded in some intracellular vesicles.  The high concentration of 364 

collagen within some vesicles implies that cells have the ability to store collagen.  It is postulated here 365 

that acidification of these vesicles would be a simple method of preventing fibril formation within the 366 

cell.  Our observations have important implications for the understanding of how fibrotic disease 367 

develop and highlight the potential for cell targeted therapies aimed at disrupting fibril assembly.  368 

In conclusion, the use of CRISPR/Cas9 to tag collagen combined with absolute quantitation of collagen 369 

and super-resolution microscopy has allowed visualization of collagen fibril formation by living cells.  370 

The identification of separate transport routes for fibril nucleation and fibril propagation provides an 371 

explanation for how cells can regulate the number and growth of fibrils.  The study also brings together 372 

extensive data on fibril formation in vitro and electron microscopy of fibrils in vivo into one unified 373 

model of cell-regulated nucleation-and-propagation to explain how cells build tissues from collagen 374 

fibrils.  It is now tempting to suggest that diseases caused by aberrant matrix assembly and 375 

degradation could be treated by specific targeting of the two pathways.   376 
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FIGURE LEGENDS 409 

Figure 1: PCI secretion and collagen fibril assembly are separate processes.  410 

A) Assessment of collagen secretion rate in CRISPR-edited Nluc::Col1a2 NIH3T3 cells. Nluc 411 

activity is readily detected in conditioned medium within minutes after medium change. 412 

Comparison to cellular Nluc::Col1a2 activity levels were used to assess the rate of type-I 413 

collagen secretion. N=4, individual data points are shown.  414 

B) CRISPR strategy to assess the lifetime of type I collagen intracellularly. Integration of the 415 

photoswitchable Dendra2 into the N-terminus of Col1a2, the short N-terminus of Col1a2 416 

provides space within the N-pro-peptide for incorporation of Dendra2 into the type 1 collagen 417 

triple helix. Image modified from (Canty and Kadler, 2005).  418 

C) Photoswitching of Dendra2::Col1a2 after 30 second exposure to 405 nm light.  419 

D) Tracing of pre-existing Dendra2::Col1a2 (Red) pixel intensity demonstrating a slower rate of 420 

type-I collagen secretion, and a phased collagen production of new Dendra2::Col1a2, 421 

intensities are relative to the first frame after photoswitching (Red) or to the final frame 422 

(Green).  The average pixel intensities of five cells are shown.  423 

E) Dendra2::Col1a2 NIH3T3 cells grown on correlative grid coverslips imaged by widefield 424 

fluorescence microscopy, samples were then fixed to perform AFM of the same region. 425 

Assessment of the periodicity of the Dendra2 positive fibril demonstrated a D-Period of 65 426 

nm.  427 
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F) Time-lapse Airyscan microscopy tracing Dendra2::Col1a2 NIH3T3 cells,  24 h after seeding no 428 

fibrillar structures were detected but with prolonged culture Dendra2 positive fibrillar 429 

structures were detected.  430 

G) Zoom of the cell imaged in F at the position of fibril formation. Scale bars represent 10 µm.  431 

Figure 2: Cells control collagen fibrillogenesis.  432 

A) Airyscan microscopy of Dendra2::Col1a2 NIH3T3 cells demonstrating that Dendra2 positive 433 

fibrils are formed within the boundary of the cell body. Images were captured after 48 h in 434 

culture. The maximum intensity projection of 51 different Z positions are shown on the left, 435 

middle panel shows the localization of Dendra2::Col1a2 in a single Z plane within the cell body, 436 

right panel shows that Dendra2 fibrils are abundant on the cells basal surface, a single Z plane 437 

is shown. Arrows indicate Z position of each image. Video 2 shows all 51 positions.  438 

B) Quantification of cellular Dendra2::Col1a2 signal intensity in the cell body prior to the onset 439 

of fibril formation, termed nucleation, cellular Dendra2::Col1a2 signals drop dramatically 440 

during nucleation but then later recover as fibrils continue to grow. Nucleation was set at the 441 

frame prior to the first detection of Dendra2 positive fibrils, this was designated as T=0, and 442 

the cellular Dendra2 signal was set as 1, background pixel intensity was set as 0.  Data from 443 

five cells producing collagen fibrils are shown, data from individual cells are shown in 444 

Extended data figure 2. Average data points are shown, n=5 individual cells, error bars 445 

represent SD.  446 

C) The loss of cellular Dendra2 signal observed in B demonstrates rapid release of cellular 447 

collagen at the onset of fibril formation, the rate of loss is compared to the rate of loss of 448 

photoswitched Dendra2 signal in the absence of fibril formation (Figure 1D). Average data 449 

points are shown, n = 5 individual cells, error bars represent SD.  450 

D) Expression of BFP-KDEL in Dendra2::Col1a2 NIH3T3 cells demonstrates that fibrils are formed 451 

on the basal surface of cells. A maximum intensity projection of 42 z positions is shown, left. 452 

A 3D reconstruction of these cells show collagen fibrils are distinct from the cell body (Video 453 

3), however loops in the collagen fibrils were observed extending into the cell body, a 3D 454 

reconstruction is shown in Video 3.  The middle panel shows that photoswitched Dendra2 455 

positive fibrils are beneath the cell body, importantly at positions of where loops are engulfed 456 

by the cell the endoplasmic reticulum (BFP-KDEL) align with the fibrils. 457 

Figure 3: Rapidly secreted collagen contributes to fibril growth but not fibril nucleation. 458 

A) Schematic of CRISPR-Cas9 knock-in cells grown under constant flow.  459 

B) To validate the flow system Nluc::Col1a2 NIH3T3 cells were grown under flow. Nluc activity 460 

was assessed in the medium within the Bioreactor housing cells seeded on glass coverslips. 461 

The activity was also measured in the medium within the waste outflow (n=4 independent 462 

experiments, error bars show SD).  463 

C) Comparison of Nluc activity within the medium of Nluc::Col1a2 NIH3T3 cells grown under flow 464 

conditions or under static ‘normal’ culture conditions for 72 h. Comparison of Nluc activity in 465 

the medium was compared to recombinant Nluc protein to estimate the concentration of 466 

collagen within the medium as described previously (Calverley et al., 2020).  467 

D) After 72 h culture cells were removed from the bioreactor and subjected to assessment of cell 468 

viability and then coverslips were decellularized, measurements of Nluc activity in 469 

decellularized buffer were measured in triplicate (n=4 independent experiments, error bars 470 

show SD).  471 
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E) After decellularization, Nluc activity associated with the deposited matrix by cell grown under 472 

flow measured relative to cells grown under static conditions.  N=5 independent experiments, 473 

error bars show SD.  474 

F) The number of Dendra2 collagen fibrils per cell were scored, n=3 fields per view from 4 475 

independent samples.  476 

G) Dendra2::Col1a2 NIH3T3 cells were grown under flow or static conditions for 72 h. Airyscan 477 

microscopy of live cells identified Dendra2 positive fibrils. Scale bar represents 20 µm) 478 

H) The length of individual Dendra2 collagen fibrils were assessed using Image J image analysis 479 

software across all samples identified in G.  480 

Figure 4: Endocytosed collagen contributes to fibril assembly. 481 

A) Fibroblasts isolated from tamoxifen treated Col1a1F/F; Col1a2-ERt2 mice (Li et al., 2017; Yang 482 

et al., 2013) were fed with conditioned medium from Dendra2::Col1a2 NIH3T3 for 72 h, 483 

medium was replaced each day. Dendra2 positive fibrils were also detected associated with 484 

cells. Scale bar represents 10 µm.  485 

B) 10 µg/mL Cy3 labeled rat tail collagen was added to cultures of human foreskin fibroblasts for 486 

1 or 18 h demonstrating that fibroblasts were able to endocytose type-I collagen.  Uptake was 487 

significantly enhanced in cells cultured for 72 h compared to those cultured for only 24 h, see 488 

Extended data figure 3.  489 

C) Human foreskin fibroblasts fed with 0.5 µg/mL Cy3 collagen for 18 h were effective at 490 

incorporating the labeled collagen into fibrillary structures whereas cells that were cultured 491 

for only 24 h were less effective in assembling fibrils.  492 

D) Tendon fibroblasts were fed with conditioned medium from Nluc::Col1a2 NIH3T3 cells. The 493 

amount of Nluc activity taken up by tendon fibroblasts after 18 h was measured, 494 

demonstrating that cells were able to endocytose Nluc::Col1a2, however there was a limit to 495 

the amount of Nluc activity that can be endocytosed. N = 3 independent experiments, error 496 

bars show SD.  497 

E) Tendon fibroblasts grown for 24 h were fed with Nluc::Col1a2 NIH3T3 conditioned medium 498 

along with increasing concentrations of rat tail collagen-I. After 18 h incubation, cellular Nluc 499 

activity was assessed. N = 3 independent experiments, error bars show SD.  500 

Figure 5: Secretion and storage of PCI. 501 

A. Selected frames from Video 1 showing that photoswitched Dendra2::Col1a2 (Red) has a 502 

longer life span within cells than predicted from Nluc::Col1a2 edited cells.  Photoswitched 503 

collagen was detected intracellularly after 30 h post-switch.  504 

B. Selected frames from Extended data figure 4 showing transition of newly synthesized 505 

Dendra2::Col1a2 (displaying uniquely green fluorescence signal) through a Golgi-like 506 

structure. Concurrently pre-existing Dendra2::Col1a2 remained detectable beyond 9 h post-507 

photoswitching.  508 

C. CRISPR-Cas9 knock-in strategy to tag the amino telopeptide of proa2(I) with HiBit in unedited 509 

and Dendra2::Col1a2 cells within the region of Col1a2.  HiBit is located C-terminal of the N-510 

proteinase cleavage site and N-terminal of the start of the major triple helical domain. This 511 

site is encoded by sequences within exon 6 of the Col1a2 gene.  512 

D. Introduction of the split nanoluciferase sequence encoding HiBit was confirmed by detection 513 

of HiBit in the medium of edited cells. The rate of secretion for HiBit::Col1a2 and 514 
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Dendra2::Hibit::Col1a2 was measured as in Figure 1A, n = 4 replicate measurements, error 515 

bars shown SD.  516 

E. To assess PCI lifetime in unedited NIH3T3 cells, cells were fed with C13 Lysine for 48 h before 517 

detachment, lysis and proteomic analysis.  Peptide sequences shown are from the NC1 518 

domain of proa1(I) mouse. Quantification of both heavy and light labeled Col1a1-derived 519 

peptides demonstrate that not all PCI is secreted within 48 h.  N = 3 independent experiments.  520 

F. Global protein abundance in SILAC labeled NIH3T3 cells, the indicated protein half-lives were 521 

estimated by measuring the abundance of both heavy and light peptides for each protein as 522 

described in Methods.  523 

Figure 6: PCI abundant at sites of fibril formation.  524 

A. Dendra2::Col1a2 NIH3T3 imaged using Airyscan microscopy after 18 h after culture, 1000x 525 

magnification, and 2.5x digital zoom, a maximum intensity projection is shown. Vesicles 526 

containing Dendra2 signal are observed at sites of fibril assembly. Dendra2 signal was 527 

observed arranged at the periphery of vesicles, scale bar represents 1 µm. 528 

B. Electron micrograph of embryonic mouse tail tendon cells containing fibripositors (red), 529 

individual frames taken from 3view reconstructions shown in Video 6, larger images are 530 

shown in Extended data figure 5. Fibripositors are regularly contacted by endoplasmic 531 

reticulum (blue) and electron dense vesicles (green). Video 7 show that the Golgi apparatus 532 

does not contact fibripositor.   533 

C. Immunofluorescence imaging of type I collagen in mouse embryonic fibroblasts with the ER 534 

marker PDI. Scale bar represents 20 µm. 535 

D. Fractionation of NIH3T3 using a sucrose density gradient, type I collagen is co-resident with 536 

the ER protein Calreticulin (Calr) but also with the lysosomal protein Lamp1 and the collagen 537 

chaperone Hp47.  538 

E. Proteomic analysis of lysosomal fractions 6 and 7 identified significant enrichment of proteins 539 

identified by proteomic analysis of fractions 6 and 7 based on GO Cellular component terms. 540 

F. Col1a1 (Red and Magenta) and Col1a2 (Blue and Green) derived procollagen peptides were 541 

present within both fractions 6 and 7 suggesting that newly synthesized collagen transitions 542 

these compartments. 543 

Figure 7: PCI localizes to LAMP1-positive compartments. 544 

A. Dendra2::Col1a2 NIH3T3 imaged using Airyscan microscopy 48 h after transfection with 545 

LAMP1-YFP. 1000x magnification, and 2.5x digital zoom, a maximum intensity projection of 546 

31 images is shown. LAMP1-YFP vesicles containing photoswitched Dendra2 signals are 547 

observed. Three LAMP1-positive areas are enlarged.  Using a single Z plane the pixel intensity 548 

of Dendra2 (Red) and LAMP1-YFP was measured in FIJI.  At sites of fibril assembly LAMP1-YFP 549 

was observed juxtaposed to red Dendra2 fibrils. Scale bar represents 20 µm. 550 

B. Live cell super resolution microscopy of NIH3T3 stably transduced with Hp47-BFP-RDEL 551 

lentivirus and transfected with LAMP1-YFP.  Scale bar represents 20 µm. 552 

C. Immortalized tail tendon fibroblasts were grown in ascorbic acid containing medium for 3 553 

days, cells were fixed and permeabilized and stained for collagen I, LAMP1 and counter 554 

stained with DAPI.  A single optical section showing collagen I localization to LAMP1-positive 555 

lysosomes, a type I collagen fibril is indicated by the white arrow. Pixel intensity across the 556 

LAMP1-positive vesicle is shown.  557 
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D. Immunogold electron microscopy labelling of collagen-1 of mouse tendon identifying 558 

extracellular collagen fibrils and intracellular collagen within hollow lumen vesicles, left, 559 

individual vesicles are enlarged.  Scale bar represents 1 µm.  560 

Figure 8: Non-classical PCI secretion feeds fibril assembly. 561 

A. Schematic for monitoring Nluc activity secretion from Nluc::Col1a2 NIH3T3 cells. Comparison 562 

of Nluc secretion rates in control cultures and cells treated with 100 nM brefeldin A identified 563 

robust reduction of Nluc activity secretion.  564 

B. Schematic to quantify the deposition of Nluc::Col1a2 into the extracellular matrix.  565 

C. Nluc::Col1a2 NIH3T3 cells were cultured with 100 nM brefeldin A for 72 h, Nluc activity levels 566 

in the conditioned medium, cellular fraction and matrix were assessed. N=3 independent 567 

experiments, N=4 technical repeats from a representative experiment are shown. Error bars 568 

represent standard deviation.   569 

D. Representative Airyscan confocal microscopy images of Dendra2::Col1a2 NIH3T3 cells 570 

cultured for 72 h in the presence of either 100 nM brefeldin A, or 1 µM monensin with or 571 

without addition of the lysosome proton pump inhibitor 1 nM bafilomycin.  Dendra2 signals 572 

are shown to highlight deposited fibrils. Maximum intensity projections of 5 z planes are 573 

shown. Scale bar represents 50 µm. Boxes are enlarged in E. 574 

E. Enlargements of images within the regions highlighted in D.  575 

F. Quantification of Dendra2 fibril numbers per cell, n=5 independent experiments for brefeldin 576 

and monensin treatment, with an additional n=2 independent experiments for treatments 577 

including bafilomycin treatment. A minimum of 200 cells per condition, per experiment, were 578 

score. Error bars represent SEM. ** represents p<0.01, Student’s T-test, unpaired. 579 

G. Western blot of Syntaxin 5 (Stx5) knockdown with 100 pmol siRNA in NIH3T3 cells. N=3 580 

independent experiments.  581 

H. Syntaxin 5 (Stx5) knockdown with 100 pmol siRNA in Dendra2::Col1a2 NIH3T3 cells were 582 

cultured for 72 h before live imaging of Dendra2 fibrils. . Maximum intensity projections of 5 583 

z planes are shown. Scale bar represents 50 µm. 584 

I. Quantification of Dendra2 fibril numbers per cell in siRNA treated Dendra2::Col1a2 NIH3T3. 585 

n=2 independent. Error bars represent SD. 586 

J. Syntaxin 5 (Stx5) knockdown with 100 pmol siRNA in Nluc::Col1a2 NIH3T3 cells were cultured 587 

for 72 h, Nluc activity levels in the conditioned medium, cellular fraction and matrix were 588 

assessed. N=3 independent experiments, each with N=4 technical repeats are shown for 589 

conditioned medium and cellular fractions, or n=2 technical repeats for matrix measurements. 590 

Error bars represent standard deviation.   591 

Figure 9: Disruption of type-I collagen fibril assembly in fibroblasts from patients with lysosome 592 

storage disorders.  593 

A) Immunofluorescence detection of type-I collagen in human skin fibroblasts taken from 594 

patients with lysosomal storage disorders, mucopolysaccharidosis type 1 and tpe 3a (MPSI, 595 

and MPSIIIa). Scale bars represent 20 µm. 596 

B) Regions highlighted in A show failed collagen assembly sites in MPS patient derived 597 

fibroblasts.  598 

C) CRISPR-Cas9 mediated knock-in of the split nanoluciferase tag, Hibit, into the Exon 1 of Col1a2 599 

in control HFF and MPS patient derived fibroblasts. Secretion rates of Hibit tagged collagen 600 
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were normalized to cellular Hibit levels and indicated that there was no difference in the 601 

ability to secrete type-I collagen.  602 

D) Ionomycin triggered release of Nluc::Col1a2 from NIH3T3 cells. N=9 independent 603 

experiments, error bars represent SEM.   604 

EXTENDED DATA FIGURES 605 

Extended data figure 1: PCI secretion and collagen fibril assembly are separate processes.  606 

A) Statistical analysis comparing nanoluciferase activity detected in fresh culture medium 607 

applied to Nluc::Col1a2 NIH3T3 cells. n=4 at each time point. Levels in the culture medium 608 

were compared to the levels of Nluc activity in cells.  *** represents Paired Student’s T-test, 609 

p<0.001. Error bars represent SD.   610 

B) CRISPR-Cas9 knock-in strategy to integrate Dendra2 encoding sequences into the Col1a2 611 

gene. A guide RNA immediately downstream of the signal peptide of the proa2(I) chain, 612 

directing Cas9 to exon 1 of Col1a2. A repair template encoding the Dendra2 coding sequence 613 

flanked by 800 bp homology arms.  614 

C) PCR validation of Dendra2 integration into the Col1a2 gene. DNA was extracted from a single 615 

cell clone identified as Dendra2 positive by FACS.  Primers for PCR are as shown in B.  616 

D) Western blot validation of Dendra2 knock-in in the same single cell clone compared with un-617 

edited NIH3T3.  618 

E) Real-time PCR primers were designed to detect Dendra2 knock-in, PCR products we subjected 619 

to Sanger sequencing.  620 

F) The edited Dendra2:Col1a2 locus retrained responsiveness to TGF-βI treatment and was 621 

induced transcriptionally following treatment with 2.5 ng/mL TGF-βI for 48 h, additional TGF-622 

βI responsive transcripts were also measured. N = 3 independent repeats. Error bars represent 623 

the SEM.  624 

G) Airyscan microscopy of Dendra2:Col1a2 NIH3T3 cells demonstrating that Dendra2 positive 625 

fibrils are formed within the boundary of the cell body. Images were captured after 43 h in 626 

culture. The maximum intensity projection of five images taken a different Z positions are 627 

shown. 628 

Extended data figure 2: Rapid release of intracellular collagen at the time of fibril formation.  629 

A) Immunofluorescent detection of Dendra2 and collagen in Dendra2::Col1a2 NIH3T3 cells 630 

grown for 3 days after passage. Dendra2 positive fibrils are also positive for type-I collagen. 631 

Image captured at 1000x magnification. Scale bar represents 20 µm.   632 

B) Airyscan microscopy of Dendra2:Col1a2 edited MC3T3 cells captured at 40x magnification, 41 633 

h after seeding. Arrows indicate Dendra2 positive fibrils deposited by cells. Scale bar 634 

represents 20 µm. 635 

C) Electron micrograph of MC3T3 cells and Dendra2:Col1a2 edited MC3T3 cells focusing on the 636 

collagen fibrils formed beneath the cells.  637 

D) Quantification of cellular Dendra2:Col1a2 signal intensity in the cell body prior to the onset of 638 

fibril formation, termed nucleation, cellular Dendra2::Col1a2 signals drop dramatically during 639 

nucleation but then later recover as fibrils continue to grow. Nucleation was set at the frame 640 

prior to the first detection of Dendra2 positive fibrils, this was designated as T=0, and the 641 



 16 

cellular Dendra2 signal was set as 1, background pixel intensity was set as 0. Data from 642 

individual cells are shown, the average data is shown in Figure 2B.  643 

E) The loss of cellular Dendra2 signal observed in Figure2C demonstrates rapid release of cellular 644 

collagen at the onset of fibril formation. The rate of loss is compared to the rate of loss of 645 

photoswitched Dendra2 signal in the absence of fibril formation (Figure 1D). n=5 individual 646 

cells, error bars represent SD.   647 

F) 200,000 Nluc:Col1a2 NIH3T3 or Dendra2::Col1a2 NIH3T3 cells were grown as uniaxial 3D 648 

constructs.  649 

G) Deposition of Dendra2::Col1a2 collagen fibrils orientated in the direction of mechanical 650 

tension imaged after 7 days in culture (n=4). 651 

H) Nluc:Col1a2 NIH3T3 constructs grown until Day 5 when medium was changed to monitor the 652 

secretion of Nluc activity into the medium over 48 h. A constant rate of Nluc secretion was 653 

observed (n=3 independent experiments, each conducted with n=4 technical replicates for a 654 

representative experiment is shown, error bars represent SD).  655 

Extended data figure 3: Endocytosed collagen contributes to fibril assembly. 656 

A) 10 µg/mL Cy3 labeled rat tail collagen was added to cultures of human lung fibroblasts for 1 657 

or 18 h demonstrating that fibroblasts were able to endocytose type-I collagen. Uptake was 658 

significantly enhanced in cells cultured for 72 h compared to those cultured for only 24 h. 659 

B) Quantification of Cy3 positive cells after exposure to 10 µg/mL Cy3 labeled rat tail collagen 660 

added to human foreskin fibroblasts n=3 independent experiments, error bars represent SEM.  661 

C) Assessment of Cy3 labeled rat tail collagen uptake into SAOS2 cells for 1 h, demonstrating that 662 

these cells are able to endocytose type-I collagen with increased uptake with prolonged 663 

culture.  664 

D) NIH3T3 fibroblasts were fed with conditioned medium from Nluc:Col1a2 NIH3T3 cells. The 665 

amount of Nluc activity taken up by tendon fibroblasts after 18 h was measured, 666 

demonstrating that cells were able to endocytose Nluc:Col1a2, however there was a limit to 667 

the amount of Nluc activity taken that can be endocytosed. N=3 independent experiments, 668 

error bars show SD.  669 

E) Tendon fibroblasts were fed with conditioned medium from NIH3T3 cells supplemented with 670 

varying concentrations of recombinant Nluc (rNLuc). The amount of Nluc activity taken up by 671 

tendon fibroblasts after 18 h was measured, the amount of Nluc activity taken up was directly 672 

related to the amount of rNLuc added to the medium. N=3 independent experiments, error 673 

bars show SD.  674 

F) NIH3T3 cells were seeded in 35mm dishes and loaded with the live cell nanoluciferase 675 

substrate, endurazine for 2 h, cells were then treated with DMSO or 10 µM Dyngo4a. 676 

Luminescence was then measured every 10 minutes after addition of 1 mL of NLuc::Col1a2 677 

conditioned medium cell metabolized substrate. Representative traces are shown. N=3 678 

independent experiments.  679 

Extended data figure 4: Secretion of newly synthesized PCI with concomitant storage of PCI.  680 

Dendra2::Col1a2 NIH3T3 cells were photoswitched at T=0. Merge of both green and red fluorescence 681 

from Dendra2. Green Dendra2::Col1a2 is first observed at 2.5 h post-photoswitch. After 3 h uniquely 682 

green fluorescent protein (newly synthesized Dendra2:Col1a2) is detected in a Golgi-like organelle. 683 

Newly synthesized Dendra2:Col1a2 continues to be detected for a further 2 h but then is distinctly 684 
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absent in subsequent frames, implying secretion. Meanwhile, photoswitched Dendra2:Col1a2 685 

remains present within the cell and is suggestive of a retained cellular pool of type-I collagen. 686 

Extended data figure 5: Fibripositors are regularly contacted by endoplasmic reticulum and electron 687 

dense vesicles.  688 

A. Individual frames taken from Video 6 demonstrating that a single fibripositor is contacted 689 

regularly by both endoplasmic reticulum and electron dense vesicles. Areas highlighted by red 690 

boxes are used in Figure 6B.  691 

B. Confocal images of type I collagen and LAMP1 indirect immunofluorescence staining in mouse 692 

tendon fibroblasts. Scale bar represents 20 µm. 693 

C. Confocal images of type I collagen and LAMP1 indirect immunofluorescence staining in human 694 

foreskin fibroblasts. Scale bar represents 20 µm.  695 

Extended data figure 6: PCI localized in lysosomes. 696 

A. On gridded 35 mm dishes Dendra2::Col1a2 3T3 cells were transfected with LAMP1-YFP 697 

overnight with Fugene 6, cells were then grown in full medium with ascorbic acid for 48 h. 698 

LAMP1-YFP positive cells were then photoswitched for 30 sec on a Nikon Eclipse microscope.  699 

B. LAMP1-negative cells (Region 1) and LAMP1-positive cells (Region 2) were imaged with Zeiss 700 

Airyscan 880 in super-resolution mode. Photoswitched Dendra2-Col1a2 fibrils can be 701 

observed in Region 1 demonstrated by the detection of a red fluorescence signal. In a 702 

neighboring LAMP1-YFP positive cell, Region 2 the photoswitched Dendra2-PCI signal is 703 

located within the lumen of the lysosome. The highlighted region 2 shows the area magnified 704 

in Figure 7A. Scale bar represents 10 µm.  705 

Extended data figure 7: Non-classical PCI secretion feeds fibril assembly. 706 

A) Cell viability as assessed by Prestoblue metabolism after 72 h treatment of tendon fibroblasts 707 

with increasing doses of chloroquine (Blue) and bafilomycin (purple), viability to compared to 708 

equivalent doses of DMSO (black).  709 

B) Confocal microscopy of immunofluorescent detection of type-I collagen in DMSO, chloroquine 710 

and bafilomycin treated tendon fibroblasts, upper. Enlarged regions showing type-I collagen 711 

fibrils, lower.  712 

C) Quantification of type-I collagen fibrils per cell, n=4 independent experiments, at least 2000 713 

cells were scored per treatment. Error bars represent SEM. 714 

D) Measurement of type-I collagen fibril length. *** represents p<0.001, Students T-test, 715 

unpaired. Error bars represent SD.  716 

E) Hydroxyproline quantification of collagen in matrix deposited by tendon fibroblasts grown for 717 

72 h with 10 µM chloroquine or 1 nM bafilomycin. N=3 independent experiments for each 718 

treatment. Error bars represent SD.  719 

Extended data figure 8: Quantitative real time PCR of syntaxin-5 knock down. 720 

Quantitative real time PCR to detect Stx5 and Col1a1 transcripts in NIH3T3 cells treated with 100 pmol 721 

control scrambled (siScr) Stx5 targeting siRNA. Stx5 quantification is from n = 3 independent 722 

experiments each performed in triplicate. Error bars show SD. P value for Student’s T-test is shown. 723 

Col1a1 quantification is based on the means of N=3 independent experiments. Error bars show SEM. 724 

P value for a paired Student’s T-test is shown.  725 



 18 

VIDEOS 726 

Video 1: Intracellular collagen turnover over 2 days. A Dendra2::Col1a2 edited NIH3T3 cell was 727 

photoswitched with 30 s exposure to 400 nm light.  Cells were imaged every 20 minutes for 2 days. 728 

The disappearance of photoswitched collagen occurs prior to visualization of new green Dendra2-PCI. 729 

The video shows combined images captured using excitation and emission filters required to detect 730 

GFP and mCherry.  731 

Video 2: Deposition of Dendra2 tagged type I collagen into the matrix.   732 

Time lapse microscopy of a Dendra2::Col1a2 edited NIH3T3 cell imaged 24 h after seeding.  The cell 733 

traced over a further 24 h, with images taken every 20 minutes. Fibrils appear at approximately 36 h 734 

after seeding and then grow rapidly.  735 

Video 3: Dendra2 positive fibrils detected on the basal surface of cells.  736 

Dendra2::Col1a2 NIH3T3 cell imaged after 48 h in culture. The video shows a step through of 51 Z 737 

planes starting from the basal surface. The nucleus of the cell is observed by the lack of Dendra2 signal 738 

within the cell body.   739 

Video 4: Photoswitched Dendra2 positive fibrils detected on the basal surface of cells.  740 

A 3D reconstruction of images of Dendra2::Col1a2 NIH3T3 cells transfected with BFP-KDEL after 741 

photoswitching. Dendra2 positive fibrils (red/green) are formed on the basal surface of cells.  742 

Video 5: Photoswitched Dendra2 positive fibrils detected on the basal surface of cells.  743 

A 3D reconstruction of images of Dendra2::Col1a2 NIH3T3 cells transfected with BFP-KDEL after 744 

photoswitching. Looped structures in Dendra2 positive fibrils (red/green) are engulfed by the cell with 745 

the endoplasmic reticulum (BFP-KDEL) arranged around the looped fibril structure.  746 

Video 6: Fibripositors are regularly contacted by endoplasmic reticulum and electron dense vesicles.  747 

3view electron micrograph taken through embryonic mouse tendon showing a single fibripositor is 748 

regularly contacted by both endoplasmic reticulum and electron dense vesicles. 749 

Video 7: The Golgi apparatus does not contact fibripositors.  750 

3view electron micrograph taken through embryonic mouse tendon showing that the Golgi apparatus 751 

does not contact fibripositors. 752 

TABLES 753 

Table 1: Proteins identified in lysosomal fractions. 754 

Table 2: Primers used for generating repair templates and BFP tagged HSP47. 755 

Table 3: Primer sequences used to create split nanoluciferase knock-in repair templates. 756 

Table 4: Primers used for real time PCR quantification of transcripts. 757 

  758 
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MATERIALS AND METHODS 759 

Cell culture and treatments 760 

Immortalized mouse embryonic fibroblasts, NIH3T3, were maintained in DMEM supplemented with 761 

10% newborn bovine calf serum and penicillin and streptomycin.  The preosteoblast cell line MC3T3 762 

were maintained in alpha modification MEM supplemented with 10% fetal bovine serum and penicillin 763 

and streptomycin. Mouse tendon fibroblasts were cultured in DMEM:F-12 (1:1) medium 764 

supplemented with 5% L-glutamine, 10% dialyzed fetal bovine serum (FBS) and 10,000 U ml−1 765 

penicillin/streptomycin) and at 37 °C with 5% CO2. For imaging, cells were grown on ibitreat µ-Dish 766 

(Ibidi, Germany). Where indicated NIH3T3 and MC3T3 cell lines were cultured with 20 and 200 µg/mL 767 

L-ascorbic acid, respectively, to induce collagen fibril formation. Immortalized tail tendon fibroblasts 768 

were generated as previously described (Chang et al., 2020; Pickard et al., 2019) and were maintained 769 

in DMEM/F12 1:1 mixture supplemented with 10% FBS, penicillin and streptomycin. For treatments, 770 

the following concentrations were used: bafilomycin A 100 nM, brefeldin A 100nM, monensin 1 µM, 771 

Chloroquine 1 µM and ionomycin 10 µM. Cell survival was performed using Prestoblue blue (Thermo 772 

Fisher) after 72 h treatment, fluorescence measurements were collected on the Synergy Neo2 Multi-773 

Mode Reader (Biotek) at Excitation: 555/20 nm, Emission: 596/20 nm (Xenon flash, Lamp energy low, 774 

Gain 100 and read height 4.5 mm, 10 measurements per data point). For siRNA treatments, 200,000 775 

cells were seeded in 6 well plates overnight and then transfected with 100 pmol siRNA,using 776 

RNAiMAX, protein, RNA and coverslips were harvested. Plasmid transfections were performed using 777 

Fugene 6 using 1 µg plasmid and 3:1 (Fugene 6:DNA) ratio. BFP-KDEL was a gift from Gia Voeltz 778 

(Addgene plasmid # 49150) (Friedman et al., 2011). HP47-BFP-RDEL was generated using PCR products 779 

of HP47 (PCR amplified from plasmid MC202692 (Origene)), and BFP-RDEL (PCR amplified from BFP-780 

KDEL plasmid) using primers detailed In Supplementary table 2.  These were then assembled Into a 781 

pLenti CMV V5-LUC Blast (w567-1) digested with BstXI (a gift from Eric Campeau (Addgene plasmid # 782 

21474). Cy3 labeled collagen was prepared as previously described (Doyle, 2018). Cy3 collagen was 783 

added directly to medium at the indicated concentrations and mixed immediately.  784 

CRISPR/Cas9 knock-in design and vector construction 785 

We used CRISPR/Cas9 to generate the Col1A2-Dendra2 knock in cell line. Using the Sanger CRISPR 786 

design webtool we selected a guide RNA (ACTTACATTGGCATGTTGCT AGG) targeting exon 1 of the 787 

genomic sequence in order to generate a double strand break immediately after the sequence 788 

encoding the signal peptide.  The guide was delivered as RNA oligos (integrated DNA technologies, 789 

Coralville, US) in complex with Cas9 protein. A double stranded DNA repair template was generated 790 

by PCR amplification of the 5’ and 3’ homology arms (800bp each) from mouse genomic DNA. The 791 

Dendra2 mouse optimized coding sequence with a flexible linker sequence was synthesized 792 

(Genscript, US) and assembled by Gibson Assembly (NEB), primers are shown in Supplementary table 793 

2. Knockin of nanoluciferase to Col1a2 was previously described (Calverley et al., 2020).  794 

To knock-in split nanoluciferase (Hibit) into mouse Col1a2 exon 6 we used gRNA: 795 

GCTGCTCAGTATTCTGACAA. For human COL1A2 exon 1 knockin of Hibit we used gRNA: 796 

CAAGCTGAAGGCACTTACAT. Repair templates for CRISPR-mediated knock-in of Hibit are detailed in 797 

Supplementary table 2. Briefly the two primer sequences were annealed to generate hybrid 798 

ssDNA:dsDNA repair templates with 29 bp homology arms.  799 

CRISPR/Cas9 Delivery 800 
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For knock-in of Dendra2, NIH3T3 and MC3T3 cells were seeded 24 h prior to transfection of the repair 801 

template, using Fugene 6 (Promega) at a ratio of 3 µL per 1 µg DNA, cells were maintained in 802 

transfection mixture overnight and then fresh medium was added for approximately 6 h.  Cells were 803 

then transfected overnight with 100 pmol of tracrRNA and crRNA complexed with 4 pmol recombinant 804 

cas9 protein using RNAiMAX (Thermo Fisher).  Medium was then replaced and cells were grown for 805 

48 h before assessing fluorescence and sorting.   806 

For Hibit knockin crRNA were purchased from IDT, sequences are shown in Supplementary table 3. 807 

0.25 µL crRNA (100 µM) was annealed with equimolar amounts tracRNA (IDT), and complexed with 808 

Cas9 (1.5 µL 1 µM, NEB). CRISPR/Cas9 complexes and 100 pmol annealed repair template were 809 

electroporated (Neon transfection system, Thermo). Electroporation conditions for NIH3T3 were 1400 810 

V, 20 ms, 2 pulses using 10 µL tips and 50,000 cells and for HFFs were 1700 V, 30 ms and 1 pulse using 811 

10 µL tips and 100,000 cells. Electroporated cells were grown in 12 well plates.   812 

CRISPR/Cas9 validation 813 

Dendra2 positive populations were sorted by FACS and grown to sufficient numbers for validation of 814 

editing. Cells then sorted into single cells clones. All assays and imaging were performed on single cell 815 

sorted populations.  Individual cells were then grown to sufficient numbers for validation.   Primers 816 

for validation of the knockin into genomic DNA (PR1 and PR2) were as follows: F-817 

GGCAAGGGCGAGAGAGG and R-TTTTCTCCGACAGATTAGAGGGC.  Real time validation of 818 

Dendra2::Col1a2 transcripts were assessed in single cell clones treated with 2.5 ng/mL TGF-b1 for 48 819 

h using the primers indicated in Supplementary table 4, real time PCR was normalized to the 820 

geometric mean of Rplp0, Gapdh and Actb.  The sequence of the dendra2-col1a2 transcript was then 821 

validated by Sanger sequencing.  Western blotting was performed on 4-12% tris-glycine gels with 25 822 

µg cell lysate.  Antibodies used in this study were Collagen (Gentaur, OARA02579, dilution 1:2000 823 

(WB), 1:500 (IF)), Dendra2 (Origene, TA180094, dilution 1:500), GAPDH (Sigma, G8795, dilution 824 

1:10,000) Calreticulin (Stressgen; SPA-601, dilution 1:1000), Lamp1 (Santa Cruz, sc-20011, 1:500), 825 

Vincullin (Chemicon; CBL233, 1:2000), Hp47 (Santa Cruz, sc-398579, 1:1000 (WB), 1:500 (IF)), Syntaxin 826 

5 (Santa Cruz, sc-365124, 1:500(WB)) PDI (Abcam, ab180993, dilution 1:500 (IF)). 827 

Imaging 828 

For immunofluorescence detection of cellular and extracellular proteins, cells grown on coverslips 829 

were fixed with 4% paraformaldehyde for 20 minutes at room temperature and washed with PBS 830 

before permeabilization with 0.2% triton-x-100 in 10%FBS for 15 minutes. Antibodies used in this 831 

study are detailed above.   832 

Figures 1C and E, Video 1, Figures 5A and E, and Extended data figure 5 were acquired on an Eclipse 833 

Ti inverted microscope (Nikon) using a 60x objective, the Nikon filter sets for GFP and mCherry and 834 

LED (Lumencor) fluorescent light sources each with 300 ms exposure. Photoswitching was performed 835 

using a 30s exposure to UV LED light source (400 nm). The images were collected using a Retiga R6 (Q-836 

Imaging) camera, and captured using NIS Elements AR.46.00.0 software. Pixel intensity was analyzed 837 

using FIJI ImageJ (http://imagej.net/Fiji/Downloads). Cells were maintained at 37°C and 5% CO2.   838 

Images from Extended data figure 2A and Figure 4C were collected on a Zeiss Axioimager.D2 upright 839 

microscope using a 100x objective and captured using a Coolsnap HQ2 camera (Photometrics) through 840 

Micromanager software v1.4.23. Following 4% PFA fixation cells were permeabilized and stained with 841 

antibodies to Dendra2 (dilution 1:100) and collagen (dilution 1:200), secondary antibodies used were 842 

goat-anti-mouse488 (Cell Signaling; 4408, dilution 1:400) and goat anti-rabbit-Cy5 (Invitrogen; 843 
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A10523, dilution 1:400). Specific band pass filter sets for FITC and Cy5 were used to prevent bleed 844 

through from one channel to the next. All images were then processed and analyzed using Fiji.  845 

Images for Figure 1 F and G, Extended data figure 1G, Video 2, Figure 2A and D, Extended data figure 846 

2B, Video 3-5, Figure 4A, Figure 6A, Figure 7A and B, Extended data figure 6, Figure 8D, E and H and 847 

Extended data figure 7B were acquired with either a Fluar 20X 0.75NA objective at 1024x1024 848 

resolution, or 100x using a Zeiss LSM880 equipped with Airyscan detector set to super-resolution 849 

mode. Green fluorescence was excited at 488nm and collected through a 495-550nm filter. The 32 850 

phase images were recombined using the Airyscan processing tool in the Zeiss Zen 2 software and the 851 

image brightness and contrast adjusted using BestFit. Extended data figure 2G and Figure 3G were 852 

captured were acquired with either a Fluar 20X 0.75NA objective with Airyscan detector set to super-853 

resolution mode. Green fluorescence was excited at 488nm and collected through a 495-550nm filter. 854 

The 32 phase images were recombined using the Airyscan processing tool in the Zeiss Zen 2 software 855 

and the image brightness and contrast adjusted using BestFit.  856 

Figures 6C, 7C, 9A and B, and Extended data figure 6 were collected on a Leica TCS SP5 AOBS inverted 857 

confocal using an [63x / 0.50 Plan Fluotar] objective. The confocal settings were as follows, pinhole [1 858 

airy unit], scan speed [1000 Hz unidirectional]. Images were collected using [PMT] detectors with the 859 

following detection mirror settings; [FITC 494-530 nm; Cy5 640-690 nm] using the [488 nm (20%) and 860 

633 nm (25%)] laser lines respectively. To eliminate crosstalk between channels images were collected 861 

sequentially. 862 

Electron microscopy 863 

Transmission electron microscopy: Dendra2::Col1a2 edited MC3T3 were grown for 7 days in the 864 

presence of 200 µg/mL L-ascorbic acid, replenishing medium and ascorbic acid every 2 days. Following 865 

fixation in 2.5% glutaraldehyde/100 mM phosphate buffer (pH 7.2) for 30 minutes at RT cells and 866 

matrix were scraped from the culture dish. After 2 h at 4 ºC the samples were washed in 100 mM 867 

phosphate buffer (pH 7.2). After immersion in 2% osmium/1.5% potassium ferro-cyanide in cacodylate 868 

buffer (pH 7.2) for 1 h at RT, samples were washed in ddH2O, and fixed in 1% tannic acid/0.1 M 869 

cacodylate buffer (pH 7.2) for 2 h at 4 °C. Samples were then thoroughly washed in ddH2O and 870 

incubated in 2% osmium tetroxide/ddH2O for 40 min at RT, before washing again in ddH2O at RT. This 871 

was followed by a final incubation step at 4 ºC in 1% uranyl acetate (aqueous) overnight. Samples 872 

were then washed before infiltrated with a series of propylene oxide and TAAB 812 resin kit mix, with 873 

increasing resin concentration (2 h in 30% resin, 2 h in 50% resin, 2 h in 75% resin, 3 x 1 h in 100% 874 

resin).  Samples are then embedded in capsules and cured at 60 °C for 12 h. Sections (80 nm thick) 875 

were cut from the sample blocks and examined using a Tecnai 12 BioTwin electron microscope.  876 

Serial block face SEM: Tendons were prepared as described previously (Starborg et al., 2013). In brief, 877 

tendons were fixed in 1% osmium and 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate buffer 878 

for 1 h, washed with ddH2O water, then incubated with 1% tannic acid in 0.1 M cacodylate buffer for 879 

1 h, washed, then incubated with 1% osmium tetroxide in water for 30 min. Samples were then 880 

washed with ddH2O water and stained with 1% uranyl acetate in water for 1 h, then dehydrated in 881 

acetone and embedded into resin.  882 

ImmunoEM: Post-embed labeling was used to detect type I collagen using a rabbit anti–chicken 883 

collagen-I antibody (Biodesign International) at a dilution of 1:500 followed by a gold-conjugated goat 884 

anti–rabbit antibody (British Biocell International) at a dilution of 1:200. All sections were 885 
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subsequently stained with uranyl acetate and examined using a Tecnai 12 BioTwin electron 886 

microscope.  887 

Atomic force microscopy 888 

Atomic force microscopy was performed using a JPK NanoWizard IV (Bruker Nano Inc., Karlsruhle, 889 

Germany, previously JPK Instruments AG, Berlin, Germany) mounted on a Zeiss AX10 (Carl Zeiss 890 

Microscopy GmbH, Jena, Germany) inverted light microscope operating under JPK NanoWizard 891 

Control software (V 6.1.65). Images were captured using NuSense Scout 350R cantilevers (NuNano, 892 

Bristol, UK) with nominal spring constant, frequency and tip radius of 42 N/m, 350kHz and <10nm 893 

respectively. Height data was processed using JPK Data Processing software (V 6.1.65), and was 1st 894 

order flattened prior to analysis. 895 

Nanoluciferase activity assay 896 

Conditioned medium collected after washing edited cells twice with PBS, was placed in white walled 897 

96 well plates (Nunc MicroWell 96-Well, Nunclon Delta-Treated, Flat-Bottom Microplate, Thermo 898 

Fisher Scientific, Paisley, UK# 136101) To assay Nluc activity 0.5 µL of coelenterazine (final 899 

concentration 3 µM) was added immediately prior to measurement. Light production was measured 900 

using filter cubes #114 and #3 on the Synergy Neo2 Multi-Mode Reader (Biotek), readings for each 901 

well were integrated over 200 ms with 4 replicate measurements per well (Gain 135 and read height 902 

6 mm). For assessment of cellular and matrix derived Nluc activity cultures were decellularized by 903 

addition of extraction buffer (20 mM NH4OH, 0.5% Triton X-100 in PBS) for 2 mins at 37 ºC until no 904 

intact cell is visible under light microscope, this cellular fraction was removed and the matrix was 905 

washed with PBS, and then scraped into 1 mL PBS and pelleted by centrifugation at 12,000 x g for 5 906 

mins. Matrix was resuspended in 100 µL extraction buffer before assessing Nluc activity.  907 

Hydroxyproline Assay 908 

Decellularized cultures were scraped and pelleted into 1.5 mL tubes before freezing at -20 °C for the 909 

hydroxyproline quantitation. Hydroxyproline was measured using methods previously described 910 

(Reddy and Enwemeka, 1996).  Briefly, 100 µL 6M HCl was added to the pellet and incubated at 100 911 

°C overnight. Samples were cooled to room temperature and spun at 12,000 xg for 3 mins to remove 912 

residual charcoal. For each sample (50 μL) was mixed with chloramine T (450 μL) and incubated at 913 

room temperature for 25 mins. Ehrlich’s reagent (500 μL) was added to each sample and incubated at 914 

65 °C for 10 mins. All samples were compared to hydroxyproline standards treated identically. The 915 

absorbance of 100 μL was measured a 96-well plate and absorbance at 558 nm read on a H1 plate 916 

reader (Biotek). 917 

Lysosomal fractionation 918 

30 million cells were grown in 150 mm tissue culture dishes, trypsinized and pelleted at 1000 xg for 5 919 

minutes. Lysosomal fractions were prepared using the Lysosome Isolation Kit (Sigma Aldrich, LYSISO1) 920 

according to manufacturer’s procedures. 9 fractions were collected after ultracentrifugation.  921 

Proteomic sample preparation 922 

Cell pellets were resuspended in 30 µl SL-DOC (1.1% sodium laurate, 0.3% sodium deoxycholate in 25 923 

mM ammonium bicarbonate supplemented with protease and phosphatase inhibitor cocktails).  Six 924 

1.6mm steel beads were added and the samples were homogenized in a Bullet Blender Tissue 925 

Homogeniser. A BCA was done to quantify the amount of protein in each sample.  Each sample (50 926 

µg) was made up to 5% SDS and then reduced and alkylated with DTT and Iodoacetamide (IAA) 927 

respectively.  For lysosome fractions, samples were processed without further extraction procedures. 928 
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Samples were acidified using H3PO4 and S-trap binding buffer (90% Methanol in 100 mM TEAB pH 7.1) 929 

was added. Samples were loaded, onto S-Trap columns (ProtiFi) and washed with S-trap binding buffer 930 

4 times.  Proteins were digested with 0.8 µg/µL trypsin solution (proteomics grade trypsin, Promega).  931 

Peptides were then eluted in 65 µl Digestion buffer (50 mM TEAB pH 8.5), 65 µL 0.1% formic acid (in 932 

water) and finally with 30 µL 0.1% formic acid, 30% Acetonitrile (ACN) (in water).   Samples were then 933 

desalted using Oligo R3 resin beads in a 96-well, 0.2 µm PVDF filter plate (Corning).  The beads were 934 

washed and then samples added and washed twice with 0.1% formic acid.  Samples were then eluted 935 

in 0.1% formic acid in 30% ACN and lyophilized using a speed-vac (Heto Cooling System).  936 

Mass Spectrometry 937 

Dried peptides were resuspended in 10 µl 0.1% formic acid in 5% ACN. Samples were analyzed using 938 

an ultiMate® 3000 Rapid Separation LC system (RSLC, Dionex Corporation) coupled to first a Orbitrap 939 

Elite, for quality control, and then a Q Exactive HF Mass Spectrometer (Thermo Fisher). For both, 940 

mobile phase A was 0.1% formic acid in water and B was 0.1% formic acid in ACN. The Orbitrap used 941 

a 75 mm x 250 um inner diameter 1.7 µM CSH C18 analytical column (Waters) with a gradient from 942 

92% A and 8% B to 33% B in 10 minutes at a rate of 300 nL/min. The Q Exactive used a gradient of 95% 943 

A and 5% B to 18% B at 58 minutes, 27% at 72 min and 60% at 74 min with the same flow rate and a 944 

75 mm x 250 µm inner diameter CSH C18 analytical column (Waters). Peptides were selected by DDA 945 

for fragmentation automatically and data was acquired for 90 min in positive mode. 946 

SILAC labelling  947 

Mouse tendon fibroblasts were pulsed with 100 mg/L C13 (“Heavy”) lysine for 48 h and then washed, 948 

trypsinized, lysed and processed for mass spectrometry (see below). Mass spectrometry results files 949 

were exported into Proteome Discoverer for identification and quantification using a SILAC 1plex 950 

(Lys6) method. All searches included the fixed modification for carbamidomethylation on cysteine 951 

residues resulting from IAA treatment to prevent cysteine bonding. The variable modifications 952 

included in the search were oxidized methionine (monoisotopic mass change, +15.955 Da) and 953 

phosphorylation of threonine, serine and tyrosine (79.966 Da). A maximum of 2 missed cleavages per 954 

peptide was allowed. The minimum precursor mass was set to 350 Da with a maximum of 5000 Da. 955 

Precursor mass tolerance was set to 10 ppm, fragment mass tolerance was 0.02 Da and minimum 956 

peptide length was 6. Peptides were searched against the Swissprot database using Sequest HT with 957 

a maximum false discovery rate of 1%. 958 

Half-lives were calculated from heavy to light ratios (HL) as shown by Schwanhäusser using the 959 

following equations (Schwanhausser et al., 2009): 960 

Where 48 represents the SILAC pulse time, 72 is the calculated cell doubling rate and k is the rate 961 

constant of protein decay, which is then used to calculate the half-life in the second equation.  962 

This calculation assumes that no new light protein is produced and that the amount of light protein 963 

decays exponentially over time. The total amount of protein is assumed to double per complete cell 964 

cycle.  965 

Proteins were only selected for half-life calculation if at least 3 peptides were detected, where at least 966 

one is heavy, across 2 repeats.  967 

 968 
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Figures

Figure 1

PCI secretion and collagen �bril assembly are separate processes. A) Assessment of collagen secretion
rate in CRISPR-edited Nluc::Col1a2 NIH3T3 cells. Nluc activity is readily detected in conditioned medium
within minutes after medium change. Comparison to cellular Nluc::Col1a2 activity levels were used to



assess the rate of type-I collagen secretion. N=4, individual data points are shown. B) CRISPR strategy to
assess the lifetime of type I collagen intracellularly. Integration of the photoswitchable Dendra2 into the
N-terminus of Col1a2, the short N-terminus of Col1a2 provides space within the N-pro-peptide for
incorporation of Dendra2 into the type 1 collagen triple helix. Image modi�ed from (Canty and Kadler,
2005). C) Photoswitching of Dendra2::Col1a2 after 30 second exposure to 405 nm light. D) Tracing of
pre-existing Dendra2::Col1a2 (Red) pixel intensity demonstrating a slower rate of type-I collagen
secretion, and a phased collagen production of new Dendra2::Col1a2, intensities are relative to the �rst
frame after photoswitching (Red) or to the �nal frame (Green). The average pixel intensities of �ve cells
are shown. E) Dendra2::Col1a2 NIH3T3 cells grown on correlative grid coverslips imaged by wide�eld
�uorescence microscopy, samples were then �xed to perform AFM of the same region. Assessment of the
periodicity of the Dendra2 positive �bril demonstrated a D-Period of 65 nm. 11 F) Time-lapse Airyscan
microscopy tracing Dendra2::Col1a2 NIH3T3 cells, 24 h after seeding no �brillar structures were detected
but with prolonged culture Dendra2 positive �brillar structures were detected. G) Zoom of the cell imaged
in F at the position of �bril formation. Scale bars represent 10 µm. 



Figure 2

 Cells control collagen �brillogenesis. A) Airyscan microscopy of Dendra2::Col1a2 NIH3T3 cells
demonstrating that Dendra2 positive �brils are formed within the boundary of the cell body. Images were
captured after 48 h in culture. The maximum intensity projection of 51 different Z positions are shown on
the left, middle panel shows the localization of Dendra2::Col1a2 in a single Z plane within the cell body,
right panel shows that Dendra2 �brils are abundant on the cells basal surface, a single Z plane is shown.



Arrows indicate Z position of each image. Video 2 shows all 51 positions. B) Quanti�cation of cellular
Dendra2::Col1a2 signal intensity in the cell body prior to the onset of �bril formation, termed nucleation,
cellular Dendra2::Col1a2 signals drop dramatically during nucleation but then later recover as �brils
continue to grow. Nucleation was set at the frame prior to the �rst detection of Dendra2 positive �brils,
this was designated as T=0, and the cellular Dendra2 signal was set as 1, background pixel intensity was
set as 0. Data from �ve cells producing collagen �brils are shown, data from individual cells are shown in
Extended data �gure 2. Average data points are shown, n=5 individual cells, error bars represent SD. C)
The loss of cellular Dendra2 signal observed in B demonstrates rapid release of cellular collagen at the
onset of �bril formation, the rate of loss is compared to the rate of loss of photoswitched Dendra2 signal
in the absence of �bril formation (Figure 1D). Average data points are shown, n = 5 individual cells, error
bars represent SD. D) Expression of BFP-KDEL in Dendra2::Col1a2 NIH3T3 cells demonstrates that �brils
are formed on the basal surface of cells. A maximum intensity projection of 42 z positions is shown, left.
A 3D reconstruction of these cells show collagen �brils are distinct from the cell body (Video 3), however
loops in the collagen �brils were observed extending into the cell body, a 3D reconstruction is shown in
Video 3. The middle panel shows that photoswitched Dendra2 positive �brils are beneath the cell body,
importantly at positions of where loops are engulfed by the cell the endoplasmic reticulum (BFP-KDEL)
align with the �brils.



Figure 3

Rapidly secreted collagen contributes to �bril growth but not �bril nucleation. A) Schematic of CRISPR-
Cas9 knock-in cells grown under constant �ow. B) To validate the �ow system Nluc::Col1a2 NIH3T3 cells
were grown under �ow. Nluc activity was assessed in the medium within the Bioreactor housing cells
seeded on glass coverslips. The activity was also measured in the medium within the waste out�ow (n=4
independent experiments, error bars show SD). C) Comparison of Nluc activity within the medium of



Nluc::Col1a2 NIH3T3 cells grown under �ow conditions or under static ‘normal’ culture conditions for 72
h. Comparison of Nluc activity in the medium was compared to recombinant Nluc protein to estimate the
concentration of collagen within the medium as described previously (Calverley et al., 2020). D) After 72 h
culture cells were removed from the bioreactor and subjected to assessment of cell viability and then
coverslips were decellularized, measurements of Nluc activity in decellularized buffer were measured in
triplicate (n=4 independent experiments, error bars show SD). 12 E) After decellularization, Nluc activity
associated with the deposited matrix by cell grown under �ow measured relative to cells grown under
static conditions. N=5 independent experiments, error bars show SD. F) The number of Dendra2 collagen
�brils per cell were scored, n=3 �elds per view from 4 independent samples. G) Dendra2::Col1a2 NIH3T3
cells were grown under �ow or static conditions for 72 h. Airyscan microscopy of live cells identi�ed
Dendra2 positive �brils. Scale bar represents 20 µm) H) The length of individual Dendra2 collagen �brils
were assessed using Image J image analysis software across all samples identi�ed in G.



Figure 4

Endocytosed collagen contributes to �bril assembly. A) Fibroblasts isolated from tamoxifen treated
Col1a1F/F; Col1a2-ER 82 t2 mice (Li et al., 2017; Yang et al., 2013) were fed with conditioned medium
from Dendra2::Col1a2 NIH3T3 for 72 h, medium was replaced each day. Dendra2 positive �brils were
also detected associated with cells. Scale bar represents 10 µm. B) 10 µg/mL Cy3 labeled rat tail collagen
was added to cultures of human foreskin �broblasts for 1 or 18 h demonstrating that �broblasts were



able to endocytose type-I collagen. Uptake was signi�cantly enhanced in cells cultured for 72 h compared
to those cultured for only 24 h, see Extended data �gure 3. C) Human foreskin �broblasts fed with 0.5
µg/mL Cy3 collagen for 18 h were effective at incorporating the labeled collagen into �brillary structures
whereas cells that were cultured for only 24 h were less effective in assembling �brils. D) Tendon
�broblasts were fed with conditioned medium from Nluc::Col1a2 NIH3T3 cells. The amount of Nluc
activity taken up by tendon �broblasts after 18 h was measured, demonstrating that cells were able to
endocytose Nluc::Col1a2, however there was a limit to the amount of Nluc activity that can be
endocytosed. N = 3 independent experiments, error bars show SD. E) Tendon �broblasts grown for 24 h
were fed with Nluc::Col1a2 NIH3T3 conditioned medium along with increasing concentrations of rat tail
collagen-I. After 18 h incubation, cellular Nluc activity was assessed. N = 3 independent experiments, error
bars show SD. 



Figure 5

Secretion and storage of PCI. A. Selected frames from Video 1 showing that photoswitched
Dendra2::Col1a2 (Red) has a longer life span within cells than predicted from Nluc::Col1a2 edited cells.
Photoswitched collagen was detected intracellularly after 30 h post-switch. B. Selected frames from
Extended data �gure 4 showing transition of newly synthesized Dendra2::Col1a2 (displaying uniquely
green �uorescence signal) through a Golgi-like structure. Concurrently pre-existing Dendra2::Col1a2



remained detectable beyond 9 h post photoswitching. C. CRISPR-Cas9 knock-in strategy to tag the amino
telopeptide of proa2(I) with HiBit in unedited and Dendra2::Col1a2 cells within the region of Col1a2. HiBit
is located C-terminal of the N proteinase cleavage site and N-terminal of the start of the major triple
helical domain. This site is encoded by sequences within exon 6 of the Col1a2 gene. D. Introduction of
the split nanoluciferase sequence encoding HiBit was con�rmed by detection of HiBit in the medium of
edited cells. The rate of secretion for HiBit::Col1a2 and 13 Dendra2::Hibit::Col1a2 was measured as in
Figure 1A, n = 4 replicate measurements, error bars shown SD. E. To assess PCI lifetime in unedited
NIH3T3 cells, cells were fed with C13 Lysine for 48 h before detachment, lysis and proteomic analysis.
Peptide sequences shown are from the NC1 domain of proa1(I) mouse. Quanti�cation of both heavy and
light labeled Col1a1-derived peptides demonstrate that not all PCI is secreted within 48 h. N = 3
independent experiments. F. Global protein abundance in SILAC labeled NIH3T3 cells, the indicated
protein half-lives were estimated by measuring the abundance of both heavy and light peptides for each
protein as described in Methods. 



Figure 6

PCI abundant at sites of �bril formation. A. Dendra2::Col1a2 NIH3T3 imaged using Airyscan microscopy
after 18 h after culture, 1000x magni�cation, and 2.5x digital zoom, a maximum intensity projection is
shown. Vesicles containing Dendra2 signal are observed at sites of �bril assembly. Dendra2 signal was
observed arranged at the periphery of vesicles, scale bar represents 1 µm. B. Electron micrograph of
embryonic mouse tail tendon cells containing �bripositors (red), individual frames taken from 3view



reconstructions shown in Video 6, larger images are shown in Extended data �gure 5. Fibripositors are
regularly contacted by endoplasmic reticulum (blue) and electron dense vesicles (green). Video 7 show
that the Golgi apparatus does not contact �bripositor. C. Immuno�uorescence imaging of type I collagen
in mouse embryonic �broblasts with the ER marker PDI. Scale bar represents 20 µm. D. Fractionation of
NIH3T3 using a sucrose density gradient, type I collagen is co-resident with the ER protein Calreticulin
(Calr) but also with the lysosomal protein Lamp1 and the collagen chaperone Hp47. E. Proteomic
analysis of lysosomal fractions 6 and 7 identi�ed signi�cant enrichment of proteins identi�ed by
proteomic analysis of fractions 6 and 7 based on GO Cellular component terms. F. Col1a1 (Red and
Magenta) and Col1a2 (Blue and Green) derived procollagen peptides were present within both fractions 6
and 7 suggesting that newly synthesized collagen transitions these compartments.



Figure 7

PCI localizes to LAMP1-positive compartments. A. Dendra2::Col1a2 NIH3T3 imaged using Airyscan
microscopy 48 h after transfection with LAMP1-YFP. 1000x magni�cation, and 2.5x digital zoom, a
maximum intensity projection of 31 images is shown. LAMP1-YFP vesicles containing photoswitched
Dendra2 signals are observed. Three LAMP1-positive areas are enlarged. Using a single Z plane the pixel
intensity of Dendra2 (Red) and LAMP1-YFP was measured in FIJI. At sites of �bril assembly LAMP1-YFP



was observed juxtaposed to red Dendra2 �brils. Scale bar represents 20 µm. B. Live cell super resolution
microscopy of NIH3T3 stably transduced with Hp47-BFP-RDEL lentivirus and transfected with LAMP1-
YFP. Scale bar represents 20 µm. C. Immortalized tail tendon �broblasts were grown in ascorbic acid
containing medium for 3 days, cells were �xed and permeabilized and stained for collagen I, LAMP1 and
counter stained with DAPI. A single optical section showing collagen I localization to LAMP1-positive
lysosomes, a type I collagen �bril is indicated by the white arrow. Pixel intensity across the LAMP1-
positive vesicle is shown. 14 D. Immunogold electron microscopy labelling of collagen-1 of mouse tendon
identifying extracellular collagen �brils and intracellular collagen within hollow lumen vesicles, left,
individual vesicles are enlarged. Scale bar represents 1 µm. 



Figure 8

Non-classical PCI secretion feeds �bril assembly. A. Schematic for monitoring Nluc activity secretion
from Nluc::Col1a2 NIH3T3 cells. Comparison of Nluc secretion rates in control cultures and cells treated
with 100 nM brefeldin A identi�ed robust reduction of Nluc activity secretion. B. Schematic to quantify the
deposition of Nluc::Col1a2 into the extracellular matrix. C. Nluc::Col1a2 NIH3T3 cells were cultured with
100 nM brefeldin A for 72 h, Nluc activity levels in the conditioned medium, cellular fraction and matrix



were assessed. N=3 independent experiments, N=4 technical repeats from a representative experiment
are shown. Error bars represent standard deviation. D. Representative Airyscan confocal microscopy
images of Dendra2::Col1a2 NIH3T3 cells cultured for 72 h in the presence of either 100 nM brefeldin A, or
1 µM monensin with or without addition of the lysosome proton pump inhibitor 1 nM ba�lomycin.
Dendra2 signals are shown to highlight deposited �brils. Maximum intensity projections of 5 z planes are
shown. Scale bar represents 50 µm. Boxes are enlarged in E. E. Enlargements of images within the
regions highlighted in D. F. Quanti�cation of Dendra2 �bril numbers per cell, n=5 independent experiments
for brefeldin and monensin treatment, with an additional n=2 independent experiments for treatments
including ba�lomycin treatment. A minimum of 200 cells per condition, per experiment, were score. Error
bars represent SEM. ** represents p<0.01, Student’s T-test, unpaired. G. Western blot of Syntaxin 5 (Stx5)
knockdown with 100 pmol siRNA in NIH3T3 cells. N=3 independent experiments. H. Syntaxin 5 (Stx5)
knockdown with 100 pmol siRNA in Dendra2::Col1a2 NIH3T3 cells were cultured for 72 h before live
imaging of Dendra2 �brils. . Maximum intensity projections of 5 z planes are shown. Scale bar represents
50 µm. I. Quanti�cation of Dendra2 �bril numbers per cell in siRNA treated Dendra2::Col1a2 NIH3T3. n=2
independent. Error bars represent SD. J. Syntaxin 5 (Stx5) knockdown with 100 pmol siRNA in
Nluc::Col1a2 NIH3T3 cells were cultured for 72 h, Nluc activity levels in the conditioned medium, cellular
fraction and matrix were assessed. N=3 independent experiments, each with N=4 technical repeats are
shown for conditioned medium and cellular fractions, or n=2 technical repeats for matrix measurements.
Error bars represent standard deviation. 



Figure 9

Disruption of type-I collagen �bril assembly in �broblasts from patients with lysosome storage disorders.
A) Immuno�uorescence detection of type-I collagen in human skin �broblasts taken from patients with
lysosomal storage disorders, mucopolysaccharidosis type 1 and tpe 3a (MPSI, and MPSIIIa). Scale bars
represent 20 µm. B) Regions highlighted in A show failed collagen assembly sites in MPS patient derived
�broblasts. C) CRISPR-Cas9 mediated knock-in of the split nanoluciferase tag, Hibit, into the Exon 1 of



Col1a2 in control HFF and MPS patient derived �broblasts. Secretion rates of Hibit tagged collagen 15
were normalized to cellular Hibit levels and indicated that there was no difference in the ability to secrete
type-I collagen. D) Ionomycin triggered release of Nluc::Col1a2 from NIH3T3 cells. N=9 independent
experiments, error bars represent SEM. 
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