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Abstract 34 

The turnover of endoplasmic reticulum (ER) ensures the correct biological activity of 35 

its distinct domains. In mammalian cells the ER is degraded via a selective autophagy 36 

pathway (ER-phagy), mediated by two specific receptors: FAM134B, responsible for 37 

the turnover of ER sheets and SEC62 that regulates ER recovery following stress. 38 

Here we identified reticulon 3 (RTN3) as a specific receptor for the degradation of ER 39 

tubules. Oligomerization of the long isoform of RTN3 is sufficient to trigger 40 

fragmentation of ER tubules. The long N-terminal region of RTN3 contains several 41 

newly identified LC3-interacting regions (LIR). Binding to LC3s/GABARAPs is 42 

essential for the fragmentation of ER tubules and their delivery to lysosomes. RTN3-43 

mediated ER-phagy requires conventional autophagy components, but is independent 44 

of FAM134B. None of the other reticulon family members have the ability to induce 45 

fragmentation of ER tubules during starvation. Therefore, we assign a unique function 46 

to RTN3 during autophagy. 47 

 48 
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 50 

 51 

 52 

  53 
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Introduction  54 

The endoplasmic reticulum (ER) is the most abundant membranous structure in the 55 

cell. It is a continuous membrane system that extends from the nuclear envelope 56 

throughout the cytosol where it forms the peripheral ER, which is a complex 57 

interconnected network of sheets, tubules and matrices (Nixon-Abell et al., 2016). 58 

The ER is an extremely dynamic organelle; its different subdomains are constantly 59 

remodeled in shape and total volume in order to fulfill cellular needs (Shibata et al., 60 

2006, Friedman and Voeltz, 2011). Sheets and tubular-like networks are characterized 61 

by the presence and the collaboration of specific proteins. For example, CLIMP-63 62 

(microtubule-binding 63-kDa cytoskeleton-linking membrane protein) localizes 63 

specifically to ER sheets (cisternae), while reticulon domain-containing proteins 64 

(RTN1 to 4) are concentrated at ER tubules. Since the reticulon domain has the ability 65 

to bend membranes, the ER shape depends on the concentration of these resident 66 

proteins and can undergo rapid structural changes in response to various 67 

environmental cues (Voeltz et al., 2006, Shibata et al., 2010). ER plasticity and the 68 

fine morphological organization of the ER support the plethora of different biological 69 

functions in which it is involved. Among others, The ER is responsible for, the 70 

biosynthesis of secretory and membrane proteins, lipids and steroids, the regulation of 71 

Ca
2+

 homeostasis, and the formation of functional contact sites with other organelles 72 

(Borgese et al., 2006). The ER is also the essential site for quality control of newly 73 

synthesized proteins of the secretory pathway. The ER contains two interconnected 74 

quality control pathways: the unfolded protein response (UPR) and the ER-associated 75 

protein degradation (ERAD) story. UPR activation increases the folding capacity of 76 

the ER, while the ERAD system recognizes terminally misfolded proteins and 77 

facilitates their retro-translocation into the cytoplasm where they are degraded by the 78 

ubiquitin-proteasome system (Walter and Ron, 2011). in this way, the ER maintains 79 

the flow of protein synthesis, folding and clearance. The ER is also actively involved 80 

in the second major degradative system of the cell: the autophagy-lysosome pathway. 81 

Autophagy is a catabolic process characterized by the formation of a double 82 

membrane structure, named autophagosome, which engulfs portions of the cytosol 83 

(like protein aggregates and organelles) and delivers them to the lysosome (Tooze and 84 

Yoshimori, 2010). Being the largest membranous organelle, the ER functions as the 85 

major membranes source for autophagosome formation. The nucleation of the double 86 
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membrane, which is destinated to become an autophagome, takes place in specific 87 

compartments of the ER defined as omegasomes (Biazik et al., 2015). Interestingly, 88 

the ER has a double fate in autophagy. It initiates the process but is itself falls victim 89 

to selective autophagy, which regulats ER turnover (ER-phagy) (Khaminets et al., 90 

2015). Critical determinants for selective autophagy pathways are cargo receptors, 91 

which are able to simultaneously bind the designated cargo and LC3 modifiers 92 

(Rogov et al., 2014, Stolz et al., 2014). In this manner, , selective autophagy ensures 93 

the timely and specific removal of unwanted cellular components. So far, in 94 

mammals, two different ER resident proteins have been described as receptors for 95 

ER-phagy: FAM134B and SEC62 (Khaminets et al., 2015, Fumagalli et al., 2016). 96 

FAM134B is a member of the reticulon-homology-domain-containing FAM134 97 

family and is mainly localized to the edges of the ER sheets. FAM134B binds 98 

MAP1LC3B via its LC3 interacting region (LIR) and at the same time to fragmented 99 

ER sheets and coalesces them into vesicles, which are subsequently degraded by 100 

lysosomes. Depletion of FAM134B causes an abnormal expansion of ER sheets 101 

(Khaminets et al., 2015). In humans, truncation mutations in the FAM134B gene are 102 

responsible for a severe sensory neuropathy (HSANII) (Kurth et al., 2009). SEC62 is 103 

a subunit of the translocon complex and functions as an autophagy receptor during 104 

recovery from ER stress. It promotes the selective clearance of excessive membrane 105 

portions in order to preserve proper ER structure and function (Fumagalli et al., 106 

2016).   107 

Here we identify RTN3 as a new ER-phagy receptor responsible for the selective 108 

degradation of ER tubules. An increase in the local concentration of RTN3, facilitates 109 

its oligomerization, which is sufficient to induce fragmentation of ER tubules and 110 

their subsequent lysosomal degradation in an autophagy-dependent manner. The large 111 

amino-terminal domain of RTN3, which is present in the long isoforms, contains 112 

several LIR domains and confers this, newly-identified, biological function to RTN3. 113 

Indeed, this N-terminal region is unique for each reticulon and the other members of 114 

the RTN protein family do not possess the ability to facilitate the degradation of ER 115 

tubules.  116 

Results 117 

RTN3 promotes fragmentation of ER tubules under starvation 118 
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FAM134B was the first ER-specific autophagy receptor identified. Its topology 119 

revealed a reticulon-like domain composed of a cytosolic linker region that connects 120 

two hairpin helixes (Reticulon homology domain; RHD), which anchor the protein to 121 

ER membranes, particularly to ER sheets (Figure 1A). The N-terminal and C-terminal 122 

domains both face the cytosolic compartment and the longer C-terminal domain 123 

presents a LIR motif responsible for the binding to MAP1LC3B and necessary to 124 

facilitate ER-phagy (Khaminets et al., 2015) (Figure 1A). Thus far, FAM134B and the 125 

subsequently identified SEC62 are the only characterized ER-phagy receptors in 126 

mammalian cells (Khaminets et al., 2015, Fumagalli et al., 2016). However, these two 127 

proteins preferentially reside in ER sheets, while the ER is divided into functionally 128 

separated structures characterized by the presence of specialized proteins (Shibata et 129 

al., 2006, Friedman and Voeltz, 2011). We therefore investigated if different ER-130 

phagy receptors exist and if they are specific for other ER compartments, in particular 131 

the ER tubules. In addiction to FAM134, there are other ER resident protein families 132 

containing RHDs; one of these is the reticulon family consisting of RTN1-4 (Figure 133 

1B). The family structure is rather complex, due to the presence of an elevated 134 

number of splicing isoforms for each RTN (Figure 1 - figure supplement 1A). All of 135 

the splicing products share the reticulon domain (RHD) as well as the very short C-136 

terminal domain, while the major variations reside in the N-terminal domain, which 137 

represents the majority of the protein within the long isoforms. We chose to analyze 138 

one long and one short isoform of each RTN and generated eight different U2OS cell 139 

lines expressing the various RTNs under the control of a doxycycline inducible 140 

promoter (Figure 1 - figure supplement 1B and C). Twenty-four hours after induction 141 

of protein expression, we monitored whether RTN isoforms influence the morphology 142 

of ER tubules or deliver parts of them to the lysosome for degradation upon starvation 143 

(EBSS medium + Bafilomycin A1 treatment). A confocal microscopy-based screen 144 

demonstrated that all four RTNs, independently of their isoform, were able to form a 145 

defined and continuous tubular ER network (Figure 1 - figure supplement 2 and 3). In 146 

addiction to tubules, RTN2 overexpression was reported to promote the formation of 147 

several punctuate structures, mediated by its interaction with ER morphogens 148 

(Montenegro et al., 2012) (Figure 1 - figure supplement 2 and 3). Upon autophagy 149 

induction, LC3B-positive puncta accumulated in the cytosol of all RTN expressing 150 

cell lines. Of note, only in the RTN3L over-expressing cells, the morphology of 151 

RTN3 decorated tubules was affected. This was evident as soon as 2h of starvation, 152 
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but was more apparent after 4h and especially 6h. ER tubules formed by RTN3L lost 153 

their distinct morphology and progressively fragmented into smaller pieces. 154 

Strikingly, there was an almost complete co-localization between these RTN3L-155 

decorated ER fragments and LC3B staining. Importantly, none of the other reticulons 156 

(RTN1, RTN2 and RTN4) nor the short isoform of RTN3 had either the ability to 157 

induce ER fragmentation or co-localized with LC3B puncta under conditions of 158 

starvation conditions (Figure 1C and D; Figure 1 - figure supplement 4A and B). The 159 

effective co-localization between RTN3L and LC3B was further visualized by super-160 

resolution microscopy (Heilemann et al., 2008), which allowed us to focus directly on 161 

the RTN3L-decorated structures. Super-resolution images show distinct RTN3L and 162 

LC3B clusters of about 0.5 µm with a high degree of co-localization (Figure 1E and F 163 

and Figure 1 – figure supplement 5A). Moreover, even at the endogenous levels, 164 

LC3B labeled ER fragments were positive for RTN3 staining (Figure 1- figure 165 

supplement 5B and C). We further confirmed that the RTN3L-decorated fragments 166 

co-localize with endogenous ER protein markers CALNEXIN, BSCL2 and REEP5, 167 

under standard growth conditions and during starvation, indicating that they 168 

correspond to discrete portions of the ER. Of note, RTN3L staining always overlies 169 

with the ER tubular protein REEP5, while no co-localisation was observed with the 170 

ER sheet protein CLIMP-63 (Figure 1 – figure supplement 5D).  171 

Altogether, these data demonstrate that upon starvation only the long isoform of 172 

RTN3, but no other RTNs, is able to fragment ER tubules into discrete portions upon 173 

starvation and to attract LC3B, a major marker for autophagosomes.  174 

RTN3L clustering is required to fragment ER tubules  175 

RTNs are known to form oligomers (Voeltz et al., 2006) and different isoforms of 176 

RTN3 were simultaneously found to be present in the same tissue or cell line (Di 177 

Scala et al., 2005). We therefore investigated the potential role of RTN3L clustering 178 

with itself or with RTN3S in the fragmentation of ER tubules. To this end, we used a 179 

regulated homo/hetero-dimerization system. U2OS cells were co-transfected with 180 

FRB-FLAG-RTN3L along with FKBP-HA-RTN3L or FKBP-HA-RTN3S. The FRB 181 

domain [T2098L] (modified FKBP12-rapamycin-binding domain of human mTOR 182 

kinase) is fused to the N-terminal part of RTN3L while the FKBP domain (two 183 

tandem repeats of full length human FK506 binding protein-12) is fused to the N-184 
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terminus of RTN3L and RTN3S (Figure 2A). Twenty-four hours post transfection, 185 

Rapalog compound was added for 2h to the normal growing media (DMEM 10% 186 

FBS) in order to promote FKBP-FRB linkage (Figure 2B). Over-expression of the 187 

single plasmids as well as the co-transfection of FRB-FLAG-RTN3L together with 188 

FKBP-HA-RTN3L or FKBP-HA-RTN3S, in the absence of Rapalog, did not 189 

particularly affect the ER morphology except that ER membrane tubulation was 190 

promoted (Figure 2C and D; Figure 2 – figure supplement 1A-C). On the contrary, the 191 

addition of Rapalog caused a significant change in ER morphology without affecting 192 

the autophagy flux (Figure 2D; Figure 2 – figure supplement 1B and D). The homo-193 

dimerization of RTN3L promoted the fragmentation of ER tubules, in a similar way to 194 

that previously observed with RTN3L over-expression during EBSS starvation 195 

(Figure 2C and D; Figure 2 – figure supplement 2A). Notably, tubule fragments of the 196 

ER were labeled with LC3B 1h following EBSS starvation (Figure 2E). In contrast, 197 

the hetero-dimerization of RTN3L and RTN3S enhanced ER membrane tubulation 198 

rather than fragmentation. Indeed, ER tubules appeared longer and thicker in RTN3L 199 

and RTN3S transfected cells (Figure 2 – figure supplement 1B and C; Figure 2 – 200 

figure supplement 2B). Co-staining of RTN3L fragments and RTN3S large tubules 201 

with CALNEXIN, BSCL2 and REEP5 confirmed that these structures were discrete 202 

portions of ER. Of note, CLIMP-63 labeling did not co-localized with RTN3 203 

highlighting that RTN3L fragments were exclusively portions of ER tubules and not 204 

ER sheets (Figure 2 – figure supplement 2). 205 

This data indicates that the oligomeric state of RTN3 modulates ER tubules 206 

morphology and its clustering, in particular, promotes ER tubules fragmentation.  207 

RTN3L-decorated ER fragments are delivered to lysosomes 208 

Autophagosomal cargo is typically delivered to lysosomes and subsequently degraded 209 

(Lamb et al., 2013). Autophagosomes are fined structures and are therefore unable to 210 

sequester the vast ER network. Consequently, the ER architecture has to be, at least in 211 

part, disassembled in order to permit delivery of ER membrane fragments into 212 

lysosomes ((Khaminets et al., 2015); Figure 3 – figure supplemet 1). To follow the 213 

fate of RTN3L-induced ER tubule fragments, we immune-stained lysosomes with 214 

anti-LAMP1 immuno-staining in HA-RTN3L expressing cells after 6h of nutrient 215 

starvation. Confocal microscopy showed that ER fragments, generated under these 216 
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conditions, were localized to the interior of LAMP1-positive lysosomes (Figure 3A; 217 

Figure 3 – figure supplement 2A and B; Figure 3 – figure supplement 3). Similarly, 218 

ER fragments, obtained from the forced homo-dimerization of RTN3L, were 219 

degraded via lysosomes already after 1h EBSS treatment (Figure 3 – figure 220 

supplement 4A). Super-resolution microscopy imaging of U2OS RTN3L cells, which 221 

were nutrient starved for 6h in the presence of Bafilomycin A1, revealed that 222 

lysosomal membranes positive for LAMP1 formed a non-homogeneous nanoscale 223 

meshwork around RTN3L and ER fragments (Figure 3B and C; Figure 3 – figure 224 

supplement 4B). Next, we fused RTN3L to mCherry-EGFP double tag, which allows 225 

for the monitoring of the turnover of autophagy substrates and receptors in lysosomes, 226 

to monitor the delivery of RTN3L into lysosomes (Kirkin et al., 2009). In this system, 227 

lysosomal cargo delivery and degradation coincides with the appearance of mCherry-228 

positive and EGFP-negative puncta, as the mCherry fluorescent signal is stable in the 229 

acidic milieu of lysosomes while GFP is not. HeLa cells stably expressing mCherry-230 

EGFP-tagged RTN3L showed a clear formation of mCherry-positive, EGFP-negative 231 

puncta upon nutrient starvation (Figure 3 – figure supplement 4C). Notably, none of 232 

the other RTNs nor RTN3S were detected inside LAMP1-positive lysosomes (Figure 233 

3 – figure supplement 2A and B). To further investigate the nature of the ER 234 

fragments in the autolysosomes, we performed immuno-electron-microscopy (IEM) 235 

analysis. We double labeled cryo-section from U2OS RTN3L cells, which were either 236 

grown in presence of nutrient or EBSS starved for 6h in EBSS supplemented with 237 

bafilomycin A1, with antibodies against the HA tag, to detect RTN3L, or the KDEL 238 

sequence, which is present in numerous ER resident proteins, and the endolysosomal 239 

protein CD63. Only after EBSS treatment, we could detect ER membranes positive 240 

for KDEL and HA-RTN3 inside autolysosomes labeled with the CD63 (Figure 3D 241 

and E – figure supplement 5A and B). Notably, we also detected RTN3L inside 242 

double-membrane, CD63 negative vesicles that represent autophagosomes (Figure 3 – 243 

figure supplement 5C). 244 

These findings demonstrate that RTN3L has a unique role within the RTN protein 245 

family. That is, RTN3L can drive lysosomal delivery of ER-derived tubular 246 

fragments, which provides the indication that it functions as an autophagy receptor for 247 

ER tubules. 248 
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RTN3 absence influences selective degradation of ER tubules  249 

In MEFs, degradation of endogenous ER proteins depends on autophagy as the 250 

starvation-induced decrease in ER proteins level was impaired in Atg5
–/–

 and Fip200
–

251 

/–
 cells (Figure 4A; Figure 4 – figure supplement 1A). Importantly, endogenous Rtn3 252 

protein level was also regulated in an autophagy dependent manner (Figure 4A). To 253 

clarify the role of Rtn3 in ER turnover, we investigated how Rtn3 absence influences 254 

macro-autophagy and ER-phagy. The lack of Rtn3 affected starvation indiced 255 

turnover of ER tubular proteins (Figure 4A; Figure 4 – figure supplement 1A). In 256 

particular, in Rtn3
–/–

 MEFs, degradation of Rtn1, Rtn4 and Reep5 was impaired, while 257 

ER sheet markers Climp-63 and Trap-alpha were regularly degraded as in wild-type 258 

control cells. Reconstitution of Rtn3 knockout MEFs with the full length human 259 

EGFP-RTN3L rescued nutrient deprivation-induced turnover of ER tubules markers 260 

Rtn1, Rtn4, Reep5 and EGFP-RTN3L itself was also degraded (Figure 4B and C; 261 

Figure 4 – figure supplement 1A). Of interest, Fam134b degradation was not affected 262 

by the absense of Rtn3. Moreover, in Fam134b
–/–

 MEFs we observed an opposite 263 

effect to that described for Rtn3
–/–

 cells. EBSS treatment-induced degradation of ER 264 

tubule proteins including Rtn3, while the degradation of ER sheets proteins (Climp-63 265 

and Trap-alpha) was blocked in Fam134b
–/–

 MEFs (Figure 4A; Figure 4 – figure 266 

supplement 1A). Rtn4 represented an exception, as reported previously by our lab, 267 

starvation-induced Rtn4 degradation was impaired in Fam134b
–/–

 MEFs (Figure 4A; 268 

Figure 4 – figure supplement 1A; (Khaminets et al., 2015)). Notably, Rtn3 absence 269 

did not affect macro-autophagy flux as shown by the normal Lc3b lipidation and p62 270 

degradation upon EBSS starvation or Torin1 treatment (Figure 4D and E). Normal 271 

autophagosome formation and Lc3b turnover was further confirmed by transfecting 272 

Rtn3
–/–

 cells with mCherry-EGFP-LC3B plasmid. Both basally as well as after EBSS 273 

starvation, we detected the same amount of LC3B puncta and mCherry-LC3B dots in 274 

Rtn3
–/–

 MEFs and wild-type cells. This indicates that the rate of LC3B degradation 275 

was equal in the two cell types (Figure 4F-G). Of note, the lack of Rtn3 did not affect 276 

the ER tubular networks or the general morphology of the ER (Figure 4 – figure 277 

supplement 1C and D).  278 

Thus, our findings in Rtn3
–/–

 MEFs confirm the important role of this protein as a 279 

specific autophagy receptor for ER tubules. Moreover, we demostrate that Rtn3 and 280 
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Fam134b act independently and they are ER-phagy receptors responsible for the 281 

degradation of different ER subdomains.  282 

Comparison of the interactomes of RTN1, RTN2, RTN3 and RTN4  283 

To further characterize the molecular basis of selective autophagy of tubular ER as 284 

well as the unique role of RTN3L within the RTN family, we performed a MS-based 285 

screen to delineate the full interactomes of the respective long isoforms of each 286 

reticulon family members (RTN1-4). Cells expressing RTN proteins and control cells 287 

were SILAC-labeled and treated with doxycycline for 24h and bafilomycin A1 for 4h 288 

(Figure 5 – figure supplement 1A). All four RTN proteins shared the majority of the 289 

significant interacting partners with one or more of their family members (Figure 5A 290 

and B; Figure 5 – figure supplement 1; Figure 5 – figure supplement 2; Figure 5 – 291 

source data 1 and 2). First, we observed that the four RTN proteins had one or more 292 

peptides of the other RTNs or a peptide of their own isoform as the most enriched 293 

peptides (Figure 5 – source data 1). The high level of interconnection among the 294 

different RTNs and their isoforms was further validated by co-immuno-precipitation 295 

after the over-expression of the respective RTNs in HEK293T cells (Figure 5 – figure 296 

supplement 3). The short isoforms of RTN1, RTN2, RTN3 and RTN4 had a smaller 297 

number of interacting partners, but at the same time their interactors were assigned to 298 

biological functions with the highest similarity (Figure 5 – figure supplement 2; 299 

Figure 5 – source data 2). The long isoforms had more extended and variable 300 

interactomes although they still shared a majority of the identified partners and 301 

clusters of proteins responsible for the same biological functions. The relative number 302 

of peptides belonging to the same protein complex or signaling pathway varied 303 

amongst the RTN proteins contributing to the uniqueness of their respective 304 

interactomes. Notably, the peculiarities found within the interactome were specific not 305 

only to the four unique RTN members, but were also present within isoforms of the 306 

same RTN protein. For instance, there were several examples where the amino 307 

terminal domain of the long isoforms gained new interactors that could potentially 308 

confer a unique biological function to that specific protein. RTN2L was the only 309 

reticulon that interacted with the serine palmitoyltransferase enzymatic complex. 310 

Moreover, several ubiquitin ligases and ubiquitin-related proteins like SQSTM1 and 311 

KEAP1, which are also involved in the autophagy pathway, were found to be unique 312 
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interactors of RTN2L. Of note, RTN4L showed a particular affinity for ubiquitin 313 

ligases like RNF41 (Figure 5 – figure supplement 1; Figure 5 – source data 1). 314 

However, RTN3L was the only reticulon found to interact with the classical 315 

autophagy modifier, GABARAP-L1. Moreover, RTN3L interactors included several 316 

other unique proteins linked to the vesicular transport system and Cullin-RING-based 317 

E3 ligase complex (Figure 5C; Figure 4 – source data 1). The interaction between 318 

RTN3L and GABARAP-L1 hinted at the role of this reticulon member as an 319 

autophagy receptor. Immuno-precipitation of endogenous GABARAP and 320 

GABARAP-L1, in cells overexpressing different RTN isoforms, confirmed their 321 

unique interaction with the long isoform of RTN3 (Figure 5E). Moreover, we further 322 

verified the interaction between RTN3 and GABARAP on endogenous level (Figure 323 

5F).  324 

Overall, our findings demonstrate that the reticulon family members share the 325 

majority of their interacting partners and all the RTN proteins preferentially interact 326 

with one another as well as with their own isoforms. However, RTN members, 327 

especially the long isoforms, also interact with their own unique set of proteins. In 328 

particular, RTN3L is the only reticulon that directly binds to the members of the 329 

LC3/GABARAP family. This further confirms that the long isoform of RTN3 acts as 330 

a receptor for selective autophagy of ER tubules.  331 

The amino-terminal domain of RTN3 is required for binding to 332 

LC3/GABARAPs  333 

To further characterize the interaction of RTN3L with LC3B and GABARAP-L1 we 334 

performed in vitro pull-down experiments using GST-tagged ATG8 protein family 335 

members as affinity baits. Both endogenous RTN3 and overexpressed RTN3L were 336 

captured from cell lysates by all six LC3-like modifiers, but not by mono- or tetra-337 

ubiquitin (Figure 6A and Figure 6 – figure supplement 1A). In contrast RTN3S, 338 

which almost completely lacks the N-terminal region, did not bind any of the LC3s or 339 

GABARAPs (Figure 6 – figure supplement 1B). Another reticulon family member, 340 

RTN2L, did not bind to LC3s/GABARAPs, despite its interaction with SQSTM1 341 

(Figure 6 – figure supplement 1A). To further define the interaction between RTN3L 342 

and LC3/GABARAPs, we analyzed LC3 mutants: endogenous RTN3 did not bind 343 

when the pull-down was performed with LC3 protein family members lacking the 344 
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unique amino-terminal region or LC3B with mutation in the LIR-binding pocket 345 

(Figure 6 – figure supplement 1C and D). This indicated that RTN3L interacts with 346 

LC3 through a classical LIR motif. Bioinformatics analysis of the RTN3L protein 347 

sequence revealed the presence of six putative LIR motifs in the N-terminal region 348 

(Figure 6B). Substitution of the two hydrophobic amino acids, within a LIR motif, 349 

had been shown to be sufficient to ablate the interaction with ATG8 protein family 350 

members (Rozenknop et al., 2011). We validated the functionality of the putative LIR 351 

motifs through a sequential mutagenesis and in vitro pull down of each respective LIR 352 

mutants of RTN3L. None of the single LIR mutants, nor mutants, with only one 353 

residual LIR motif, completely lost the interaction with LC3s/GABARAPs. Complete 354 

lack of binding was obtained only after the mutagenesis of all six LIR domains 355 

(∆6LIRs), indicating that each of the six identified LIR motifs is functional and has 356 

the ability to bind LC3 (Figure 6C and Figure 6 – figure supplement 1E). A 357 

significant reduction in the fragmentation of ER tubules and ER-phagy was observed 358 

upon starvation of U2OS cells stably expressing the ∆6LIR mutant of RTN3L as 359 

compared of WT RTN3L (Figure 6D-F; Figure 6 – figure supplement 2A and B). 360 

Moreover, no lysosomal delivery of ER tubules was detected in HeLa cells stably 361 

expressing the mCherry-EGFP-RTN3L ∆6LIR mutant, as observed by the lack of 362 

mCherry-positive puncta (Figure 6 – figure supplement 2C). However, RTN3L 363 

∆6LIR was still able to tubulate ER membranes and to form an articulated ER 364 

network as well as wild-type RTN3L (Figure 6 – figure supplement 2D). General 365 

autophagy induction and flux as visualized by LC3 lipidation and p62 degradation did 366 

not differ between U2OS RTN3L, U2OS RTN3L ∆6LIR or U2OS TRex cells (Figure 367 

6 – figure supplement 3).    368 

These data indicated that the N-terminal domain of RTN3 is required for its 369 

interaction with autophagy modifiers, and this binding is mediated by the presence of 370 

multiple LIR motifs. Moreover, functional LIRs motifs are required to promote the 371 

fragmentation and subsequent delivery of ER tubules to lysosomes.  372 

Core autophagy machinery is required for the fragmentation of ER tubules  373 

A comparison of the MS interactomes of RTN3L and RTN3S revealed that while 150 374 

interactors are unique to RTN3L and 62 to RTN3S, the two isoforms share 82 375 

interactors (Figure 7A). The common partners consisted of mainly the other RTNs 376 
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family members, several ER-resident proteins, the ATP synthase complex factors and 377 

many mitochondrial proteins (Figure 7B and C; Figure 7 – source data 1). The distinct 378 

RTN3L interactors were found to reside in different organelles and function in several 379 

biological pathways (Figure 7 – source data 1). Notably, the most enriched interactor 380 

was GABARAP-L1 (Figure 7C; Figure 7 – source data 1). To further highlight the 381 

importance of the long amino-terminal domain of RTN3, we reconstituted Rtn3
–/–

 382 

knockout cells with the human RTN3S or RTN3L ∆6LIR, which do not bind to the 383 

LC3 modifiers. Reconstitution of either RTN3S or RTN3L ∆6LIR did not rescue the 384 

degradation rate of Rtn4, Rtn1 and Reep5 in Rtn3
–/–

 MEFs. As expected, RTN3S and 385 

RTN3L ∆6LIR protein levels remained equal after autophagy induction (Figure 7D 386 

and E).  387 

To further investigate if the ability of RTN3L to fragment ER is dependent on core 388 

autophagy machinery, we knocked out the ATG7 gene in U2OS RTN3L cells using 389 

the CRISPR/CAS9 system. Three different ATG7 sgRNA guides as well as a GFP-390 

CAS9 fusion protein, for subsequent cell sorting, were used to create the knock out 391 

cell line. Formation of LC3B-positive puncta was completely blocked in ATG7
–/–

 392 

cells. In addition, the fragmentation of ER tubules was entirely abolished in ATG7
–/–

 393 

cells expressing RTN3L even after 6h of starvation in the presence of bafilomycin A1. 394 

We also generated FAM134B CRISPR/CAS9 knockout cells. Contrary to the ATG7 395 

knockout, the absence of FAM134B did not influence the fragmentation of ER 396 

tubules mediated by RTN3L (Figure 7F-H).  397 

These experiments show that RTN3L is an ER-phagy receptor that acts independently 398 

of FAM134B. However, functional core autophagy machinery is required for RTN3L-399 

mediated fragmentation of ER membranes and their subsequent delivery to 400 

lysosomes.  401 

RTN3L and FAM134B act as distinct ER-phagy receptors 402 

In order to further characterize the differences between the RTN3L and the FAM134B 403 

ER-phagy pathways, we performed a full interactome analysis in SILAC-labeled 404 

U2OS cell lines expressing FAM134B under the control of a doxycycline inducible 405 

promoter. Data analysis revealed that 179 proteins were significantly enriched with 406 

Log2 (Heavy:Light [H/L]) ratios ≥ 1 and a p value ≤ 0.05. MAP1LC3B was the most 407 
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significant interacting partner and GABARAP-L2 was also annotated as one of the 408 

most enriched proteins, thus confirming the high affinity of FAM134B for the 409 

autophagy modifiers. In addition, FAM134B strongly interacted with several other ER 410 

proteins, including ER sheet resident proteins like CLIMP-63, several components of 411 

the translocon complex as well as proteins involved in shaping ER morphology. 412 

Furthermore, FAM134B was found to interact with many elements involved in the 413 

physiological functions of the ER, such as calcium signaling and interaction with 414 

cytoskeletal microfilaments. Moreover, and intrinsic property of FAM134B, the 415 

generation of vesicles, was supported by the enrichment of candidates involved in 416 

phagocytic and endocytic vesicles formation. Interestingly, FAM134B showed a 417 

propensity to interact with proteins belonging to the ubiquitin-proteasome degradative 418 

system, as well as other proteins belonging to non-ER organelles like Golgi apparatus 419 

and mitochondria (Figure 8A and B, Figure 8 – figure supplement 1A and B; Figure 8 420 

– source data 1).  421 

To gain a better understanding of the molecular mechanisms underlying RTN3L 422 

function, we compared the RTN3L interactome with that of FAM134B. FAM134B 423 

and RTN3L shared almost half of their interactors, while 123 peptides were unique to 424 

RTN3L (Figure 8C and D). The most enriched interactor for both, FAM134B and 425 

RTN3L, was an autophagy modifier. While FAM134B preferentially interacted with 426 

MAP1LC3B, RTN3L favored GABARAP-L1 (Figure 8 – source data 1). The other 427 

common interactors belonged to different complexes (ATP synthase), organelles (ER, 428 

mitochondria), and cellular compartments (cytoskeleton, vesicles) (Figure 7E and F). 429 

Among the unique interactors, ER-related proteins were of particular interest. RTN3L 430 

interacted mainly with the other RTNs, but it did not interact with any of the FAM134 431 

family members (Figure 8 – figure supplement 1C). Interestingly, FAM134B 432 

interacted preferentially with RTN2L and partially with the short RTN isoforms, but 433 

not with RTN3L (Figure 8 – figure supplement 1D-F). Moreover, FAM134B had a 434 

stronger affinity for several proteins involved in phagocytic and endocytic vesicles 435 

formation as well as Ca
2+

-related ER proteins, when compared to RTN3L (Figure 8B; 436 

Figure 8 – source data 1).  437 

These data demonstrate that RTN3L and FAM134B, two ER proteins that share a 438 

large number of potential interactors as well as a common function as autophagy 439 
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receptors, do not directly interact with one another. This could be due to the special 440 

separation of these proteins in different ER subdomains, with FAM134B in sheets and 441 

RTN3L in tubules, respectively.  442 

Discussion 443 

Autophagy is recognized as the principal cellular catabolic process that regulates 444 

turnover, volume, and abundance of various organelles, including the ER (Schuck et 445 

al., 2014, Khaminets et al., 2016). In this report, we identify the long isoform of the 446 

reticulon family member RTN3 (RTN3L) as a selective autophagy receptor for ER 447 

tubules. We show that RTN3L is able to interact with LC3 modifiers via six 448 

functional LIR motifs located in the long amino-terminal domain. This interaction is 449 

necessary to facilitate ER membrane fission and delivery of ER fragments to the 450 

lysosome for degradation upon autophagy induction (Figure 9). RTN3 itself is also 451 

degraded by the lysosome, thus acting as a de facto selective autophagy receptor. This 452 

property is unique to RTN3L, as none of the other reticulon family members nor the 453 

short isoform of RTN3 share this function. RTN3L loses the ability to fragment ER 454 

tubules when autophagy is completely impaired due to the loss of core machinery or 455 

when all its six of its LIR motifs are inactivated via site-specific mutagenesis. This 456 

number of functional LIR motifs is unusual for an autophagy receptor, which 457 

typically has only one LIR (Birgisdottir et al., 2013). An explanation could be the 458 

need for RTN3 to cluster a larger amount of LC3s modifiers and autophagic 459 

membranes, in order to fulfill its biological function as an autophagy receptor, as well 460 

as the possibility that RTN3 is itself attracted to pre-definited autophagic membranes. 461 

In both cases, this will lead to a positive loop, which determines a local concentration 462 

of RTN3L. On the molecular level, we showed that clustering of RTN3L is the 463 

driving force behind the fragmentation of ER tubules and their subsequent removal by 464 

ER-phagy. On the contrary, hetero-oligomerization of RTN3L with RTN3S instead 465 

favors the stabilization of ER tubules. Our observations also indicate that also the 466 

autophagy machinery affects ER tubular remodeling via the co-operation between 467 

RTN3L concentration and LC3. The amino terminal domain of RTN3 plays a 468 

fundamental role in this process, and might as well have additional regulatory 469 

functions. It is a common feature for all the RTN proteins that their N-terminal 470 

regions are highly unstructured; a characteristic of many components of multi-471 

proteins complexes with transformation ability towards alternative functions 472 
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(Meszaros et al., 2007). The presence of multiple LIRs along the N terminal domain 473 

of RTN3 ensures that a relevant number of isoforms will contain at least one LIR 474 

motif to guarantee a proper ER turnover in all tissues. According to our model, the 475 

tubular ER network first undergoes fission events and the resulting fragments are then 476 

engulfed by autophagosomes. During steady state tubular remodeling the local 477 

concentration of RTN3L may increase and promote a massive recruitment of LC3 478 

modifiers. At the same time, oligomerization of RTN3L could force the constriction 479 

of ER tubules, making them more prone to break, and the presence of LIR motifs 480 

directly targets the fragments to lysosomes. In this scenario, RTN3L is involved not 481 

only in ER tubules biogenesis, as it has been previously found to be along with the 482 

other RTNs (Shibata et al., 2008, Voeltz et al., 2006), but it also has a unique role in 483 

the control of ER tubule turnover.  484 

We previously described how FAM134B acts as an ER-phagy receptor responsible 485 

for the homeostasis of ER sheets (Khaminets et al., 2015). Although both are ER 486 

membrane bound proteins, they are localized in different ER subcompartments: 487 

FAM134B preferentially in ER sheets while RTN3 resides in tubules.  Moreover, the 488 

two proteins are not closely connected: they do not interact directly and the absence of 489 

one of them does not appear to influence the biological activity of the other one. Rtn3 490 

degradation is not affected in Fam134b
–/–

 MEFs and vice versa. Moreover, while 491 

Fam134b regulates the degradation of ER sheets proteins, Rtn3 absence mainly 492 

affects ER tubular proteins turnover. One exception is Rtn4, which, is present in both 493 

ER sheets and tubules, to some extent (GrandPre et al., 2000), so it is subjected to the 494 

activity of both receptors. As for Fam134b
–/–

 MEFs, Rtn3 absence does not affect 495 

macro-autophagy, as well as it does not influence the ER sheets versus tubules ratio 496 

and ER morphology. The ER structure is complex and subdomains are characterized 497 

by the presence of key proteins involved in precise ER-shaping and biological 498 

functions (Shibata et al., 2006, Shibata et al., 2010). Therefore, it is reasonable that 499 

different resident proteins would regulate ER subdomain turnover in physiological 500 

situation or in response to a stress. Of note, SEC62, an element of the SEC61 501 

translocon complex (Conti et al., 2015), has an independent function as an ER-phagy 502 

receptor during stress recovery. The peculiarity of SEC62 is its specific activation in 503 

order to resolve an ER stress situation (Fumagalli et al., 2016). The presence of 504 

multiple ER-phagy receptors could be an adaptive mechanism to ensure the proper 505 
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homeostasis for large and complex organelles like the ER. In yeast, Atg39 and Atg40 506 

are characterized ER-phagy receptors; Atg40 is specific for the cytosolic and cortical 507 

ER, while Atg39 facilitates turnover of perinuclear membranes (Mochida et al., 508 

2015). Moreover, a similar scenario has been described for mitochondria during 509 

mitophagy (Narendra et al., 2008, Lazarou et al., 2015).  510 

As we described, the biological function of RTN3 as an ER-phagy receptor is coupled 511 

to its unique amino terminal domain. In general, the complexity of the RTN family is 512 

mediated by the splicing rearrangements at the amino terminal that confer variable 513 

sizes to the proteins: from few amino acids to more than a thousand (Oertle et al., 514 

2003, Yang and Strittmatter, 2007). The importance of the individual RTNs isoforms 515 

has been largely underestimated. A very limited number of scientific reports described 516 

the unique and specific functions of different isoforms for RTN4 (GrandPre et al., 517 

2000, Diekmann et al., 2005) and RTN1 (Iwahashi and Hamada, 2003, Steiner et al., 518 

2004). In the case of RTN3 a large number isoforms were described for both: human 519 

and murine proteins (Di Scala et al., 2005). Although so far only the short isoforms 520 

have been characterized and were found to be associated with several biological 521 

processes such as: apoptosis (Kuang et al., 2005), retrograde transport (Wakana et al., 522 

2005), nuclear envelope formation (Anderson and Hetzer, 2008) and ER-plasma 523 

membrane contact sites (Caldieri et al., 2017). Our experimental settings allowed us 524 

to gain a broader over-view of the RTNs family and to “moonlight” uncharacterized 525 

alternative functions. New proteins and complexes have now been annotated and 526 

linked to specific isoforms of RTN proteins. We mainly concentrated on RTN3L, due 527 

to its interaction with GABARAP-L1 and its role in ER-phagy. However, we also 528 

noticed the interaction of SQSTM1 with RTN2, which also may be indirectly linked 529 

to selective autophagy or linked to the proteasomal system.  In this regard, the long 530 

isoforms of RTN2, RTN3 and RTN4 have an affinity for the ubiquitin ligases and 531 

ubiquitin-related proteins, which may directly influence their function. For example, 532 

ubiquitination of RTN4B induces structural re-arrangements of ER tubules upon 533 

Legionella infection (Kotewicz et al., 2016), via a novel phosphoribose-linked 534 

ubiquitin modification (Bhogaraju et al., 2016). Ubiquitination, as well as other post-535 

translational modifications, could potentially act as signals to induce RTN3 536 

redistribution along the ER tubules in order to promote specific biological functions, 537 

like its homo-dimerization.  538 
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In mice, the complete lack of Rtn3 did not reveal any relevant phenotype (Shi et al., 539 

2014) and there are not human pathologies genetically linked to RTN3. Although 540 

there are a few signs of RTN3S accumulation in dystrophic neurites from Alzheimer’s 541 

patients exist (Hu et al., 2007). Never the less, we have now identified a new role for 542 

RTN3, as an ER-phagy receptor. This function is mediated by its amino terminal 543 

domain. These findings pave the way to further investigate RTN3 biology with a 544 

particular attention to the tissues and cells where the long isoforms are expressed and 545 

the ER tubular network is subjected to intense remodeling and turnover.  546 

Acknowledgements  547 

 548 

We would like to thank Manuel Kaulich, Christian Behrends, Hesso Fahran and 549 

Richard Youle for providing us vectors and cell lines; Prof. Noboru Mizushima for 550 

Atg5
–/–

 MEFs; Prof. Jun-Lin Guan for Fip200
–/–

 MEFs, Prof. Christian Hübner for 551 

Fam134b
–/– 

MEFs, Prof. Stephen Blacklow for U2OS TRex cells, Prof. S. Taylor for 552 

HeLa TRex cells. We thank Viktória Major
 
and Laura Pisano for helping in the 553 

experimental work. We acknowledge Alexandra Stolz, Daniela Hoeller and Anna 554 

Vainshtein for critical reading of the manuscript and valuable insights.  555 

This work was supported by grants from the DFG (SFB 1177) and the Cluster of 556 

Excellence ‘Macromolecular Complexes’ of the Goethe University Frankfurt (EXC 557 

115) to I.D., M.H., S.M.; LOEWE grant Ub-Net to I.D., S.M. and LOEWE Centrum 558 

for Gene and Cell therapy Frankfurt (CGT) to I.D. P.G. was supported by the 7.FP, 559 

COFUND, Goethe International Postdoc Programme GO-IN, No. 291776. F.R. is 560 

supported by SNF Sinergia (CRSII#_154421), ZonMW VICI (016.130.606) and 561 

Marie Sklodowska-Curie Cofund grants. 562 

 563 

Author Information 564 

The authors declare no competing financial interests.  565 

Correspondence and requests for materials should be addressed to I.D. 566 

(Ivan.Dikic@biochem2.de)  567 

 568 

Figure Legends    569 

Figure 1. RTN3 over-expression induces ER tubules fragmentation during starvation  570 
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(A, B) Schematic representation of the protein structure and topology of FAM134B 571 

(A) and RTN3 long and short isoforms (B). (C) Immunofluorescence of HA and 572 

LC3B in U2OS TRex stable cell lines expressing FLAG-HA-RTN3L after 24h 573 

treatment with 1µg/ml of doxycycline. Cells were kept in standard growing condition 574 

(DMEM with 10% FBS) or starved with EBSS for 6h. RTN3L was monitored using 575 

anti HA antibody, while autophagy induction was visualized using anti-LC3B 576 

antibody. Bafilomycin A1 was added at a final concentration of 200ng/ml. Scale bars: 577 

10µm. (D) Quantification of U2OS TRex FLAG-HA-RTN1-4L cells with ER tubule 578 

fragment after 6h starvation with EBSS plus Bafilomycin A1, 200ng/ml. Number of 579 

cells >100 for each condition. Data are representative of three independent biological 580 

replicates. Error bar indicate s.d. (E) Super-resolution fluorescence microscopy 581 

(dSTORM) of ER fragments in U2OS TRex FLAG-HA-RTN3L cells stained with 582 

anti HA and anti LC3B antibodies after 6h starvation with EBSS plus Bafilomycin 583 

A1, 200ng/ml. Scale bar: 0.5µm. (F) Schematic representation of ER tubules 584 

fragmentation and LC3 labeling in U2OS TRex FLAG-HA-RTN3L cells. The red 585 

square indicates the level of high resolution represented in panel E.   586 

 587 

Figure 2. RTN3L homo-dimerization induces ER tubules fragmentation.  588 

 (A) Schematic representation of 2XFKBP-HA-RTN3L, 2XFKBP-HA-RTN3S and 589 

FRB-FLAG-RTN3L plasmids. (B) Working model for the RTN3 homo/hetero-590 

dimerization assay. (C) Quantification of cells presenting ER tubule fragmentation 591 

after transient co-transfection with FKBP-FKBP-HA-RTN3L/FRB-FLAG-RTN3L or 592 

2XFKBP-HA-RTN3S/FRB-FLAG-RTN3L plasmids in standard conditions and after 593 

Rapalog treatment. Number of cells >100 for each condition. Data are representative 594 

of three independent biological replicates, *p<0.05; **p<0.01. Error bars indicate s.d. 595 

(D,E) U2OS TRex transiently expressing 2XFKBP-HA-RTN3L and FRB-FLAG-596 

RTN3L. 24h after transfection, 500 nM Rapalog was added for 2h and cells were (D) 597 

double stained with antibodies against HA and FLAG and (E) triple stained with HA 598 

FLAG and LC3B after 1h EBSS treatment plus 200ng/ml Bafilomycin A1. Scale bars: 599 

10µm. 600 

 601 

Figure 3. ER tubules fragments are delivered to lysosomes.  602 

(A) Immunofluorescence of HA and LAMP1 in U2OS TRex stable cell lines 603 

expressing FLAG-HA-RTN3L in basal growing conditions and after 6h starvation 604 
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with EBSS plus Bafilomycin A1 200ng/ml. RTN3L level was monitored using an anti 605 

HA antibody, while lysosomes were visualized using anti-LAMP1 antibody. Scale 606 

bars: 10µm. (B) Super-resolution fluorescence microscopy (dSTORM) of ER 607 

fragments in U2OS TRex FLAG-HA-RTN3L cells stained with anti-HA and anti-608 

LAMP1 antibodies after 6h starvation with EBSS plus Bafilomycin A1, 200ng/ml. 609 

Asterisk indicates RTN3L positive ER tubule fragment. Scale bar: 0.5µm. (C) 610 

Schematic representation of ER tubules fragmentation and their delivery to lysosome. 611 

The red square indicates the level of high resolution represented in panel B. (D,E) 612 

Immuno-gold labelling of cryo-sections using antibodies against CD63 (large dots, 613 

diameter 15 nm) and against either the KDEL peptide (D) or the HA tag (E) (small 614 

dots, diameter 10 nm). U2OS RTN3L cells were nutrient starved in EBSS for 6h in 615 

the presence of Bafilomycin A1 before being processed for IEM. AL, autolysosome; 616 

M, mitochondrion; ER, endoplasmic reticulum; Arrowheads indicate KDEL-positive 617 

ER fragments (D) or HA-RTN3L (E). Scale bar, 500nm. Enlargement in D show a 618 

detail of a KDEL-positive ER fragment inside an autolysosome. Scale bar, 200 nm. 619 

 620 

Figure 4. RTN3 absence impairs ER tubules turnover but not macro-autophagy flux. 621 

(A) Western blot analysis of ER proteins turnover in wild-type, Atg5
–/–

, Fip200
–/–

, 622 

Fam134b
–/–

 and Rtn3
–/–

 MEFs. Cells were starved with EBSS for the indicate time in 623 

the presence of 100µM cicloheximide. SQSTM1 (p62) has been used as positive 624 

control for autophagy induction. (B) Western blot analysis of ER tubules markers in 625 

wild-type, Rtn3
–/–

 MEFs and Rtn3
–/–

 MEFs reconstituted with the human EGFP-626 

RTN3L. (C) Western blot for GFP in Rtn3
–/–

 MEFs transfected with human EGFP-627 

RTN3L. (D,E) Western blot analysis of Lc3b and p62 in wild-type and Rtn3
–/–

 MEFs. 628 

Cells were treated with 250nM Torin1 (D) or EBSS (E) in the presence or absence of 629 

Bafilomycin A1 for the indicated time. (F) Representative confocal imagines of wild-630 

type and Rtn3 knockout MEFs, transfected with mCherry-EGFP-LC3B, in standard 631 

conditions (DMEM with 10% FBS) and after 6h EBSS treatment. Scale bars: 10µm. 632 

(G) Quantification of LC3B positive autophagy puncta in wild-type and Rtn3
–/–

 MEFs 633 

transfected with mCherry-EGFP-LC3B. Cells were grown in standard conditions or 634 

treated with EBSS for 2h. Number of cells >50 for each condition. Data are 635 

representative of three independent biological replicates. Error bars indicate s.d. No 636 

significant differences were detected between wild-type and Rtn3
–/–

 MEFs. 637 

 638 
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Figure 5. RTN3 interacts with the autophagy modifiers.  639 

(A) Venn diagrams of the interactors of the four RTNs. Numbers represent the 640 

identified peptides significantly enriched in three IP and mass spectrometry replicates 641 

for each RTN. (B) Annotation enrichment analysis of the interactors of long RTN1-4 642 

isoforms. Bars represent the significantly enriched gene ontology biological process 643 

(GOBP), the gene ontology cellular components (GOCC), the gene ontology 644 

molecular function (GOMF), the over-expressed pathways (KEGG) and the domain 645 

enrichment (Pfam). The numeric value on the right side of the bar shows the 646 

Benjamini-Hochberg FDR value. (C) Scatter-plot for 1D annotation enrichment 647 

analysis of RTN3L interactor partners significantly enriched in three different IPs. (D) 648 

Volcano-plot for RTN3L SILAC based interactome. Peptides with and Log2 Ratio 649 

H/L ≥ 1 and –Log10 p value >1.3 are labeled in red. Three biological replicates were 650 

analyzed. (E) Co-IP of endogenous GABARAP and GABARAP-L1 with over-651 

expressed long and short isoforms of RTN1-4. Over-expression was induced for 24h 652 

in U2OS TRex stable cell lines using 1µg/ml of doxycycline. Bafilomycin A1 was 653 

added at the final concentration of 200ng/ml for 2h. (F) Endogenous Co-IP of RTN3 654 

with GABARAP in A549 cells. The “empty” lane represents unconjugated beads. 655 

Bafilomycin A1 200ng/ml was added for 2h.    656 

 657 

Figure 6. RTN3 LIR motifs are required for ER tubules fragmentation.  658 

(A) A549 cell lysates were added to beads with immobilized GST fusion LC3-like 659 

modifiers: GST, GST-LC3A, GST-LC3B, GST-GABARAP-L1, GST-GABARAP-660 

L2), followed by WB using an antibody against endogenous RTN3. (B) Domain 661 

architecture of RTN3L and alignment of the LIR motifs. Blue: reticulon homology 662 

domain (RHD), red: LC3-interacting region (LIR). (C) RTN3L lacking all six LIR 663 

domains (∆6) fails to bind to GST fusion LC3-like modifiers when over-expressed in 664 

HEK-293T cells. (D) Immunofluorescence of HA and LC3B in U2OS TRex FLAG-665 

HA-RTN3L and FLAG-HA-RTN3L∆6LIR after 24h treatment with 1µg/ml of 666 

doxycycline and starved for 6h with EBSS plus Bafilomycin A1 200ng/ml. RTN3L 667 

was monitored using an anti HA antibody, while autophagy induction was visualized 668 

using anti-LC3B antibody. Scale bars: 10µm. (E) Quantification of cells presenting at 669 

least one ER tubule fragment after 6h starvation with EBSS plus Bafilomycin A1, 670 

200ng/ml. Number of cells >500 for each condition. Data are representative of three 671 

independent biological experiments. *p<0.01. Error bar represent s.d. (F) 672 
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Immunofluorescence of HA and LAMP1 in U2OS TRex FLAG-HA-RTN3L or 673 

FLAG-HA-RTN3L∆6LIR cells induced 24h with 1µg/ml of doxycycline and 674 

subsequently starved for 6h with EBSS plus Bafilomycin A1 200ng/ml. RTN3L was 675 

monitored using an anti-HA antibody, while lysosomes are visualized using anti-676 

LAMP1 antibody. Scale bars: 10µm.  677 

 678 

Figure 7. Autophagy machinery influences RTN3 ability to fragment ER tubules.  679 

(A) Venn diagrams of the interacting partners for RTN3L and RTNS. Numbers 680 

represent the identified proteins significantly enriched in three IP and mass 681 

spectrometry replicates for each isoform. (B) Schematic representation of the 682 

common and unique significantly enriched peptides for RTN3L and RTN3S. (C) 683 

Volcano-plot for RTN3L SILAC based interactome. The interactors partners of 684 

RTN3L with and Log2 Ratio H/L > 1 and –Log10 p value >1.3 are labeled in dark 685 

blue. In red are label the common peptides between RTN3L and RTN3S with and 686 

Log2 Ratio H/L > 1 and –Log10 p value >1.3. Data represent three independent 687 

biological replicates. (D) Western blot analysis of ER tubules markers in wild-type, 688 

Rtn3
–/–

 MEFs and Rtn3
–/–

 MEFs reconstituted with the human EGFP-RTN3S or 689 

EGFP-RTN3L∆6LIR. (E) Western blot for GFP in Rtn3
–/–

 MEFs transfected with 690 

human EGFP-RTN3S or EGFP-RTN3L∆6LIR. (F) Immunofluorescence of HA and 691 

LC3B in U2OS TRex FLAG-HA-RTN3L; FAM134B or ATG7 knockout cells 692 

induced for 24h with 1µg/ml of doxycycline and starved for 6h with EBSS plus 693 

Bafilomycin A1 200ng/ml. RTN3L was monitored using anti HA antibody, while 694 

autophagy induction was visualized using anti-LC3B antibody. Scale bars: 10 µm. (G) 695 

Quantification of cells presenting ER tubule fragments after 6h starvation with EBSS 696 

plus Bafilomycin A1, 200ng/ml. Number of cells >500 for each condition. Data are 697 

representative of three independent biological replicates. *p<0.01. Error bars indicate 698 

s.d. (H) Western blot analysis for ATG7 and FAM134B protein level in U2OS TRex 699 

FLAG-HA-RTN3L cells after ATG7 or FAM134B gene knockout by CRISPR CAS9 700 

technology. 701 

 702 

Figure 8. Similarities and differences between RTN3L and FAM134B.  703 

(A) Volcano-plot for FAM134B SILAC based interactome. Peptides with and Log2 704 

Ratio H/L > 1 and –Log10 p value >1.3 are labeled in red. Data represent three 705 

biological replicates. (B) Scatter plot for 1D annotation enrichment analysis of 706 
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FAM134B interacting partners significantly enriched in three different IP analyzed by 707 

mass spectrometry. (C) Venn diagrams of RTN3L and FAM134B interactors. 708 

Numbers represent the identified peptides significantly enriched in three IP and mass 709 

spectrometry replicates for the two baits. (D) Schematic representation of the common 710 

and unique interacting partners of RTN3L and FAM134B interactors (E) Volcano-711 

plot for RTN3L SILAC based interactome. RTN3L interactors with and Log2 Ratio 712 

H/L > 1 and –Log10 p value >1.3 are labeled in dark blue. The common peptides 713 

between RTN3L and FAM134B with and Log2 Ratio H/L > 1 and –Log10 p value 714 

>1.3 are labeled in red. Data represent three biological replicates.  715 

 716 

Figure 9. Model for ER tubules degradation.  717 

To drive ER tubules turnover, local RTN3L homo-dimerizes and leads to the 718 

recruitment of autophagic membranes and ER tubules fragmentation. 719 

Autophagosomes containing ER tubules as cargo, subsequentialy fuse with 720 

lysosomes.  721 

Figure 1 – figure supplement 1. Reticulon family members. 722 

(A) Schematic representation of RTN1-4 genes and relative isoforms. Red asterisks 723 

(*) indicate the presence of mutations inside the RHD of RTN3. (B) RTNs short and 724 

long isoforms nomenclature as indicated in PubMed (Gene) and Ref-Seqs. For 725 

simplicity, the long isoforms are indicated as RTN#L the short isoform as RTN#S. 726 

(C) Schematic representation for the U2OS TRex FLAG-HA-RTNs stable and 727 

inducible cell lines. 728 

 729 

Figure 1 – figure supplement 2. ER tubules morphology in U2OS TRex cells after 730 

over-expression of full length RTN proteins. 731 

(A) Endogenous labeling of CALNEXIN and REEP5 in U2OS TRex cells. (B) 732 

Endogenous labeling of CALNEXIN and REEP5 in U2OS TRex cells after over-733 

expression of long RTN isoforms. Scale bars: 10 µm. 734 

 735 

Figure 1 – figure supplement 3. ER tubules morphology in U2OS TRex cell after 736 

over-expression of short RTN variants. 737 

(A) Endogenous labeling of CALNEXIN and REEP5 in U2OS TRex cells. (B) 738 

Endogenous labeling of CALNEXIN and REEP5 in U2OS TRex cells after over-739 



 24 

expression of short RTN isoforms. Scale bars: 10 µm. 740 

 741 

Figure 1 – figure supplement 4. ER tubules morphology in U2OS TRex RTNs cell 742 

lines after autophagy induction via EBSS starvation. 743 

(A) Immunofluorescence of HA and LC3B in U2OS TRex RTN1-4L (B) and RTN1-744 

4S after 24h treatment with 1µg/ml of doxycycline. Cells were kept in standard 745 

growing condition (DMEM with 10% FBS) or starved with EBSS for the indicated 746 

time. RTNs were monitored using anti-HA antibody, while autophagy induction was 747 

visualized using anti-LC3B antibody. Bafilomycin A1 was added at a final 748 

concentration of 200ng/ml. Scale bars: 10µm. 749 

 750 

Figure 1 – figure supplement 5. RTN3L over-expression promotes ER tubules 751 

fragmentation during autophagy induction. 752 

(A) Super-resolution fluorescence microscopy (dSTORM) of ER fragments in U2OS 753 

TRex FLAG-HA-RTN3L cells stained with anti HA and anti LC3B antibodies after 754 

6h starvation with EBSS plus Bafilomycin A1, 200 ng/ml. Scale bar: 5µm. The white 755 

box indicates the magnification reported in Figure 1E. (B) Co-localization of 756 

endogenous RTN3 with SEC63, in U2OS cells over-expressing GFP-SEC63, in 757 

standard growing conditions and after EBSS treatment for 6h. (C) Co-staining of 758 

endogenous RTN3 and LC3B in U2OS cells in standard growing conditions (DMEM 759 

with 10% FBS) and after nutrient deprivation (EBSS). (D) Co-staining of HA and 760 

CALNEXIN, BSCL2, REEP5 and CLIMP-63 in U2OS TRex FLAG-HA-RTN3L 761 

cells in standard growing conditions and after EBSS starvation. Scale bars: 10µm.  762 

 763 

Figure 2 – figure supplement 1. Homo- and hetero-dimerization of RTN3 affects ER 764 

morphology independently from autophagy. 765 

(A) Immunofluorescence of HA and FLAG in U2OS TRex cells transiently 766 

expressing FKBP-HA-RTN3L or FRB-FLAG-RTN3L or FKBP-HA-RTN3S. (B) 767 

Immunofluorescence of HA and FLAG in U2OS TRex transiently co-expressing 768 

FKBP-HA-RTN3S and FRB-FLAG-RTN3L. After 24h, 500nM Rapalog was added 769 

for 2h. Scale bars: 10 µm. (C) Quantification of cells presenting extended ER tubules 770 

after transient co-transfection with 2XFKBP-HA-RTN3L/FRB-FLAG-RTN3L or 771 

2XFKBP-HA-RTN3S/FRB-FLAG-RTN3L plasmids in standard conditions and after 772 

Rapalog treatment. Number of cells >100 for each condition. Data are representative 773 
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of three independent biological replicates. **p<0.01. Error bars indicate s.d. (D) 774 

Western blot analysis of LC3B lipidation and p62 degradation in U2OS TRex cells 775 

treated with Rapalog for the indicated time. 776 

 777 

Figure 2 – figure supplement 2. Dimerization of RTN3 modifies ER tubules 778 

structure. 779 

(A,B) Immunofluorescence of HA, FLAG in U2OS TRex transiently co-expressing 780 

2XFKBP-HA-RTN3L and FRB-FLAG-RTN3L (A) or 2XFKBP-HA-RTN3S and 781 

FRB-FLAG-RTN3L (B). ER was labelled using antibodies against endogenous: 782 

CALNEXIN, BSCL2, REEP5 and CLIMP-63. After 24h from transfection, 500nM 783 

Rapalog was added for 2h. Scale bars: 10 µm.  784 

 785 

Figure 3 – figure supplement 1. EBSS treatment induce fragmentation of the ER and 786 

subsequent delivery of the fragments to lysosomes. 787 

Co-staining of U2OS TRex cells with endogenous RTN3, CALNEXIN, REEP5 or 788 

CLIMP-63 with the lysosomal marker LAMP1. Cells were grown in standard growing 789 

conditions (DMEM with 10% FBS) or treated with EBSS for 6h. Scale bars: 10µm. 790 

 791 

Figure 3 – figure supplement 2. ER tubules fragments are delivered to lysosomes 792 

after autophagy induction. 793 

(A) Immunofluorescence of HA and LAMP1 in U2OS TRex RTN1-4L and (B) the 794 

RTN1-4S cells after 24h treatment with 1µg/ml of doxycycline. Cells were kept in 795 

standard growing condition (DMEM with 10% FBS) or starved for 6h in EBSS. 796 

RTNs were monitored using anti HA antibody, while lysosomes were visualized using 797 

LAMP1 antibody. Bafilomycin A1 was added at the final concentration of 200ng/ml. 798 

Scale bars: 10µm. 799 

 800 

Figure 3 – figure supplement 3. RTN3L fragments ER tubules and mediates their 801 

delivery to lysosomes. 802 

Immunofluorescence of HA and endogenous CALNEXIN, BSCL2, REEP5, CLIMP-803 

63 and LAMP1 in U2OS TRex RTN3L cells after 24h treatment with 1µg/ml of 804 

doxycycline and 6h EBSS starvation. Scale bars: 10µm. 805 

 806 

Figure 3 – figure supplement 4. RTN3L is degraded via lysosomes during 807 
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starvation. 808 

(A) U2OS TRex transiently expressing 2XFKBP-HA-RTN3L and FRB-FLAG-809 

RTN3L. 24h after transfection, 500nM Rapalog was added for 2h and cells were triple 810 

stained with HA, FLAG and LAMP1 after 1h EBSS treatment plus 200ng/ml 811 

Bafilomycin A1. Scale bars: 10µm. (B) Super-resolution fluorescence microscopy 812 

(dSTORM) of ER fragments in U2OS TRex FLAG-HA-RTN3L cells stained with 813 

anti HA and anti LAMP1 antibodies after 6h starvation with EBSS plus Bafilomycin 814 

A1, 200ng/ml. Scale bar 5µm. The white box indicates the magnification reported in 815 

Figure 3B. (C) HeLa TRex mCherry-EGFP-RTN3L cells were treated with 1µg/ml 816 

doxycycline for 24h and starved with EBSS for 6h in the absence of Bafilomycin A1. 817 

Scale bars: 10µm. 818 

 819 

Figure 3 – figure supplement 5. ER membranes and RTN3L are present in 820 

autolysosomes. 821 

U2OS RTN3L cells were nutrient starved in EBSS for 6h in the presence of 822 

Bafilomycin A1. (A) Immuno-gold labelling of cryo-sections using antibodies against 823 

the KDEL peptide. (B) Immuno-gold labelling for the HA tag peptide. (C) Double 824 

immuno-gold labelling against CD63 (large dots, diameter 15nm) and the HA tag 825 

(small dots, diameter 10nm). AL, autolysosome; N, nucleus; ER, endoplasmic 826 

reticulum; MVB, multi-vesicular bodies; A, autophagosome. Scale bar 500nm.  827 

 828 

Figure 4 – figure supplement 1. Rtn3 absence affects ER tubules degradation but not 829 

macro-autophagy or ER morphology.  830 

(A) Densitometry analysis of Western Blot bands represented in Figure 4A-C. Values 831 

represent the average of three experiments. (B) Western blot for Rtn3 protein in wild 832 

type and Rtn3 knockout MEFs. (C) Immunofluorescence of Calnexin, Reep5 and 833 

Climp-63 in wild-type and Rtn3 knockout MEFs. Scale bars: 10µm. 834 

 835 

Figure 5 – figure supplement 1. Interactome analysis of RTN1-4L. 836 

(A) Schematic representation for the SILAC based mass spectrometric analysis of 837 

RTNs interactomes. (B) Scatter plot for 1D annotation enrichment analysis of 838 

RTN1L, RTN2L and RTN4L interactors significantly enriched in three different IP 839 

analyzed by mass spectrometry. (C) Volcano-plot for RTN1L, RTN2L & RTN4L 840 

SILAC based interactomes. Interacting partners of each RTNs with and Log2 Ratio 841 
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H/L > 1 and –Log10 p value >1.3 are labeled in red. Each volcano-plot represents 842 

three independent experiments.  843 

 844 

Figure 5 – figure supplement 2. Interactome analysis of RTN1-4S.  845 

(A) Volcano-plot for RTN1-4 short isoforms SILAC based interactomes. Interactors 846 

of each RTNs with and Log2 Ratio H/L > 1 and –Log10 p value >1.3 are labeled in 847 

red. Each volcano-plot represents three independent experiments. (B) Venn diagrams 848 

of the interacting partners for the four RTNs. Numbers represent the identified 849 

proteins significantly enriched in three IP and mass spectrometry replicates for each 850 

RTN. (C) Annotation enrichment analysis of RTN1-4S interacting partners. The bars 851 

represent the significantly enriched gene ontology biological process (GOBP), the 852 

gene ontology cellular components (GOCC), the gene ontology molecular function 853 

(GOMF) and the domain enrichment (Pfam). The numeric value on the right side of 854 

the bar shows the Benjamini-Hochberg FDR. 855 

 856 

Figure 5 – figure supplement 3. RTN1-4 strongly interact amongst themselves. 857 

Co-immuno-precipitation of RTN1-4L indicates the interactions of each RTN with 858 

long and short isoforms of the other family members. Proteins were co-overexpressed 859 

in HEK293T cells for 24h.  860 

 861 

Figure 6 – figure supplement 1. RTN3L directly binds to the LC3s/GABARAPs 862 

modifiers.  863 

(A,B) HEK293T cells were transfected with the HA tagged RTN3L and RTN2L (A) 864 

and RTN3S (B). Cell lysates were added to beads with immobilized GST-fusion LC3-865 

like modifiers (GST, GST-LC3A, GST-LC3B, GST-LC3C, GST-GABARAP, GST-866 

GABARAP-L1, GST-GABARAP-L2, GST-Ub, GST-4XUb), followed by WB using 867 

an antibody against HA tag. (C) A549 cell lysates were added to beads with 868 

immobilized GST-fusion LC3-like modifiers or the LC3 like modifiers lacking the 869 

unique N-Terminus, followed by WB using an antibody against endogenous RTN3. 870 

(D) A549 cell lysates were added to beads with GST-LC3B or GST-LC3BF52A-871 

V53A mutant and followed by WB using an antibody against endogenous RTN3. (E) 872 

HEK293T were transfected with the FLAG tagged RTN3L with mutation in one, five 873 

or six LIR domains mutated. Cell lysates were added to beads with immobilized GST-874 

fusion LC3-like modifiers, followed by WB using an antibody against FLAG tag.  875 
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 876 

Figure 6 – figure supplement 2. LIR motifs are required to deliver RTN3L to 877 

lysosomes. 878 

 (A,B) Immunofluorescence of HA, GABARAP-L1 (A) and LC3B (B) and LAMP1 in 879 

U2OS TRex FLAG-HA-RTN3L and FLAG-HA-RTN3L∆6LIR cells after 24h 880 

treatment with 1µg/ml of doxycycline. Cells were kept in standard growing condition 881 

(DMEM with 10% FBS) or starved with EBSS for 6h. RTN3L was monitored using 882 

anti HA antibody, while autophagy induction is monitored using GABARAP-L1 (A) 883 

and (B) lysosomes were visualized using anti-LAMP1 antibody. Bafilomycin A1 was 884 

added at a final concentration of 200ng/ml. Scale bars: 10µm. (C) HeLa TRex 885 

mCherry-EGFP-RTN3 or mCherry-EGFP-RTN3∆6LIRs were treated with 1µg/ml 886 

doxycycline for 24h and starved with EBSS for 6h in the absence of Bafilomycin A1. 887 

Scale bars: 10µm. (D) Endogenous labeling of CALNEXIN and REEP5 in U2OS 888 

TRex cells and in U2OS TRex cells after RTN3L∆6LIRs over-expression. Scale bars: 889 

10µm. 890 

 891 

Figure 6 – figure supplement 3. RTN3L over-expression does not affect autophagy 892 

flux. 893 

(A) Co-Immuno-precipitation of endogenous GABARAP with RTN3L and 894 

RTN3L∆6LIR in U2OS TRex cells. (B,C) Western blot analysis of LC3B lipidation 895 

and p62 degradation in U2OS TRex FLAG-HA-RTN3L and FLAG-HA-896 

RTN3L∆6LIR cells after Torin1 (B) or EBSS (C) treatment for the indicated time.  897 

 898 

Figure 8 – figure supplement 1. RTN3L and FAM134B are two independent ER-899 

phagy receptors. 900 

(A) Annotation enrichment analysis of FAM134B interactors. Bars represent the 901 

significantly enriched gene ontology biological process (GOBP) and the gene 902 

ontology cellular components (GOCC). The numeric value on the right side of the bar 903 

shows the Benjamini-Hochberg FDR value. (B) Cytoscape scheme for some 904 

FAM134B interactors. (C) Co-IP of RTN3L with the three members of the FAM134 905 

protein family. Proteins were co-overexpressed in HEK293T cells for 24h. RTN1L 906 

was used as positive control. (D) Co-IP of FAM134B with three members of the 907 

FAM134 protein family and RTN3L. Proteins were co-overexpressed in HEK293T 908 

cells for 24h. (E) Co-IP of FAM134B with the long isoforms of RTN1-4. Proteins 909 
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were co-overexpressed in HEK293T cells for 24h. (F) Co-IP of FAM134B with the 910 

short isoforms of RTN1-4. Proteins were co-overexpressed in HEK293T cells for 24h.  911 

 912 

Figure 5 – source data 1. IP-interactome of RTN1, RTN2, RTN3 and RTN4 long 913 

isoforms.  914 

IP-interactome analyses were performed using the SILAC labeling strategy in U2OS 915 

after 24h treatment with 1µg/ml of doxycycline. Bafilomycin A1 200ng/ml was added 916 

for 2h. Peptides with Log2 (Heavy/Light [H/L]) ratios ≥ 1 and a p value ≤ 0.05 were 917 

considered significantly enriched.  918 

 919 

Figure 5 – source data 2. IP-interactome of RTN1, RTN2, RTN3 and RTN4 short 920 

isoforms.  921 

IP-interactome analyses were performed using the SILAC labeling strategy in U2OS 922 

after 24h treatment with 1µg/ml of doxycycline. Bafilomycin A1 200ng/ml was added 923 

for 2h. Peptides with Log2 (Heavy/Light [H/L]) ratios ≥ 1 and a p value ≤ 0.05 were 924 

considered significantly enriched.  925 

 926 

Figure 7 – source data 1. Comparison of the IP-interactome of RTN3L and RTN3S.  927 

Comparison of the IP-interactomes analyses were performed using the SILAC 928 

labeling strategy in U2OS after 24h treatment with 1µg/ml of doxycycline. 929 

Bafilomycin A1 200ng/ml was added for 2h. Peptides with Log2 (Heavy/Light [H/L]) 930 

ratios ≥ 1 and a p value ≤ 0.05 were considered significantly enriched.  931 

 932 

Figure 8 – source data 1. Comparison of the IP-interactome of RTN3L and 933 

FAM134B.  934 

Comparison of the IP-interactomes analyses were performed using the SILAC 935 

labeling strategy in U2OS after 24h treatment with 1µg/ml of doxycycline. 936 

Bafilomycin A1 200ng/ml was added for 2h. Peptides with Log2 (Heavy/Light [H/L]) 937 

ratios ≥ 1 and a p value ≤ 0.05 were considered significantly enriched.  938 

 939 

Methods 940 

 941 

Cloning procedures and DNA mutagenesis  942 
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cDNAs were cloned into pDONR223 vector using the BP Clonase Reaction Kit 943 

(Invitrogen) and further recombined into GATEWAY destination vectors: iTAP 944 

MSCV-N-FLAG-HA IRES-PURO, pHAGE-N-eGFP, pcDNA3.1-N-FLAG, 945 

pcDNA5-FRT/TO-N-mCherry-EGFP though the LR Clonase Reaction Kit 946 

(Invitrogen). Mutations were generated via site-directed mutagenesis according to 947 

standard protocols. The pcDNA5-FRT/TO-N-mCherry-EGFP plasmid was obtained 948 

from pcDNA5-FRT/TO-N-SGFP after digestion with HINDIII and NotI and 949 

subsequent ligation with mCherry-RGFP segment. FLAG-RTN3L was cloned into 950 

pC4-RhE-FRB(T2098L) plasmid using SpeI and BamHI as unique restriction sites.  951 

HA-RTN3L and HA-RTN3S were cloned into pC4M-F2E-FKBP plasmid using SpeI 952 

and BamHI as unique restriction sites. N-myr signal was removed from the plasmids 953 

through site-direct mutagenesis. All cDNAs used in the manuscript are reported in 954 

Table 1. 955 

Cell culture 956 

HEK293T (RRID: CVCL_0063) and A549 (RRID: CVCL_0023) were provide from 957 

the American Type Culture Collection (Manassas, VA). Their identities were 958 

authenticated by STR analysis. U2OS TRex cells were provided by Prof. Stephen 959 

Blacklow (Brigham and Women’s Hospital and Harvard Medical School) (Gordon et 960 

al., 2009), HeLa TRex were provided by Prof. S. Taylor (Manchester University), 961 

Atg5
–/–

 MEFs were provided by Prof. Noboru Mizushima (Tokyo University)(Kuma 962 

et al., 2004), Fam134b
–/–

 MEFs were provided by Prof. Christian Hübner (Jena 963 

University) (Khaminets et al., 2015), Rtn3
–/–

 were provided by Prof. Riqiang Yan 964 

(Lerner Research Institute, The Cleveland Clinic Foundation), Fip200
–/–

MEFs were 965 

provided by Prof. Jun-Lin Guan (Cincinnati University) (Gan et al., 2006). All cell 966 

lines were regularly tested negative for the presence of mycoplasma using LookOut 967 

Mycoplasma PCR Detection Kit (SIGMA). Cells were maintained at 37
o
C with 5 % 968 

CO2 in DMEM medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) 969 

and 100 U/ml penicillin and streptomycin (Invitrogen). Starvation was conducted by 970 

incubating cells in EBSS medium (Invitrogen). Cells were treated with 1µg/ml of 971 

doxycycline (Sigma), 200ng/ml bafilomycin A1 (LC-Laboratories), 100µM 972 

cycloheximide (AppliChem PanReac), 250nM Torin1 (LC-Laboratories), 500ng 973 

Rapalog (Clontech) for the indicated time periods. For each treatment cells were 974 
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plated the day before in order to perform the experiments when cells had a final 975 

confluency of 50-60%. For transient expression, DNA plasmids were transfected with 976 

GeneJuice (Merck) or Turbofect (Thermo Scientific) according to the instructions of 977 

the manufacturers.  978 

 979 

Generation and propagation of stable and inducible cell lines  980 

HeLa TRex and U2OS TRex cell lines were used to generate stable cell lines using 981 

Flp-IN T-Rex system (Invitrogen) or MSCV iTAP N-FLAG-HA retroviral vector. 982 

Induction was performed with 4μg/ml doxycycline for the indicated time. Stable cell 983 

lines were produced using a retroviral or lentiviral virus infection. Viruses were 984 

produced using HEK 293T cells. U2OS TRex stable and inducible cell lines were 985 

generated cloning the cDNAs into MSCV iTAP N-FLAG-HA retroviral vector. U2OS 986 

TRex ATG7 and FAM134B KO cell lines were created using the CRISPR CAS9 987 

technology. The HeLa TRex cell line for creating stable cell lines using the Flp-In TM 988 

System was kindly provided by S. Taylor (University Manchester). mCherry-EGFP-989 

RTN3B, mCherry-EGFP-RTN3B Δ6 LIR mutant, constructs were cloned into 990 

pcDNA5/FRT/TO vector using the GATEWAY technology and transfected with 991 

recombinase pOG44 into Flp-In HeLa TRex cells. Hygromycin-resistant cells were 992 

expanded. All stable cell lines were continuously maintained in their respective 993 

selection-containing media. Rtn3
–/–

 MEFs were generated from Rtn3 knockout mice 994 

(Shi et al., 2014). Primary cells were isolated from E12.5 embryos and immortalized 995 

using SV40 large T antigen. Immortalized Rtn3 knockout MEFs were reconstituted 996 

with human EGFP-RTN3B; EGFP-RTN3BΔ6LIRs; EGFP-RTN3S and FACS sorted 997 

in order to enrich for EGFP positive cells. Plasmids transfection was performed using 998 

GenJet reagent (SignaGen Laboratories #SL100489-MEF).     999 

Antibodies used for western blot, immuno-precipitation and immuno-1000 

fluorescence staining 1001 

The complete list of primary antibodies used for the experiments is reported in Table 1002 

2. Secondary antibody, HRP-conjugated, were purchased from Santa Cruz 1003 

Biotechnology. For immuno-fluorescence staining the following antibodies were 1004 

used: anti-rabbit Alexa 555 (Life Technology; A31572), anti-rabbit Alexa 647 (Life 1005 

Technology; A21244), anti-rat Cy3 (Jackson Lab; 712166153), anti-rat Alexa 647 1006 
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(Life Technology; A21247), anti-mouse Alexa 647 (Life Technology; A31626), anti-1007 

mouse Alexa 532 (Life Technology; A11002). 1008 

Generation of knockout cell lines using the CRISPR CAS9 lentiviral system 1009 

Specific RNA-guides were designed using the GPP Web Portal of the Broad Institute 1010 

(http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design). The complete 1011 

list of sgRNA guides used for the experiments is reported in Table 3. Oligos were 1012 

annealed and phosphorylated following the protocol by (Ran et al., 2013) and cloned 1013 

into the Lentiviral vectors containing the CAS9. pLenti-Puro, pLenti-Puro-EGFP or 1014 

pLenti-Neo were cut with BsmBI enzyme and, after gel purification, 100ng of the cut 1015 

vector was used for ligation with 4µl of the annealed oligos (previously diluted 1016 

1:200). Ligation was performed with T4 ligase for 1 hour at room temperature. The 1017 

ligation product was than transformed using XL1-Blue competent cells. To generate a 1018 

knockout cell line, we infected our target cells with lentivirus containing three 1019 

different sgRNA guides specific for the gene of interest.  The lentiviruses were 1020 

produced in HEK 293T cell. Briefly, HEK293T cells were grown in 2ml DMEM 1021 

media (10% FBS) in 6 wells plates until they reached 90% confluence. They were 1022 

further co-transfecting with the three lentiviral plasmids (1.1µg cDNA for each 1023 

plasmid), containing the CAS9 and the selected sgRNA guides, together with the two 1024 

packaging vectors pPAX2 (2.2µg cDNA) and pMD2.G (1µg cDNA). The media 1025 

containing lentivirus was collected after 24h and replaced with 2ml of fresh DMEM 1026 

subsequently collected after an additional 24h. The total 4 ml of DMEM media were 1027 

pulled together and centrifuged to clear from dead HEK293T cells and stored at -1028 

80°C. One ml of the media was then used to infected the desired cell lines and the rest 1029 

was stores at -80°C. After 48h of infection, cells were selected using fresh DMEM 1030 

media containing 5µg/ml of Puromycin (further reduced to 2µg/ml for the 1031 

maintenance) or 0.5mg/ml of G418 accordingly to the lentiviral vector selected. When 1032 

the pLenti-Puro-EGFP was used, cells were selected for GFP positivity through FACS 1033 

sorting.  1034 

 1035 

Mass spectrometry 1036 

 1037 

http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design
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Interactome of FAM134B and RTN1-4 was performed using the SILAC labeling 1038 

strategy. U2OS TRex cells transfected with mock plasmid were cultured in media 1039 

supplemented with L-arginine-
12

C6
14

N4 (Arg0) and L-lysine-
12

C6
14

N2 (Lys0), 1040 

while U2OS TRex expressing FAM134B or the various isoforms of the four RTNs 1041 

were labeled with L-arginine-
13

C6
15

N4 (Arg10) and L-lysine--
13

C6
15

N2 (Lys8) as 1042 

described previously (Ong and Mann, 2006, Ong et al., 2002). FAM134B and RTNs 1043 

isoforms were induced for 24h with doxycycline and SILAC labeled cells were lysed 1044 

using 50 mM Tris/HCl (pH 7.5), 120 mM NaCl, 1% (v/v) NP40, complete protease 1045 

inhibitor cocktail (Roche). Cell lysates from light and heavy labeled cells were 1046 

harvested separately and immunoprecipitated separately using monoclonal anti-HA-1047 

agarose antibody (Sigma). Only prior to proteins elution, heavy and light immuno-1048 

precipitation beads were combined together in a 1:1 ratio (H/L). Immunoprecipitated 1049 

proteins were separated according to their molecular weight by subjecting them to 1050 

SDS-PAGE electrophoresis. Gel lanes were cut into equal pieces and digested 1051 

(Shevchenko et al., 2006). In brief, gel pieces were washed, de-stained and 1052 

dehydrated. Proteins were reduced with 10 mM dithiothreitol (DTT), alkylated with 1053 

55mM iodoacetamide (IAA) and digested with the endopeptidase sequencing-grade 1054 

Trypsin (Promega) overnight at 37°C. Generated peptides were extracted using an 1055 

increasing acetonitrile concentration. Collected peptide mixtures were concentrated 1056 

and desalted using the Stop and Go Extraction (STAGE) technique (Rappsilber et al., 1057 

2003).  1058 

Instruments for LC-MS/MS analysis consisted of a NanoLC 1200 coupled via a nano-1059 

electrospray ionization source to the quadrupole-based Q Exactive HF benchtop mass 1060 

spectrometer (Michalski et al., 2011). Peptide separation was carried out according to 1061 

their hydrophobicity on an in-house packed 20cm column with 1.9mm C18 beads (Dr 1062 

Maisch GmbH) using a binary buffer system consisting of solution A: 0.1% formic 1063 

acid (0.5% formic acid) and B: 80% acetonitrile, 0.1% formic acid (80% acetonitrile, 1064 

0.5% formic acid). 35 min gradients were used for immunoprecipitated samples. 1065 

Linear gradients from 7–38% B in 20 min were applied with a following increase to 1066 

95% B within 5 min and a re-equilibration to 5% B. Q Exactive HF settings: MS 1067 

spectra were acquired using 3E6 as an AGC target, a maximal injection time of 20ms 1068 

and a 60,000 resolution at 200m/z. The mass spectrometer operated in a data 1069 
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dependent Top15 mode with subsequent acquisition of higher-energy collisional 1070 

dissociation (HCD) fragmentation MS/MS spectra of the top 15 most intense peaks. 1071 

Resolution for MS/MS spectra was set to 30,000 at 200m/z, AGC target to 1E5, max 1072 

injection time to 64 ms and the isolation window to 1.6 Th.  1073 

GST Pull-Down 1074 

LC3s, GABARAPs and Ub proteins were cloned, as GST fusion proteins, into pGEX-1075 

4T-1 (GE Healthcare) and expressed in Escherichia coli BL21 (DE3) cells in LB 1076 

medium. Expression was induced by addition of 0.5mM IPTG and cells were 1077 

incubated at 37°C for 5 h. Harvested cells were lysed using sonication in a lysis buffer 1078 

(20 mM Tris-HCl pH 7.5, 10 mM EDTA, 5 mM EGTA, 150 mM NaCl) and GST 1079 

fused proteins were immuno-precipitated using Glutathione Sepharose 4B beads (GE 1080 

Healthcare). Fusion protein-bound beads were used directly in GST pull down assays. 1081 

HEK293T cells were transfected with indicated constructs using GeneJuice (Merck) 1082 

for 24 h. Cells were lysed in lysis buffer [50 mM HEPES, pH 7.5, 150 mM NaCI, 1 1083 

mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol supplemented with 1084 

protease inhibitors (Complete, Roche). SH-SY5Y cells were used for endogenous pull 1085 

down of RTN3. Lysates were cleared by centrifugation at 12000g for 10 min, and 1086 

incubated with GST fusion protein-loaded beads over-night at 4°C. Beads were then 1087 

washed 3 times in lysis buffer, resuspended in Laemmli buffer and boiled. 1088 

Supernatants were loaded on SDS-PAGE.  1089 

 1090 

Fluorescence microscopy 1091 

 1092 

Cells were plated on glass cover slips, and 24h post induction, with doxycycline, they 1093 

were fixed by 4% (wt/vol) paraformaldehyde for 5 min. Cells were permeabilized 1094 

with a 0.1% Saponin solution in PBS at room temperature for 5 min and blocked in 1095 

PBS containing 10% fetal bovine serum (FBS) for 1 hour at room temperature. Cells 1096 

were incubated over night at 4°C with primary antibody diluted in PBS containing 5% 1097 

FBS and 0.1% Saponin. Washes were performed in 0.1% Saponin in PBS. Secondary 1098 

antibodies were incubated for 1 hour at room temperature and washed 2 times with 1099 

PBS 5% FBS, 0.1% Saponin and once with PBS. The coverslips were mounted on 1100 

10μl of aqueous mounting medium (Mowiol) and placed on a glass holder. Images 1101 
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were acquired with the Leica SP8 laser-scanning microscope (Leica) or with CSUX1 1102 

Real-Time Confocal System with Nipkow spinning disk (Visitron). Images shown are 1103 

representative of experiments carried out at least three times.  1104 

 1105 

Dimerization/oligomerization assay 1106 

U2OS TRex cells were plated on glass cover slips. Cells were co-transfected with 1107 

0.5µg of pC4-RhE-FRB (T2098L)-FLAG-RTN3B plasmid together with 0.5µg of one 1108 

of the following: pC4M-F2E-FKBP-HA-RTN3B or pC4M-F2E-FKBP-HA-RTN3A. 1109 

After 24h from transfection, cells were treated with 500ng Rapalog in DMEM, 10% 1110 

FBS for 2h and then fixed in 4% PFA. Samples were immuno-stained, as previously 1111 

described, with primary antibodies against FLAG, HA, LAMP1 and LC3B. Single 1112 

transfections with pC4-RhE-FRB (T2098L)-FLAG-RTN3B, pC4M-F2E-FKBP-HA-1113 

RTN3B, pC4M-F2E-FKBP-HA-RTN3A, were performed as internal controls. 1114 

Super-resolution microscopy  1115 

 1116 

Cells were plated on glass cover slips, and 24h post induction, with doxycycline, they 1117 

were fixed by 4% (wt/vol) paraformaldehyde for 5 min. Cells were permeabilized 1118 

with a 0.1% Saponin solution in PBS at room temperature for 5 min and blocked in 1119 

PBS containing 10% fetal bovine serum (FBS) for 1 hour at room temperature. Cells 1120 

were incubated over night at 4°C with primary antibody diluted in PBS containing 5% 1121 

FBS and 0.1% Saponin. Washes were performed in 0.1% Saponin in PBS. Secondary 1122 

antibodies were incubated for 1 hour at room temperature and washed 2 times with 1123 

PBS 5% FBS, 0.1% Saponin and once with PBS. Samples were fixed with 2% PFA 1124 

(wt/vol) for 2 min at room temperature, washed in PBS and stored at 4°C in PBS 1125 

solution. Samples were exposed to a solution of 1:700 TetraSpeck microsperes (0.1 1126 

µm, Thermo Fisher) in PBS for 10 min, and subsequently rinsed with PBS. Cells were 1127 

imaged in reducing buffer that facilitated photo-switching for dSTORM (Heilemann 1128 

et al., 2008). The reducing buffer contained 100mM MEA (Sigma) in PBS with pH 1129 

adjusted to 8.0-8.5 using KOH from 1M stock solution, and was freshly prepared 1130 

before each experiment. Single-molecule imaging was performed on a custom-built 1131 

wide-field microscope as described in (Dietz et al., 2013). A 643 nm (iBeam smart, 1132 

Toptica Photonics), and a 532 nm (DPPS-532-NL300, Eksma Optics, Lithuania) laser 1133 
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were combined by appropriate dichroic mirrors (LaserMUX 561-594R, LaserMUX 1134 

514-543R, LaserMUX 473-491R, 1064R, LaserMUX 427-25, AHF) and coupled into 1135 

an inverted microscope (IX71, Olympus) equipped with a 100× oil immersion 1136 

objective (PLAPO 100× TIRFM, NA ≥1.45, Olympus) and a nose piece (IX2-NPS, 1137 

Olympus) to avoid drift. A translational mirror (Thorlabs) within the illumination 1138 

pathway allowed for a continuous adjustment of the illumination light field angle 1139 

from wide-field to total internal reflection (TIR) illumination. The 643 and 532 nm 1140 

lasers were addressed separately by application of an acousto-optic tunable filter 1141 

(AAOptics). Fluorescent light was collected by the objective and spectrally separated 1142 

from excitation light by a dichroic mirror (Dualline zt532/638rpc, AHF) inside the 1143 

microscope and bandpass filters (ET 700/75 for Alexa Fluor 647 and ET 575/50 for 1144 

Alexa Fluor 532, both from AHF) situated in the emission pathway. Filtered 1145 

fluorescent light was projected on an EMCCD (iXon3, Andor). Dual-color 1146 

microscopy was performed with the EMCCD camera operating in frame transfer 1147 

video mode at a 200-fold electron multiplying gain. Imaging was conducted 1148 

sequentially by imaging longer wavelength absorption first, i.e. Alexa Fluor 647 prior 1149 

to Alexa Fluor 532. After TIR illumination was established, Alexa Fluor 647 was read 1150 

out by recording image sequences of about 20,000 images with a frame rate of 33 Hz 1151 

under continuous 643nm laser illumination (2 kW/cm
2
). Lasers and filters were then 1152 

rearranged for photo-activating and detecting Alexa Fluor 532. Image sequences of 1153 

about 20,000 images were recorded with a frame rate of 10 Hz under constant 532 nm 1154 

laser excitation (3 kW/cm
2
). SMLM data was analyzed by calculating the fluorescent 1155 

label positions by fitting their point spread functions (PSFs) from single-molecule 1156 

emissions to a two-dimensional Gaussian intensity distribution using rapidSTORM 1157 

(Wolter et al., 2010). A local relative threshold of 100 and of 150 was set for Alexa 1158 

Fluor 647 and Alexa Fluor 532 respectively to omit dim emitters. Coordinates of 1159 

fluorescent labels were stored in charts, further referred to as localization lists. Based 1160 

on the localization lists, images were reconstructed. TetraSpeck microspheres were 1161 

used for spatial alignment of dual-color images. 1162 

 1163 

Ultrastructural analyses 1164 

 1165 

For the IEM analyses, U2OS RTN3L cells were starved in EBBS for 6h in presence 1166 

of 200nM bafilomycinA1 before being fixed by addition of 4% PFA and 0.4% 1167 
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glutaraldehyde in 0.1M phosphate buffer (pH 7.4) in an equal volume to the DMEM 1168 

medium and incubated for 20 min at room temperature. Cells were subsequently fixed 1169 

in 2% PFA and 0.2% glutaraldehyde in 0.1M phosphate buffer (pH 7.4) for 3h at 1170 

room temperature and then embedded for the Tokuyasu procedure before cutting 1171 

ultrathin cryo-sectioning and immuno-gold label them, as previously described (Slot 1172 

and Geuze, 2007). Primary antibodies used were against the KDEL, HA protein tag 1173 

and CD63. The first two labeling were revealed with protein A conjugated with 10nm 1174 

gold and the second one with CD63 protein A conjugated with 15nm gold. Cell 1175 

sections were finally analysed using an 80KV transmission electron microscope (Jeol 1176 

1200-EX). 1177 

 1178 

Immunoblotting  1179 

 1180 

Protein lysates were resolved in SDS-PAGE gels (8% - 10% - 12% Bisacrylamid gels 1181 

or 4-20% gradient gels [BioRad]) and transferred to nitrocellulose (GVS North 1182 

America, 0.45µm) or PVDF (Millipore, 0.2µm) membrane. Membranes were blocked 1183 

in TBS 0.1% Tween containing 5% low fat milk (Roth) and incubated over night at 1184 

4°C with the specific primary antibody. Immuno-blot bands were quantified using 1185 

ImageJ program. 1186 

 1187 

Co-immunoprecipitation  1188 

 1189 

Stable cell lines for long and short isoforms of RTNs were induced with doxycycline 1190 

(1µg/ml) for 24h. A confluent 10 cm diameter petri dishes U2OS TRex cells 1191 

expressing the desired isoform of the RTNs was harvested in 50 mM Tris/HCl (pH 8), 1192 

120mM NaCl, 1% (v/v) NP40, complete protease inhibitor cocktail (Roche), and 1 1193 

mM PMSF. Lysates were cleared by centrifugation at 12000g for 10 min, and 1194 

incubated over night at 4°C with monoclonal anti-HA-agarose antibody (Sigma). 1195 

Beads were then washed 3 times in lysis buffer, suspended in Laemmli buffer and 1196 

boiled. Supernatants were loaded on SDS-PAGE. 1197 

HEK 293T cells were co-transfected with the indicated constructs using GeneJuice 1198 

(Merck) for 24 h. Cells were lysed in lysis buffer [50mM HEPES, pH 7.5, 150mM 1199 

NaCI, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 10% glycerol, 25mM NaF 1200 

supplemented with PMSF (Sigma), aprotinin (Sigma), leupeptin (Biomol), and 1201 
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sodium vanadate (Sigma)]. Lysates were cleared by centrifugation at 12000g for 10 1202 

min, and incubated over night at 4°C with monoclonal anti-HA-agarose antibody 1203 

(Sigma) or 2h at 4°C with GFP-TRAP beads (Chromoteck). Beads were then washed 1204 

3 times in lysis buffer, resuspended in Laemmli buffer and boiled. Supernatants were 1205 

loaded on SDS-PAGE. 1206 

For endogenous co-immunoprecipitation between RTN3 and GABARAP, a confluent 1207 

15cm diameter petri dishes of A549 cells was harvested in 50mM Tris/HCl (pH 8), 1208 

120mM NaCl, 1% (v/v) NP40, complete protease inhibitor cocktail (Roche), and 1 1209 

mM PMSF. Lysates were cleared by centrifugation at 12000g for 10 min, and 1210 

incubated over night at 4°C with RTN3 primary antibody. Lysates and RTN3 1211 

antibody solutions were incubated with Protein A-Agarose beads (Roche) for 4h at 1212 

4°C. Beads were then washed 3 times in lysis buffer, resuspended in Laemmli buffer 1213 

and boiled. Supernatants were loaded on SDS-PAGE. 1214 

 1215 

Data analysis 1216 

 1217 

All experiments were performed in at least three independent biological replicates. 1218 

For cell microscopy, (unless differently specified in the figure legend) a minimum 1219 

number of 100 cells, for each condition, were considered for data quantification. Data 1220 

are presented as mean ± s.d. Statistical analysis of two experimental groups was 1221 

performed using parametric two-tailed Student's t test.  1222 

For mass spectrometry, all acquired raw files were processed using MaxQuant 1223 

(1.5.3.30) and the implemented Andromeda search engine. For protein assignment, 1224 

spectra were correlated with the Uniprot human database (v. 2016) including a list of 1225 

common contaminants. Searches were performed with tryptic specifications and 1226 

default settings for mass tolerances for MS and MS/MS spectra. Carbamidomethyl at 1227 

cysteine residues was set as a fixed modification, while oxidations at methionine, 1228 

acetylation at the N-terminus were defined as variable modifications. The minimal 1229 

peptide length was set to seven amino acids, and the false discovery rate for proteins 1230 

and peptide-spectrum matches to 1%. The match-between-run feature with a time 1231 

window of 1 min was used. For further analysis, the Perseus software (1.5.3.0) was 1232 

used and first filtered for contaminants and reverse entries as well as proteins that 1233 

were only identified by a modified peptide. The SILAC Ratios were logarithmized 1234 

and grouped into duplicates and a one-sample t-test was performed. Probability values 1235 
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(p) < 0.05 were considered statistically significant. To identify significant enriched 1236 

GO terms, we utilized the 1D enrichment tool in Perseus. Data visualization was done 1237 

in the statistical environment R. MS analyses of three independent immuno-1238 

precipitations (IP) experiments for both isoforms of each RTN were performed. 1239 

Peptides with Log2 (Heavy/Light [H/L]) ratios ≥ 1 and a p value ≤ 0.05 were 1240 

considered significantly enriched. Pearson’s correlation coefficients up to 0.9 1241 

indicated the high reproducibility between biological repetitions. 1242 

Table 1. Plasmids and cDNAs related to the experimental procedures. 1243 

Plasmids used in the manuscript are listed below 1244 

Plasmid/epitope-tag Gene/Mutation Reference 

   

pGEX-4T1 alone GST only (Kirkin et al., 2009)  

pGEX-4T1 LC3A dG Deletion of terminal glycine (Kirkin et al., 2009) 

pGEX-4T1 LC3B dG Deletion of terminal glycine (Kirkin et al., 2009) 

pGEX-4T1 LC3C dG Deletion of terminal glycine (Kirkin et al., 2009) 

pGEX-4T1 GABARAP 

dG 

Deletion of terminal glycine (Kirkin et al., 2009) 

pGEX-4T1 GABARAP-L1 

dG 

Deletion of terminal glycine (Kirkin et al., 2009) 

pGEX-4T1 GABARAP-L2 

dG 

Deletion of terminal glycine (Kirkin et al., 2009) 

pGEX-4T1 Ub Human Ubiquitin (Kirkin et al., 2009) 

pGEX-4T1 4XUb Human 4 X linear Ubiquitin  (Kirkin et al., 2009) 

pGEX-4T1 dN LC3A dG Lacking unique N-terminus 

and deletion of terminal 

glycine 

This study 

pGEX-4T1 dN LC3B dG Lacking unique N-terminus 

and deletion of terminal 

glycine 

This study 

pGEX-4T1 dN 

GABARAP-L1 dG 

Lacking unique N-terminus 

and deletion of terminal 

glycine 

This study 
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pGEX-4T1 dN 

GABARAP-L2 dG 

Lacking unique N-terminus 

and deletion of terminal 

glycine 

This study 

pGEX-4T1 LC3B F52A-

V53A dG 

Mutated LIR binding pocket This study 

RTN1A cDNA Human RTN1A, long isoform 

(NM_021136.2) 

Open Biosystem  

(BC090862)  

pCMV-SPORT6-RTN2A  Human RTN2A, long isoform 

(NM_005619.4) 

Source Bioscience 

(IRATp970B0996D) 

pReceiver-M06-RTN3B  Human RTN3B, long isoform 

(NM_201428.2) 

Genocopoeia, TebuBio  

(EX-Z3044-M06) 

pcDNA3.1-RTN4A-myc  Human RTN4A, long isoform 

(NM_020532.4) 

Provided by S. 

Strittmatter (GrandPre 

et al., 2000)  

pcDNA3.1-RTN4C-myc Human RTN4C, short isoform 

(NM_007008.2) 

Provided by S. 

Strittmatter 

(GrandPre et al., 2000) 

RTN3A cDNA Human RTN3A, short 

isoform 

(NM_006054.3) 

Open Biosystem  

(BC011394) 

pDONR223-RTN1L Human RTN1A, long isoform This study 

pDONR223-RTN2L Human RTN2A, long isoform This study 

pDONR223-RTN3L Human RTN3B, long isoform This study 

pDONR223-RTN4L Human RTN4A, long isoform This study 

pDONR223-RTN1S Human RTN1C, short isoform This study 

pDONR223-RTN2S Human RTN2C, short isoform This study 

pDONR223-RTN3S Human RTN3A, short 

isoform 

This study 

pDONR223-RTN4S Human RTN4C, short isoform This study 

iTAP-FLAG-HA-RTN1L Human RTN1A, long isoform This study 

iTAP-FLAG-HA-RTN2L Human RTN2A, long isoform This study 

iTAP-FLAG-HA-RTN3L Human RTN3B, long isoform This study 

iTAP-FLAG-HA-RTN4L Human RTN4A, long isoform This study 

http://www.lifesciences.sourcebioscience.com/genomecube/vector/?v=pCMV-SPORT6
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iTAP-FLAG-HA-RTN1S Human RTN1C, short isoform This study 

iTAP-FLAG-HA-RTN2S Human RTN2C, short isoform This study 

iTAP-FLAG-HA-RTN3S Human RTN3A, short 

isoform 

This study 

iTAP-FLAG-HA-RTN4S Human RTN4C, short isoform This study 

pHAGE-EGFP-RTN1L Human RTN1A, long isoform This study 

pHAGE-EGFP-RTN2L Human RTN2A, long isoform This study 

pHAGE-EGFP-RTN3L Human RTN3B, long isoform This study 

pHAGE-EGFP-RTN4L Human RTN4A, long isoform This study 

pHAGE-EGFP-RTN3S Human RTN3A, short 

isoform 

This study 

pHAGE-EGFP-

RTN3L∆6LIRs 

Human RTN3B, long isoform 

all mutant LIRs  

This study 

pcDNA3.1-FLAG-RTN3L Human RTN3B, long isoform This study 

pcDNA3.1-FLAG-RTN3L 

LIR mutant ΔFTLL 

Human RTN3B, long isoform 

DDRFTLLTA/DDRATLATA 

aa202-210 

This study 

pcDNA3.1-FLAG-RTN3L 

LIR mutant ΔYSKV 

Human RTN3B, long isoform 

PTEYSKVEG/PTEASKAEG 

aa214-222 

This study 

pcDNA3.1-FLAG-RTN3L 

LIR mutant ΔFEVI 

Human RTN3B, long isoform 

ESPFEVIID/ESPAEVAID 

aa245-253 

This study 

pcDNA3.1-FLAG-RTN3L 

LIR mutant ΔWDLV 

Human RTN3B, long isoform 

ILTWDLVPQ/ILTADLAPQ 

aa339-347 

This study 

pcDNA3.1-FLAG-RTN3L 

LIR mutant ΔFEEL 

Human RTN3B, long isoform 

SKNFEELVS/SKNAEEAVS 

aa552-561 

This study 

pcDNA3.1-FLAG-RTN3L 

LIR mutant ΔYDIL 

Human RTN3B, long isoform 

QRSYDILER/QRSADIAER 

aa787-795 

This study 

pcDNA3.1-FLAG-RTN3L Human RTN3B, long isoform This study 
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∆5 LIRs-WDLV all mutant LIRs except 

WDLV 

pcDNA3.1-FLAG-RTN3L 

∆5 LIRs-YSKV 

Human RTN3B, long isoform 

all mutant LIRs except YSKV 

This study 

pcDNA3.1-FLAG-RTN3L 

∆5 LIRs-YDIL 

Human RTN3B, long isoform 

all mutant LIRs except YDIL 

This study 

pcDNA3.1-FLAG-RTN3L 

∆5 LIRs-FTLL 

Human RTN3B, long isoform 

all mutant LIRs except FTLL 

This study 

pcDNA3.1-FLAG-RTN3L 

∆5 LIRs-FEEL 

Human RTN3B, long isoform 

all mutant LIRs except FEEL 

This study 

pcDNA3.1-FLAG-RTN3L 

∆5 LIRs-FEVI 

Human RTN3B, long isoform 

all mutant LIRs except FEVI 

This study 

pcDNA3.1-FLAG-RTN3L 

∆6 LIRs 

Human RTN3B, long isoform 

all mutant LIRs  

This study 

pDONR223-

RTN3L∆6LIRs 

Human RTN3B, long isoform 

all mutant LIRs 

This study 

iTAP-FLAG-HA-RTN3L 

∆6 LIRs 

Human RTN3B, long isoform 

all mutant LIRs 

This study 

pcDNA5 FRT-TO 

mCherry-EGFP RTN3L 

Human RTN3B, long isoform  This study 

pcDNA5 FRT-TO 

mCherry-EGFP-

RTN3L∆6LIRs 

Human RTN3B, long isoform 

all mutant LIRs 

This study 

pDONR223-FAM134A Human FAM134A This study 

pDONR223-FAM134B Human FAM134B (Khaminets et al., 

2015)  

pDONR223-FAM134C Human FAM134C This study 

iTAP-FLAG-HA-

FAM134A 

Human FAM134A This study 

iTAP-FLAG-HA-

FAM134B  

Human FAM134B (Khaminets et al., 

2015) 

iTAP-FLAG-HA-

FAM134C 

Human FAM134C This study 
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 1245 

Table 2. Antibodies related to the experimental procedures. 1246 

Antibodies used for immuno-blot and immuno-staining are listed below 1247 

Antigen Company RRID Application  

GABARAP AbCam  

(Ab109364) 

AB_10861928 WB 

GABARAP-L1 Proteintech 

(11010-1-AP) 

AB_2294415 WB, IF 

FLAG Sigma Aldrich 

(F7425-2MG) 

AB_439687 WB 

FLAG Sigma Aldrich 

(F1804) 

AB_262044 IF 

HA  Roche 

(11867423001) 

AB_10094468 IF 

HA  Covance 

(MMS-101P-1000) 

AB_291259 WB 

LC3B  MBL 

(M152-3) 

AB_1279144 IF 

LC3B  MBL 

(PM036) 

AB_2274121 IF 

LC3B  CST 

(#2775) 

AB_915950 WB 

pC4-RhE FRB (T2098L)  Provided by R. Youle 

pC4M-F2E FKBP  Provided by R. Youle 

pC4-RhE FRB (T2098L)-

FLAG-RTN3L 

Human RTN3B, long isoform  This study 

pC4M-F2E FKBP-HA-

RTN3L 

Human RTN3B, long isoform  This study 

pC4M-F2E FKBP-HA-

RTN3S 

Human RTN3A, short 

isoform 

This study 

mCherry-EGFP LC3B Human LC3B (Khaminets et al., 

2015) 

GFP-SEC63 Human SEC63 Provided by H. Farhan  
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RTN3 (human) Bethyl 

(A302-860A) 

AB_10631136 WB, IP 

RTN3  TebuBio 

(PA2256) 

AB_2665372 WB, IF 

LAMP1  DSHB 

(H4B4) 

AB_528129 IF 

LAMP1 DSHB 

(1D4B) 

AB_2134500 IF 

LAMP1 AbCam 

(Ab24170) 

AB_775978 IF 

p62 ENZO Life Science 

(PW9860) 

AB_2196009 WB 

VINCULIN Sigma 

(V9264) 

AB_10603627 WB 

CALNEXIN AbCam 

(Ab22595) 

AB_2069006 IF 

REEP5 Proteintech 

(14643-1-AP) 

AB_2178440 IF, WB 

CLIMP-63 Proteintech 

(16686-1-AP) 

AB_2276275 IF, WB 

BSLC2 AbCam 

(Ab106793) 

AB_10974250 IF 

RTN1 AbCam 

(Ab9274) 

AB_307128 WB 

RTN4 AbCam 

(Ab47085) 

AB_881718 WB 

FAM134B Gift from C. Hubner Jena University WB 

ATG7 CST 

(#8558) 

AB_10831194 WB 

TRAP alpha AbCam 

(Ab133238) 

AB_11157579 WB 

KDEL Merk 

(10C3) 

AB_2665378 IEM 
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CD63 Ancell 

(AHN16.1/46-4-5) 

AB_2665375 IEM 

HA Gift from G.Bu Mayo Clinic, 

Jacksonville, FL 

IEM 

GFP Santa Cruz  

(sc-9996) 

AB_627695 WB 

 1248 

Table 3. CRISPR-CAS9 guides sequences. 1249 

CRISPR-CAS9 guide sequences used to generate KO cell lines in the manuscript are 1250 

listed below 1251 

Gene sgRNA sequence Guide N° 

   

hATG7  CACC GAGAAGAAGCTGAACGAGTAT  1 

hATG7  CACC GCTGCCAGCTCGCTTAACA 2 

hATG7  CACC GTAAACTCTCTGGAAGACAGA  3 

hFAM134B  CACC GATATCATTACATTTAAACAA 1 

hFAM134B  CACC GCTTCCAGCTCAGCAGCTCGT 2 

hFAM134B  CACC GCAATACAGTGGCTGAGCCT 3 

 1252 

 1253 
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