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Speci�c receptors are required for the autophagic degradation of endoplasmic reticulum (ER), known as ER-phagy. However, 
little is known about how the ER is remodeled and separated for packaging into autophagosomes. We developed two 
ER-phagy–speci�c reporter systems and found that Atlastins are key positive e�ectors and also targets of ER-phagy. Atlastins 
are ER-resident GTPases involved in ER membrane morphology, and Atlastin-depleted cells have decreased ER-phagy under 
starvation conditions. Atlastin’s role in ER-phagy requires a functional GTPase domain and proper ER localization, both of 
which are also involved in ER architecture. �e three Atlastin family members functionally compensate for one another 
during ER-phagy and may form heteromeric complexes with one another. We further �nd that Atlastins act downstream of 
the FAM134B ER-phagy receptor, such that depletion of Atlastins represses ER-autophagy induced by the overexpression of 
FAM134B. We propose that during ER-phagy, Atlastins remodel ER membrane to separate pieces of FAM134B-marked ER for 
e�cient autophagosomal engulfment.

Atlastins remodel the endoplasmic reticulum for 
selective autophagy
Jin Rui Liang1,2, Emily Lingeman1,2, Saba Ahmed1,2, and Jacob E. Corn1,2

Introduction
The selective autophagy of organelles (organellophagy) consti-
tutes a major part of cellular proteostasis and homeostasis. Dys-
regulation in organellophagy particularly impacts differentiated 
cells, such as neurons. The most notable example is mitophagy, 
whereby loss-of-function mutations of mitophagy proteins such 
as PAR KIN and PINK1 have been linked to neurodegenerative 
diseases such as Parkinson’s disease (Pickrell and Youle, 2015).

The ER is a multifunctional organelle that is the major site 
for protein and lipid synthesis, as well as the quality control of 
newly synthesized proteins. To prevent the accumulation of 
toxic protein aggregates, the ER harbors a well-studied quality 
control pathway known as ER-associated degradation, in which 
misfolded ER proteins are extracted for destruction by the pro-
teasome (Brodsky, 2012).

Under certain conditions such as starvation, fragments of 
the ER are engulfed in their entirety by autophagosomes and 
sent for destruction in acidified lysosomes in a process known 
as ER-phagy (Mochida et al., 2015; Dikic, 2017). Originally de-
scribed in yeast, ER-phagy has recently been demonstrated to 
occur in higher eukaryotic cells (Schuck et al., 2014; Mochida et 
al., 2015; Nakatogawa, 2015). Several ER surface receptors, in-
cluding FAM134B, reticulon 3L (RTN3L), Sec62, and CCPG1, have 
been shown to contain conserved LC3-interacting regions (LIRs) 
that can act as specific autophagy receptors to allow portions of 
the larger ER network to be shunted to core autophagy pathways 

(Khaminets et al., 2015; Fumagalli et al., 2016; Grumati et al., 
2017; Smith et al., 2018). ER-phagy is therefore connected to bulk 
autophagy of the cytoplasm but may have dedicated upstream 
logic, signals, and mediators that are only beginning to be elu-
cidated. For example, unlike cytoplasm, the ER is composed of a 
highly interconnected membrane-bound network. It is currently 
unclear how ER portions targeted for autophagy are isolated from 
the rest of the ER and packaged into discrete components for de-
livery to autophagosomes.

The ER network consists of complex connections of ER tu-
bules and sheets that are constantly remodeled during normal 
homeostasis. This process is fulfilled by a variety of ER mem-
brane surface proteins, such as RTNs and REEPs (involved in 
ER tubule formation) and CLI MP63 and FAM134B (involved in 
ER sheet formation; Klopfenstein et al., 1998; Voeltz et al., 2006; 
Nikonov et al., 2007; Shibata et al., 2008; Sparkes et al., 2010; 
Khaminets et al., 2015). ER-integral membrane proteins known 
as Atlastins (ATLs) are also involved in the fusion of ER tubules 
to form three-way junctions that yield the characteristic weblike 
network of the ER (Rismanchi et al., 2008; Wang et al., 2016; 
Zhao et al., 2016).

We hypothesized that the ER should be remodeled before 
autophagic engulfment and that ER-remodeling proteins might 
facilitate this process. We adapted several assays previously used 
to measure general autophagy to instead report on organelle- 
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specific autophagy, with a focus on ER-phagy. With these assays 
in hand, we used CRI SPR transcriptional inhibition (CRI SPRi) to 
show that ATLs are required for ER-phagy in human cells during 
nutrient starvation. The three human ATL family members are 
expressed at different levels in various cell types and are func-
tionally redundant during ER-phagy. ATLs contain an N-terminal 
GTPase domain and two transmembrane (TM) helices close to the 
C terminus that span the ER membrane, such that both N and C 
termini face the cytosol (Fig. S1 A). In cells that predominantly 
express ATL2, we find that ER-phagy requires the N-terminal 
GTPase domain, proper ER localization through the TM domain, 
and a C-terminal helical tail that is also required for ER mem-
brane remodeling. Overexpression of FAM134B is sufficient to 
induce ER-phagy and partial loss of ATL2, suggesting that ATL2 
could be a remodeling factor for the same ER subdomain marked 
by FAM134B. However, removal of ATL2 during FAM134B over-
expression abrogates ER-phagy. Our results uncover a new me-
diator of ER-phagy that we propose is required to remodel and 
separate the ER components marked for destruction by the 
FAM134B ER-phagy receptor.

Results and discussion
Quantitative assays for ER-phagy
One of the obstacles in studying ER-phagy is the paucity of robust 
markers to monitor the process (Khaminets et al., 2015; Mochida 
et al., 2015; Grumati et al., 2017). Commonly used ER protein 
markers such as calnexin (CANX), PDI, CLI MP63, TRAF-α, and 
REEP5 exhibit only a marginal decrease in protein levels during 
ER-phagy, and it is difficult to use them to establish quantitative 
measures of ER-phagy. To overcome these limitations, we devel-
oped two complementary assays for ER-phagy adapted from pre-
vious assays used to measure general autophagy flux.

First, we modified a tandem eGFP-mCherry-LC3 reporter 
often used to measure general autophagy and fused it instead to 
RAMP4, a subunit of the ER translocon complex, to report spe-
cifically on lysosomal degradation of the ER (Kimura et al., 2007; 
Mizushima et al., 2010). For simplicity, we refer this system as ER 
autophagy tandem reporter (EATR; Fig. 1 A). EATR is designed 
such that the fluorescent proteins point toward the cytoplasm so 
that they are exposed to the lysosome upon engulfment, and takes 
advantage of the lowered stability of eGFP relative to mCherry 
when delivered to the acidic environment of the lysosome. Cy-
tosolic ER (pH ∼7) should be fluorescent in both the eGFP and 
mCherry channels, whereas ER within a lysosomal vesicle (pH 
<4) would lose eGFP fluorescence but retain mCherry.

Tandem fluorescent protein systems have previously 
been adapted to study mitophagy and have even been fused 
to FAM134B to demonstrate its role as an ER-phagy reporter 
(Khaminets et al., 2015). We chose RAMP4 as a marker for ER, 
as it is a small TM ER protein that is ubiquitously expressed in 
various ER subdomains of the cells. By microscopy, we found that 
EATR colocalizes with both REEP5 (ER tubules) and CLI MP63 (ER 
sheets; Fig. S1 B). Expression of EATR does not alter the degra-
dation rate of ER proteins or general autophagy upon starvation 
compared with parental HCT116 cells (Fig. S1 C). We placed EATR 
under the control of a doxycycline-inducible promoter to control 

expression in a defined time period and hence follow a bolus of 
ER as it transitions from cytoplasmic to lysosomal and is finally 
degraded (Fig. 1 B).

We created HCT116 cell lines harboring the inducible EATR 
construct to monitor ER autophagy by fluorescence microscopy. 
Although EATR is localized to the ER when cells are grown in com-
plete media (“fed”; Fig. 1 C), transitioning cells from fed to Earl’s 
buffered saline solution (EBSS; “starved”) induces the formation 
of mCherry-only ER puncta that are recruited to a perinuclear 
region (Fig. 1 C). This is consistent with studies that lysosomes 
are perinuclear and that autophagic ER cargoes are trafficked to a 
perinuclear space (Korolchuk et al., 2011; Khaminets et al., 2015). 
Treatment with folimycin, an inhibitor of the lysosomal proton 
pump, rescued GFP fluorescence in perinuclear ER (Fig. 1 C).

We next asked if EATR could be used in a flow cytometry assay 
to quantify the numbers of cells undergoing various levels of ER-
phagy. In this mode, the relative change in eGFP and mCherry 
fluorescence intensity reports on delivery of the ER to the acidic 
lysosomal environment. We first validated that doxycycline in-
duction results in expression of mCherry and eGFP, with each 
cell having roughly equal amounts of mCherry and eGFP fluores-
cence (Fig. 1 B, top two columns). Upon starvation, we observed a 
decrease in eGFP signal but not mCherry fluorescence, resulting 
in a shift of cell population into the “acidified ER” gate (Fig. 1 B, 
bottom left). Consistent with our microscopy results, folimycin 
treatment rescued eGFP fluorescence on the ER, presumably be-
cause of deacidification of the lysosome (Fig. 1 B, bottom right). 
Quantifying the number of cells that fall into the acidified ER 
gate yields a metric of ER-phagy that is reproducible between 
biological replicates (Fig. 1 D).

To ensure that our EATR assay reports on bona fide autophagy 
of the ER, we used CRI SPRi to knock down ULK1, a core autoph-
agy-activating kinase, and ATG10, the E2-like ligase required for 
LC3 activation and lipidation (Fig. 1 E). CRI SPRi works by sta-
ble expression of catalytically inactive dCas9 fused with a KRAB 
transcriptional repressor domain (dCas9-KRAB) in combination 
with a single guide RNA (sgRNA) targeting the transcriptional 
start site of a gene of interest (Gilbert et al., 2014). We chose 
CRI SPRi for gene knockdown because of its high efficacy and 
low off-target effects compared with siRNA, plus the ability to 
rapidly assess phenotypes in bulk knockdown cells without the 
confounding mixed genotypes associated with bulk CRI SPR ed-
iting (Gilbert et al., 2014; Horlbeck et al., 2016). In EATR CRI SPRi 
HCT116 cells transduced with an sgRNA targeting ULK1 or ATG10, 
we observed robust inhibition of ER-phagy in both cases, sug-
gesting that EATR reports on ER-phagy that relies on the canon-
ical autophagy pathway for ER degradation (Fig. 1 E). In sum, we 
find that the EATR system is capable of measuring ER-phagy both 
visually by microscopy and quantitatively by flow cytometry.

Encouraged by the ER-phagy results with EATR, we adapted 
the tandem reporter system to study other organellophagies by 
fusing the tandem fluorescent reporters to different organelle 
surface proteins, including TOM20 for mitophagy, PMP34 for 
pexophagy, and LAMP1 for lysophagy (Fig. S1 D). Similar to the 
EATR construct, the tandem fluorescent reporters were fused to 
the organelle-specific protein such that they point toward the cy-
toplasm and allow for the detection of pH change upon lysosomal 
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Figure 1. Development of sensitive and quantitative assays to measure ER-phagy. (A) Schematic of the EATR assay. eGFP is quenched as a result of 
low pH-induced protonation, causing a switch from GFP+/mCherry+ to GFP−/mCherry+ during ER-phagy. (B) HCT116 cells expressing the EATR reporter were 
starved for 16 h with or without folimycin (100 nM). Cells within the acidi�ed ER gate are undergoing ER-phagy. Reducing lysosomal acidi�cation with foli-
mycin moves cells out of the acidi�ed ER gate. (C) EATR HCT116 cells were starved and �xed to visualize eGFP quenching. Scale bar represents 20 µm. Insets 
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localization. In all cases, we observed robust and characteristic 
localization of all tandem fluorescent reporters to their expected 
organelles upon doxycycline induction (Fig. S1 D). While these 
reporters are less well characterized than EATR, all the con-
structs are publicly available on Addgene and could be useful in 
the future study of other organellophagies.

We desired an orthogonal assay for ER-phagy that does not 
depend on a change in fluorescence and took inspiration from 
bulk autophagy assays in yeast that measure lysosomal cleavage 
of GFP from LC3 as a readout for autophagy (Hosokawa et al., 
2007). GFP-LC3 is effective in yeast but not human cells, because 
of differences in lysosomal acidification (Mizushima et al., 2010). 
However, we reasoned that the stability of mCherry in the flow 
assay could be a replacement for GFP to measure tag separation 
during autophagy. We found that a stably expressed mCherry- 
RAMP4 fusion (lacking eGFP) is cleaved to free mCherry during 
starvation, such that Western blotting for mCherry yields two 
distinct bands (Fig. 1 F and G). Treatment with folimycin prevents 
release of mCherry, indicating that this separation reports on the 
internalization of ER by lysosomes (Fig. 1 G). Endogenous stain-
ing with LAMP2 (lysosomes) and LC3 (autophagosomes) showed 
colocalization with mCherry-RAMP4 only during starvation, 
consistent with the initiation of ER-phagy (Fig. S1, E and F). We 
further validated that the mCherry reporter does not overflow 
into other organelles such as the Golgi and mitochondria (Fig. 
S1 G). For simplicity, we refer to the mCherry-RAMP4 ER-phagy 
assay as mCherry cleavage from ER (CCER).

CCER allows for more sensitive detection of ER-phagy as op-
posed to measurement on the loss of endogenous ER protein, 
since the appearance and accumulation of the mCherry band 
from the autophagocytosed portion of the ER provides a more 
obvious change than the marginal loss of endogenous ER pro-
teins relative to the rest of the ER (Fig. S1 H). We found that the 
time course of ER-phagy measured by CCER is consistent with 
measurements made using endogenous ER resident proteins 
(Fig. S1 H). Similar to EATR, knockdown of ULK1 and ATG10 in 
CCER CRI SPRi HCT116 cells also resulted in less mCherry cleav-
age during starvation, indicating that CCER measurements of 
ER-phagy depend on the core autophagic pathway (Fig. 1 H).

We next asked how the EATR and CCER systems respond to 
perturbation of recently described ER-phagy receptors. Both 
EATR and CCER demonstrated robust and significant inhibition 
of ER-phagy after knockdown of FAM134B, but modest inhibi-
tion after knockdown of RTN3L (Fig. 1, I–K; and Fig. S2, A–C), 
even though both proteins were depleted >90% as determined 
by quantitative RT-PCR (qRT-PCR; Fig. S2 D). We found that 

overexpression of WT FAM134B but not RTN3L strongly induced 
ER-phagy in both the EATR and CCER systems even in fed condi-
tions (Fig. S2, E and F). As a negative control, overexpression of 
FAM134B with a mutated LIR (LIRmut) did not induce ER-phagy 
(Fig. S2, E, G, and H). This is consistent with studies showing 
that FAM134B overexpression is sufficient to trigger ER-phagy 
(Khaminets et al., 2015).

RTN3L might not be required for ER-phagy in HCT116 
cells, or the EATR and CCER assays might be more sensitive to 
FAM134B-mediated rather than RTN3-mediated ER-phagy. Con-
sidering that only a small fraction of ER is targeted for ER-phagy 
at a given time, we find that EATR and CCER offer sensitive 
and quantitative readouts for the progression of ER-phagy via 
flow cytometry, fluorescence microscopy, and Western blotting 
(Khaminets et al., 2015; Mochida et al., 2015).

ATL knockdown inhibits ER-phagy
ATLs are ER-resident GTPases involved in ER remodeling at three-
way junctions, and so represent promising candidates to separate 
ER for delivery to autophagosomes. To determine whether ATLs 
play a role in ER-phagy, we used CRI SPRi to stably knock down 
ATL1, 2, and 3. The three ATLs are paralogs with highly similar 
protein sequences, but only knockdown of ATL2 strongly inhib-
ited ER-phagy (Fig. 2 A and Fig. S3, A and B). While the knock-
down efficiency of sgRNAs for ATL1 and ATL3 did not correlate 
with the extent of ER-phagy (Fig. S3, A and B), the knockdown 
efficiency of each ATL2 guide RNA correlated very well with the 
extent of ER-phagy inhibition (Fig. 2 B).

Using Western blotting, we found that the levels of each ATL 
vary remarkably in different cellular contexts (Fig. S3 C). Con-
sistent with previous studies, neuroblastoma SH-SY5Y cells 
have high levels of ATL1 relative to ATL2 and ATL3 (Rismanchi 
et al., 2008; Muriel et al., 2009). However, in other cell lines, 
ATL1 can be completely absent. We generally found that there 
are one or two dominantly expressed ATLs in each line. For ex-
ample, hTERT-RPE1 cells only express ATL3 but HepG2 cells only 
express ATL2. In HCT116 cells, ATL2 is the dominant ATL relative 
to ATL1 and ATL3.

ATLs, REEPs, and RTNs work cooperatively to maintain ER 
network and morphology, and depletion of all three protein 
classes has been reported to disrupt ER morphology (Pendin et 
al., 2011; Wang et al., 2016). Although knockdown of ATL2 inhib-
its ER-phagy, we did not see an effect when we stably knocked 
down ER-resident membrane remodeling proteins from the RTN, 
REEP, and CLI MP63 families (Fig. 2 C and Fig. S3, D and E). Al-
though we tested only a subset of ER remodeling proteins and 

represent sixfold enlargement of the boxed area. Scale bar for sixfold enlarged images represent 5 µm. (D) Flow cytometry measurement of B is quanti�ed as 
percentage of cells with more acidi�ed ER. Data presented as mean ± SD of three biological replicates. P value indicates two-tailed unpaired t test (***, P < 
0.0005). (E) EATR CRI SPRi HCT116 cells stably expressing sgRNAs were starved for 16 h. Data presented as mean ± SD of three biological replicates. P value 
indicates one-way ANO VA with Dunnett’s multiple comparisons test (***, P < 0.001; ****, P < 0.0001). (F) Schematic illustration of the CCER assay. ER targeted 
for degradation results in the lysosomal cleavage of the mCherry tag from RAMP4, resulting in the formation of a smaller, mCherry-only product that can be 
resolved by Western blotting. (G) CCER HCT116 cells were starved for 16 h in EBSS ± folimycin before Western blotting. (H) CCER CRI SPRi HCT116 cells stably 
expressing sgRNAs were starved for 16 h before Western blotting. (I) EATR HCT116 cells were transfected with shRNA targeting FAM134B and starved for 16 h 
before FACS measurement. Data presented as mean ± SD of three biological replicates. P value indicates two-tailed unpaired t test (**, P < 0.001). (J) CCER 
HCT116 cells were treated as in I, harvested, and subjected to Western blot. (K) Quanti�cation of data in J. Data presented as mean ± SD of three biological 
replicates. P value indicates two-tailed unpaired t test (**, P < 0.01).
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Figure 2. EATR and CCER detect changes in ER-phagy induced by manipulation of a known ER-phagy receptor. (A) EATR CRI SPRi HCT116 cells expressing 
the indicated proteins were starved before FACS measurement. Data presented as mean ± SD of three biological replicates. P value indicates one-way ANO VA 
with Dunnett’s multiple comparisons test (***, P < 0.001; ****, P < 0.0001). (B) �e extent of ER-phagy inhibition of �ve di�erent sgRNAs targeting ATL2 cor-
relates with the knockdown e�ciency of each sgRNA as determined by qRT-PCR. (C) EATR CRI SPRi HCT116 cells transduced with the indicated sgRNAs were 
starved for 16 h before FACS measurement. Data presented as mean ± SD of three biological replicates. No statistically signi�cant di�erence is determined 
between sgNT and the other sgRNAs based on one-way ANO VA with Dunnett’s multiple comparisons test. (D) CCER CRI SPRi HCT116 cells transduced with 
sgULK1 or sgATL2 were starved, harvested, and Western blotted. (E) Quanti�cation of data from D. Data presented as mean ± SD of three biological replicates.  
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cannot rule out the involvement of other ER remodelers during 
ER-phagy, these results indicate that ATL’s role in ER-phagy is not 
redundant with RTNs and REEPs.

We further validated that ATL2 is required for ER-phagy using 
an exon-targeting ATL2 siRNA and found by EATR that this also 
inhibits ER-phagy (Fig. S3 F). Using CCER, we observed less ac-
cumulation of cleaved mCherry in both ULK1- and ATL2-depleted 
cells (both sgRNA and siRNA) compared with the nontargeting 
(NT) control cells (Fig. 2, D and E; and Fig. S3 G). ULK1 knockdown 
resulted in the accumulation of more LC3B-I and less conversion 
into LC3B-II, indicating an expected block in general autophagy 
(Figs. 2 D and S3 G). In contrast, ATL2 depletion by either sgRNA 
or siRNA did not affect the degradation of LC3B, indicating that 
general autophagy was unaffected by loss of ATL2 (Figs. 2 D and 
S3 G). In CCER-expressing cells, knockdown of ULK1 or ATL2 
reduces the formation of mCherry-RAMP4 puncta and its colo-
calization with the LAMP2 lysosomal marker compared with NT 
control (Fig. 2, F and G). Importantly, mCherry-RAMP4 still colo-
calizes with CANX, an endogenous ER marker after ATL2 knock-
down, indicating that the lack of ATL2 does not interfere with the 
insertion or localization of mCherry-RAMP4 (Fig. S3, H and I).

To further validate that ATL2 regulates only ER-phagy and 
not general autophagy, we used cells stably expressing mCherry- 
eGFP-LC3B to measure general autophagy flux by flow cytom-
etry. We found that general autophagy is inhibited only in cells 
lacking ATG10 but not lacking ATL2 (Fig. 2 H). Using confocal 
microscopy, we observed robust inhibition of endogenous LC3B 
puncta formation in ATG10- but not ATL2-depleted cells (Fig. 2 I). 
Western blotting analysis showed robust accumulation of p62 
and inhibition of LC3B lipidation upon depletion of ATG10 but 
not ATL2 (Fig. 2 J).

Because EATR and CCER measure ER-phagy in the context of 
RAMP4 stable expression, we assessed endogenous ER protein 
levels to rule out transgenic artifacts. Of the endogenous ER-lo-
calized proteins that we probed for, only ARL6IP1, REEP5, and 
ATL3 showed consistent, albeit modest, accumulation upon ATL2 
knockdown. This suggests that ATL2 may regulate the turnover 
of specific ER domains that these proteins occupy (Fig. 2, J and K). 
Altogether, our data indicate that the ATL2 ER membrane remod-
eler specifically mediates ER-phagy but not general autophagy.

ATL1, ATL2, and ATL3 can functionally compensate for one 
another during ER-phagy
ATL1, ATL2, and ATL3 have highly similar sequences, with 62–
65% overall protein homology and especially high homology 

in their GTPase domains (Fig. S3 J). To find out whether the 
various ATLs can perform similar functions during ER-phagy, 
we stably reexpressed cDNAs for ATL1, ATL2, or ATL3 in ATL2- 
depleted HCT116 cells. During starvation-induced ER-phagy, 
reexpression of any one of the three ATLs was sufficient to 
rescue ER-phagy (Fig. 2, L and M; and Fig. S3 K). In contrast, 
truncated forms of each ATL lacking the ER-localizing TM re-
gion (ΔTM) failed to rescue ER-phagy. In addition, immunopre-
cipitation of ATL2 showed interaction with ATL3 in a manner 
that is dependent on the GTPase domain but not the TM or 
C-terminal helix, as shown by the lack of interaction with the 
dimerization-defective Arg244Gln (R244Q) mutant but stable 
interaction with other constructs (Fig. S3 L; Rismanchi et al., 
2008). This indicates that ATL2 may form a heterodimer with 
ATL3. Overall, ATL1, ATL2, and ATL3 appear to be functionally 
interchangeable during ER-phagy, and their ER localization is 
required for this function.

ATL2 is degraded via the autolysosomal pathway
We consistently observed reduced ATL2 protein levels after 
starvation-induced ER-phagy (Fig.  2, D and J; and Fig.  3  A). 
In addition, knockdown of the key autophagy genes ULK1 or 
ATG10 resulted in accumulation of ATL2 during starvation 
(Fig. 2, D and J). Because ATL2 depletion inhibits ER-phagy, we 
asked if ATL2 is cotargeted for autophagic degradation. Using 
epoxomicin and folimycin as inhibitors of the proteasome and 
lysosome, respectively, we found that the level of ATL2 pro-
tein is restored upon lysosome inhibition but not proteasome 
inhibition (Fig.  3  A). We also observed robust colocalization 
of mCherry-ATL2 with endogenous staining of the lysosomal 
marker LAMP2 and proximal association with the autophagy 
adaptor LC3 (Fig. 3 B).

We asked if ATL2 is recruited to specific ER domains during 
localized ER-phagy. We used U2-OS cells stably triple-expressing 
BFP-RAMP4 (ER marker), GFP-LC3B (autophagy marker), and 
mCherry-ATL2 (Fig. S4 A). Under fed conditions, mCherry-ATL2 
and BFP-RAMP4 colocalize perfectly. After 6 h of starvation, GFP-
LC3B forms a ring-like structure surrounding mCherry-ATL2 
puncta (Fig. S4, A and B). In certain regions, these mCherry-ATL2 
puncta are also devoid of BFP-RAMP4. The number of mCherry- 
positive, BFP-negative puncta increases over time and is most 
striking after 16 h of starvation (Fig. S4, A and B). We speculate 
that these puncta are lysosomal compartments, since BFP and 
GFP are degraded in an acidic environment, whereas mCherry 
is resistant to lysosomal degradation. To further interrogate 

P value indicates one-way ANO VA with Dunnett’s multiple comparisons test (**, P < 0.005). (F) CCER CRI SPRi HCT116 cells stably transduced with the indicated 
sgRNAs were starved and immunostained with LAMP2 antibody. Scale bar represents 20 µm. Inset represents 3× enlargement of boxed area. (G) Quanti�ca-
tion of data from F. An average of 100 cells per condition were quanti�ed from three biological replicates. P value indicates one-way ANO VA with Dunnett’s 
multiple comparisons test (**, P < 0.01; ***, P < 0.001). (H) mCherry-eGFP-LC3B CRI SPRi HCT116 cells were starved for 8 h and measured by FACS similar 
to the EATR assay. Data presented as mean ± SD of three biological replicates. P value indicates one-way ANO VA with Dunnett’s multiple comparisons test 
(***, P < 0.0005). (I) CCER CRI SPRi HCT116 cells expressing sgATG10 or sgATL2 were starved for 8 h, �xed, and immunostained with LC3B antibody. Scale bar 
represents 20 µm. (J) HCT116 cells expressing sgATG10 or sgATL2 were starved for 16 h, harvested, and subjected to Western blot. (K) Quanti�cation of data 
from J. Data presented as mean ± SD of n > 4 biological replicates. P value indicates unpaired, two-tailed student t test (*, P < 0.05; **, P < 0.005; ***, P < 0.001; 
****, P < 0.0001). (L) EATR CRI SPRi HCT116 cells expressing sgATL2 and the indicated ATL constructs were starved for �ow cytometry. Data presented as mean 
± SD of three biological replicates. P value indicates one-way ANO VA with Dunnett’s multiple comparisons test (***, P < 0.005; ****, P < 0.0001). (M) CCER 
CRI SPRi HCT116 cells expressing sgATL2 and the indicated overexpression constructs were treated the same as L, harvested, and subjected to Western blot.
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this, we used live-cell imaging in triple-stable cells with BFP-
RAMP4 replaced with mLAMP1-BFP. We found that GFP-LC3B is 
recruited to mCherry-ATL2 before the trafficking of both pro-
teins to BFP-mLAMP1–tagged lysosomes during starvation (Fig. 
S4 C). Overall, our data suggest that ATL2 is not degraded by 
the proteasome-mediated ER-associated degradation pathway, 
and is instead lysosomally degraded during starvation. Because 
the FAM134B ER-phagy receptor is also lysosomally degraded 
during ER-phagy, we suggest that membrane proteins specifi-
cally located in autolysosome-destined ER may be carried along 
during ER-phagy.

ATL dimerization and GTPase activity are 
required for ER-phagy
We next asked what molecular features of ATLs are required for 
ER-autophagy versus ER morphology. ER morphology is main-
tained by the various domains of ATL2 that perform sequential 
functions in a GTP-dependent fashion (Fig. 4 A; Moss et al., 2011). 
GTP loading at the GTPase domain primes ATL2 for dimerization 
with another activated ATL2, leading to neighboring ER mem-
brane tethering. The C-terminal helix destabilizes ER membrane 
to promote membrane fusion (Moss et al., 2011). We generated 
several constructs of ATL2 to compare the importance of each 
domain for ER morphology and ER-phagy (Fig. 4 A).

Consistent with previous studies, overexpressed WT ATL2 lo-
calizes to the ER network, forming a distinctive reticular network 
with interspersed puncta at the three-way junctions of the ER 
(Fig. 4 B; Rismanchi et al., 2008). During starvation, stable reex-
pression of WT ATL2 restored the diminished ER-phagy caused 
by depletion of ATL2 (Fig. 4, C–E).

In the presence of endogenous ATL2, overexpressed ATL2 
lacking the TM helices (ATL-ΔTM) did not localize to a clearly 
ER structure. Instead, this construct caused mCherry-RAMP4–
marked ER to collapse into an aggregated perinuclear cluster 
with radiating strands (Fig.  4  B). This dominant negative ER 
morphology phenotype is consistent with reports that free ATL2 
GTPase domains serve as dosage-dependent inhibitors of endog-
enous ATL2 by preventing dimerization between endogenous 
ATL2 molecules and inhibiting ER membrane fusion (Moss et 
al., 2011). We found that reexpression of ATL2-ΔTM during ATL2 
knockdown did not rescue ER-phagy (Fig. 4, C–E).

We interrogated the requirement of membrane fusion for ER 
morphology and ER-phagy using a truncated form of ATL2 that 
retains the TM regions but lacks the C-terminal helical domain 
(ATL2-ΔCterm). We found that overexpression of ATL2-ΔCterm 
was not dominant negative and had a similar ER morphology to 
that of WT ATL2 at basal state (Fig. 4 B). ATL2-ΔCterm expression 
during ATL2 knockdown partially rescues ER-phagy, indicating 
that the membrane fusion function of ATL2 is required during 
ER-phagy (Fig. 4, C–E).

We finally overexpressed an ATL2 mutant that renders the 
protein incapable of dimerizing (Arg244Gln; Rismanchi et al., 
2008). Arg244Gln (R244Q) is equivalent to the human patho-
genic Arg217Gln mutation in ATL1 that is implicated in heredi-
tary spastic paraplegia (HSP). Overexpression of R244Q led to 
ER elongation and lack of reticular connections, but without the 
collapsed structures observed with the ΔTM construct (Fig. 4 B). 
The ATL2-R244Q mutant was also unable to rescue the loss of 
ER-phagy induced by ATL2 knockdown (Fig. 4, C–E). Overall, our 
data show that the functional GTPase domain and proper ER lo-
calization of ATL2 are required for both ER morphology and ER-
phagy regulations. While we cannot rule out additional roles of 
ATL during starvation, our data suggest that ATL’s role during ER-
phagy is closely related to its role of ER membrane remodeling.

ATL2 colocalizes with and acts downstream of FAM134B 
during ER-phagy
ATLs are best known for their roles in ER morphology, but their 
location on the ER membrane raises the possibility that they 
could play a similar role as FAM134B in recruiting autophago-
somes. While we confirmed that HA-FAM134B coimmunopre-
cipitates with LC3B in an LIR-dependent manner, we found that 
ATL2 does not bind to LC3B (Fig. 5 A). This indicates that ATLs 
play a distinct role from FAM134B in promoting ER-phagy.

We asked whether FAM134B interacts with ATL2 and found 
that HA-FAM134B weakly coimmunoprecipitates with endoge-
nous ATL2 (Fig. S4 D). However, this interaction requires only 
the membrane localization of ATL2 or the ability of an isolated 
ATL2 GTPase domain to dimerize with any membrane-bound 
ATL2 partner (ATL2-ΔTM, ATL2-R244Q, ATL2-ΔGTPase, and 
ATL2-ΔCterm, all coimmunoprecipitated). Additionally, ATL2’s 
apparent interaction with FAM134B is independent of FAM134B’s 

Figure 3. ATL2 is degraded via the autolysosomal pathway. (A) CCER HCT116 cells were starved with either epoxomicin or folimycin, harvested, and sub-
jected to Western blot. (B) HCT116 cells stably expressing mCherry-ATL2 were starved, �xed, and immunostained with LAMP2 and LC3B antibodies. Scale bar 
represents 10 µm. Inset represents threefold enlargement.
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ability to bind LC3B (Fig. S4 E). Using microscopy, we found that 
ATL2 and FAM134B colocalize with one another in both fed and 
starved conditions (Fig. 5 B). The colocalization of FAM13B and 

ATL2 with starvation-induced LC3B foci was dependent on the 
LIR region of FAM134B. Hence, it seems that FAM134B and ATL2 
occupy the same ER subdomain, causing an apparent interaction 

Figure 4. ER-phagy requires a functional ATL GTPase domain and proper ER localization. (A) Schematic of the topology and dimerization of ATLs to 
facilitate ER membrane fusion. �e di�erent truncations and mutations of ATL2 tested are shown underneath. (B) Functional characterization of ATL2 domains 
required for ER morphology maintenance. U2-OS cells expressing mCherry-RAMP4 were transiently transfected with the indicated ATL2 constructs. Cells were 
then �xed and immunostained for HA-epitope. Scale bar represents 40 µm. Inset represents 3× enlargement of the boxed areas. (C) EATR CRI SPRi HCT116 cells 
stably expressing sgATL2 and cDNA of ATL2 mutant variants were starved and analyzed by �ow cytometry. Data presented as mean ± SD of three biological 
replicates. P value indicates one-way ANO VA with Dunnett’s multiple comparisons test (*, P < 0.05; ****, P < 0.0001). (D) CCER CRI SPRi HCT116 cells with 
sgATL2 and stably expressing the indicated ATL2 mutants were starved, harvested, and subjected to Western blot. (E) Quanti�cation of data from D. Data 
presented as mean ± SD of three biological replicates. P value indicates one-way ANO VA with Dunnett’s multiple comparisons test (*, P < 0.05).
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Figure 5. ATLs act downstream of FAM134B-mediated ER-phagy. (A) HEK293T cells transiently expressing the indicated constructs were treated with folimycin 
for 2 h before HA immunoprecipitation and Western blotting. (B) HCT116 cells expressing mCherry-ATL2 and HA-FAM134B (WT or LIRMut) were starved, �xed, and 
immunostained with HA and LC3B antibodies. Scale bar represents 10 µm. Inset represents threefold enlargement of boxed area. (C) EATR HCT116 CRI SPRi cells 
stably depleted of the indicated proteins were starved before �ow cytometry measurement. Data presented as mean ± SD of three biological replicates. P value 
indicates one-way ANO VA with Tukey’s multiple comparisons test (*, P < 0.05). (D) EATR HCT116 CRI SPRi cells in C were harvested at basal state (fed condition) 
to assess FAM134B and ATL2 depletions. (E) CCER HCT116 CRI SPRi cells stably expressing HA-FAM134B and sgATL2 were starved and Western blotted. (F) EATR 
CRI SPRi HCT116 cells stably expressing GFP-FAM134B and sgATL2 were starved and measured by �ow cytometry. Data presented as mean ± SD of three biological 
replicates. P value indicates one-way ANO VA with Tukey’s multiple comparisons test (*, P < 0.05; ****, P < 0.0001). (G) We propose that FAM134B acts as the 
ER-phagy receptor that recruits LC3 to the ER, whereas ATLs are involved in ER membrane remodeling to deliver FAM134B-marked ER to the autophagosomes.
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during immunoprecipitation. Notably, autophagosomes are re-
cruited to this shared ER subdomain during ER-phagy, and robust 
ER-phagy requires both FAM134B and ATL2.

FAM134B and ATL2 appear to serve distinct functions 
during ER-phagy. We therefore asked if they act in series or in 
parallel. We knocked down ATL2 in either the presence or ab-
sence of FAM134B (Fig. 5 C and D). Double knockdown of ATL2 
and FAM134B modestly reduced ER-phagy beyond individual 
knockdown but not statistically significantly, suggesting that 
the two proteins could act in series. To formally test epistasis 
between ATL2 and FAM134B, we also knocked down ATL2 in 
FAM134B-overexpressing cells. FAM134B overexpression in-
duces ER-phagy under fed conditions, and an epistatic interac-
tion would be expected to modulate this effect.

We found that overexpression of FAM134B was sufficient 
to induce the degradation of ATL2 in fed conditions, and that 
ATL2 levels are further decreased upon starvation (Fig.  5  E). 
We also found that FAM134B-induced ER-phagy is diminished 
by the knockdown of ATL2, and that this is true in both fed and 
starved conditions (Fig. 5, E and F; and Fig. S4 F). These data in-
dicate epistasis between FAM134B and ATL2: specifically, ATL2 
is downstream of FAM134B. We favor an overall model in which 
FAM134B recruits autophagosomes to the ER and ATL2 helps 
separate FAM134B-marked ER fragments for autophagosomal 
engulfment (Fig. 5 G).

Because FAM134B overexpression reduces ATL2 levels, ATLs 
may be both effectors and cargoes of FAM134B-induced ER-
phagy. This could be purposeful lysosomal degradation to re-
duce levels of ATL2, or ATL2 could be accidentally captured into 
autophagosomes during the process of engulfment. The latter 
possibility mirrors reductions in FAM134B observed during 
ER-autophagy (Fig. 5 G; Khaminets et al., 2015). Future work will 
hopefully shed light on whether the biophysical role of ATLs in 
membrane fusion facilitates ER-phagy, since on its face ER fis-
sion seems more relevant to dissolve portions of the ER network 
for degradation. ATL1 has known roles in ER vesiculation during 
normal homeostasis, and this function could be coopted during 
ER-phagy (Muriel et al., 2009).

A possible role of ER-autophagy in HSP
Dysregulation in organelle quality control and turnover has det-
rimental effects on cell fitness and has been linked to multiple 
diseases. Mounting evidence points toward the importance of 
organelle quality control for the health of nonregenerative cell 
types such as neurons. For example, mutations in mitophagy 
regulators such as PINK1 and Parkin have been reported in pa-
tients of familial Parkinsonism (Gegg and Schapira, 2011). The 
FAM134B ER-phagy receptor has likewise been implicated in 
hereditary sensory neuropathy, a genetic disorder that results 
in degeneration of sensory nerves of the extremities. Notably, 
an ATL1 loss-of-function mutation (SPG3A) has been associated 
with HSP (Namekawa et al., 2007). HSP is characterized by the 
loss of axonal cortical motor neurons, resulting in progressive 
weakness and spasticity of the lower limbs. ATL1 mutations have 
previously been proposed to lead to HSP through dysregulation 
of ER morphology (Zhu et al., 2006). Considering the similarities 
in clinical manifestation between FAM134B and ATL1 mutations, 

combined with our data demonstrating that ATLs act down-
stream of FAM134B during ER-phagy, we suggest that an inabil-
ity to execute ER-phagy might be a contributing factor to HSP 
caused by ATL1 mutations. It remains to be seen whether HSP is 
caused by deficits in ER-phagy or dysfunctional ER morphology, 
and further mechanistic studies will hopefully shed light on the 
molecular basis of the disease.

Materials and methods
sgRNA, shRNA, siRNA, and cDNA plasmid cloning procedures
Information for the sgRNA sequences targeting the transcrip-
tion start site of each gene were obtained from the Weissman 
CRI SPRi-v2 library (Horlbeck et al., 2016). In each case, the top 
five guides were cloned into pGL1-library vector (Addgene 84832) 
as previously described (Horlbeck et al., 2016). Knockdown effi-
ciency for each guide was validated by either qRT-PCR or West-
ern blotting. The sgRNA construct and its targeting protospacer 
sequence for each gene are as follows: pLG1-puro NT sgRNA 1 
(5′-GCG CCA AAC GTG CCC TGA CGG-3′), pLG1-puro NT sgRNA 3 
(5′-GGC TCG GTC CCG CGT CGT CG-3′), pLG1-puro-sgULK1-1 (5′-
GGC GGC GGC ACA GAG ACC GT-3′), pLG1-puro-sgULK1-2 (5′-GCC 
GAC TCC GGC TCC AAC TA-3′), pLG1-puro-sgATG10-1 (5′-GAG 
GCC GCG GAC CTG ACT GA-3′), pLG1-puro-sgATL1-1 (5′-GCA ACC 
TGC GGC CCC GGA GA-3′), pLG1-puro-sgATL1-2 (5′-GGC GCT 
CGC TGC CTT CTC CG-3′), pLG1-puro-sgATL1-3 (5′-GGG AAC CCA 
CAA GTC CCC GG-3′), pLG1-puro-sgATL1-4 (5′-GCG GGG CCG 
CAG GTT GCT GG-3′), pLG1-puro-sgATL1-5 (5′-GTC CTC CCA ACC 
GAT CGC TA-3′), pLG1-puro-sgATL2-1 (5′-GAG GGC AGC AAC 
CGC ACC AG-3′), pLG1-puro-sgATL2-2 (5′-GTA GCT GCT GGG 
AGA ACC AG-3′), pLG1-puro-sgATL2-3 (5′-GTC GGT ACA AGA 
TGG CGG AG-3′), pLG1-puro-sgATL2-4 (5′-GAA GGT CGG GGC 
GGA CAC GG-3′), pLG1-puro-sgATL2-5 (5′-GAG GCC GCC CCC 
TAA GGT CG-3′), pLG1-puro-sgATL3-1 (5′-GTG GCC CAA CGG 
ACA GCCcg-3′), pLG1-puro-sgATL3-2 (5′-GAG CAG GGG TGC AGA 
GGA GA-3′), pLG1-puro-sgATL3-3 (5′-GCG GCC CTT GGG CCG 
CCC AG-3′), pLG1-puro-sgATL3-4 (5′-GCA GAG GAG AGG GAC 
GGG TG-3′), pLG1-puro-sgATL3-5 (5′-GGT GCG GGC GGG AAC 
GAA CC-3′), pLG1-puro-sgRTN1-1 (5′-GTC GCC GTG GCT CTC CTC 
GG-3′), pLG1-puro-sgRTN1-2 (5′-GGC TGC GGC TGG GCT CGC 
AG-3′), pLG1-puro-sgRTN2-1 (5′-GCC ACT TCA GTA GAA CCC 
GG-3′), pLG1-puro-sgRTN2-2 (5′-GCA TAT CGG CTC CGA GTG 
AG-3′), pLG1-puro-sgRTN3-1 (5′-GCT CGG AGC AGG CGG AGT 
AA-3′), pLG1-puro-sgRTN3-2 (5′-GCC AAA CGC TCG TCC CCG 
GG-3′), pLG1-puro-sgRTN4-1 (5′-GCG CAG TGC AAT CTG TAA 
CT-3′), pLG1-puro-sgRTN4-2 (5′-GTC CAC ACC CAG AAG ACG 
TC-3′), pLG1-puro-sgREEP1-1 (5′-GGG CGC GCT CAG TCT GGC 
GG-3′), pLG1-puro-sgREEP1-2 (5′-GAA CGC GCG AAC GCC GGG 
CA-3′), pLG1-puro-sgREEP2-1 (5′-GGC TCC TGC GCC CAT CCT 
AG-3′), pLG1-puro-sgREEP2-2 (5′-GTG ATG CGG GCT GTG ATG 
GA-3′), pLG1-puro-sgREEP3-1 (5′-GCT GCG GAC CAG GCC GCC 
AA-3′), pLG1-puro-sgREEP3-2 (5′-GCA CCG GGC CCG GCT CCT 
GA-3′), pLG1-puro-sgREEP4-1 (5′-GGT TGC GAA CTC CGC CCT 
GT-3′), pLG1-puro-sgREEP4-2 (5′-GGG CGC GCC CGC TCC CAA 
GT-3′), pLG1-puro-sgREEP5-1 (5′-GGT CGC CGC TCC AGT CTA TC-
3′), pLG1-puro-sgREEP5-2 (5′-GAG TGC CGG ATA GAC TGG AG-3′), 
pLG1-puro-sgREEP6-1 (5′-GCG AGC TCG CCC GCG GAC CA-3′), 
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pLG1-puro-sgREEP6-2 (5′-GGC GCT GGA GGC CAA GAC CG-3′), 
pLG1-puro-sgCLI MP63-1 (5′-GCG GCC CGG GAA ACT TGC AG-3′), 
pLG1-puro-sgCLI MP63-2 (5′-GTC CGC GCC GCC CGA CGG GT-3′), 
and pLG1-hygro-sgATL2-1 (5-GAG GGC AGC AAC CGC ACC AG-3′).

Short hairpin (sh) NT (5′-CCT AAG GTT AAG TCG CCC TCG-3′), 
shFAM134B (5′-GAG GTA TCC TGG ACT GAT AAT-3′; Khaminets 
et al., 2015), and shRTN3 (5′-TAT GTT GGC ATC GCC CGA GAT-
3′; Bastide et al., 2017) were cloned into pLKO.1 puro construct 
(Addgene 8453) according to the Addgene protocol (http:// www 
.addgene .org/ tools/ protocols/ plko/ ).

The cDNA of ATL1 was obtained from Harvard PlasmID data-
base (HsCD00326984). cDNAs of ATL2, ATL3, and FAM134B were 
obtained by PCR amplification of cDNA generated from HCT116 
cells. All overexpression constructs were cloned into pLenti-X1-
DEST vector (with neomycin-, blastocystin-, or hygromycin- 
resistant cassette) via Gibson Assembly (Gibson et al., 2009).  
First, a previously cloned pLenti-X1-pEF-mCherry-eGFP-LC3 con-
struct (by LR clonase reaction) was cut using BamHI and XbaI to 
liberate the insert. All genes of interest were then Gibson assem-
bled using Gibson Assembly Master Mix (E2611; NEB) together 
with the desired epitope or fluorescence tag into the pLenti-X1-
DEST vector backbone according to the manufacturer’s instruc-
tions. All the plasmids used in this study are detailed in Table S1.

All described plasmids are available at Addgene. All GFP-tagged 
versions of the ATL1, ATL2, ATL3, and FAM134B constructs are 
available at Addgene (https:// www .addgene .org/ Jacob _Corn/ ).

Cell culture
Cell culture was performed at 37°C in a humidified atmo-
sphere containing 5% CO2. HCT116, HEK293T, MCF7, U2-OS, 
MDA-MB-468, SH-SY5Y, and U2-OS cells were obtained from 
the Berkeley Cell Culture Facility. All cell lines were cultured 
in DMEM with high glucose. hTERT-RPE1 cells were cultured 
in DMEM/F12 with high glucose. All culture media were sup-
plemented with 10% FBS, 100 U/ml penicillin (Gibco), 100 g/ml 
streptomycin (Gibco), 0.1  mM nonessential amino acids, and 
1  mM sodium pyruvate (Gibco). All cell lines were verified 
mycoplasma free using the MycoAlert Mycoplasma Detec-
tion Kit (Lonza).

Lentiviral packaging and transduction
Lentiviral packaging of all constructs was performed in 
HEK293T cells using TransIT-LT1 Transfection Reagent (Mirus) 
according to the manufacturer’s instructions. Briefly, plasmids 
were transfected at a ratio of 1:3 (1 µg plasmid to 3  µl Tran-
sIT-LT1 reagent). The plasmid composition follows 50% plas-
mid with target of interest 40% ΔVPR plasmid and 10% VSVG 
plasmid. Lentiviruses were harvested at either 48 or 72 h after 
transfection for transduction. Puromycin treatment was per-
formed at 30 µg/ml, and neomycin (G418) treatment was per-
formed at 2 mg/ml in HCT116 and U2-OS cells. All antibiotic 
selections were performed for at least two passages to ensure 
complete selection.

Transient transfection of siRNA and plasmids
Transient transfection of plasmids into HEK293T cells for the 
purpose of immunoprecipitation was performed using TransIT- 

LT1, whereas transient transfection of plasmids into U2-OS cells 
was performed using Lipofectamine 3000 (Invitrogen) according 
to the manufacturer’s instructions at a ratio of 1:3 (1 µg plasmid 
to 3 µl Lipofectamine 3000).

siRNA oligonucleotides were transiently transfected into 
targeted cells using RNAiMAX (Invitrogen) according to the 
manufacturer’s instructions. For each well of a 12-well plate, 120 
pmol siRNA was diluted in 50 µl OptiMEM. 3.6 µl RNAiMAX was 
diluted in 50 µl OptiMEM. The diluted siRNA was then added 
to the diluted RNAiMAX mixture and incubated at room tem-
perature for 5 min before adding into cell culture. The siRNAs 
used in this study are as follows: siNT (ON-TAR GETplus NT #1; 
D-001810-01-05; Dharmacon), siULK1 (siGenome Smartpool; 
M-005049-00-0005; Dharmacon), siATL2 (5′-GGA GCU AUC CUU 
AUG AAC AUU CAUA-3′; Rismanchi et al., 2008), siATL3 (5′-GGU 
UAG AGA UUG GAG UUU CCC UUAU-3′; Rismanchi et al., 2008), 
and siFAM134B (5′-AGG UAU CCU GGA CUG AUA AUG-3′; Rivera-
Monroy et al., 2016).

Generation of CRI SPRi HCT116 cells
HCT116 cells were transduced with lentivirus with an EF1a-
dCas9-HA-BFP-KRAB-NLS construct to generate a pool of 
CRI SPRi HCT116 cells. Cells were FACS sorted and single-cell 
seeded based on BFP expression. Individual clones were val-
idated by probing for HA tag expression via Western blotting. 
The clones were transduced with a panel of previously validated 
sgRNAs (SEL1, SYVN, UBE4A, DPH1, and FUT4), and knockdown 
efficiency of each clone was assessed by qRT-PCR. The selected 
CRI SPRi HCT116 clone was further transfected with either TET-
On-mCherry-GFP-RAMP4 (for EATR assay) or mCherry-RAMP4 
(for CCER assay), and clonal cell lines were generated for uniform 
doxycycline response and expression of the ER markers. For sim-
plicity, the two cell lines were named EATR CRI SPRi HCT116 and 
CCER CRI SPRi HCT116, respectively.

Cell treatments
For both EATR and CCER assays, cells were seeded and grown 
for 48 h before starvation. In the EATR assay, doxycycline was 
added at 4 µg/ml 24 h before starvation to induce the expression 
of eGFP-mCherry-RAMP4. Cells were starved using EBSS with 
calcium, magnesium, and phenol red (Invitrogen 24010043) to 
induce ER-phagy. As opposed to starved condition, fed condition 
indicates incubation in normal DMEM with the usual supple-
ments. Unless stated otherwise, co-treatment with folimycin 
(Millipore) was performed at 100-nM final concentration. All 
starvations and/or drug treatments were performed for 16 h un-
less otherwise indicated.

qRT-PCR
Cultured cells were harvested for RNA extraction using Direct-zol 
RNA miniprep kit (Zymogen) according to the manufacturer’s in-
structions. 1 µg of total RNA was used for reverse transcription 
using Superscript III First Strand Synthesis SuperMix for qRT-
PCR (Invitrogen) according to the manufacturer’s instructions. 
qRT-PCR was performed in triplicate using Fast SYBR Green 
Master Mix (Applied Biosystems) and StepOne Plus Real-Time 
PCR System (Applied Biosystems). Samples were analyzed with 
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two-step amplification, and melt curves were analyzed after 40 
cycles. The Ct value for test genes was normalized to β-actin, and 
the expression of each gene was represented as 2-[ΔΔCt] rela-
tive to the NT control. All primers used are as follows: ULK1 (for-
ward: 5′-GTC GCC GTC AAG TGC ATT AACA-3′; reverse: 5′-CGT ACA 
GGG CCA CGA TGT TTTC-3′), ATL1 (forward: 5′-CAG CAC CTC CAG 
CTT TTC ACTG-3′; reverse: 5′-CAC CAC CAT CGG CTC CAT ATGA-3′), 
ATL2 (forward: 5′-TCC TTT TGC CAC ATC CTG GTCT-3′; reverse: 
5′-GCA AGC AGC AAT GGA ACC AGAT-3′), ATL3 (forward: 5′-AAG 
ATC TGC CTC ACC CCA AGTC-3′; reverse: 5′-CTC CCC CAC AAA CCT 
CTT CCAT-3′), FAM134B (forward: 5′-CCA GAT GAA AGA CCC AGG 
CTCA-3′; reverse: 5′-TGC ACA CAC TAC AGA CCA GGAG-3′), RTN3* 
(forward: 5′-CTT TCC CTG GCA GCT TTC AGTG-3′; reverse: 5′-GTT 
TCA GGG CCC TGT TGA TGTG-3′), β-actin (forward: 5′-GGG TCA GAA 
GGA TTC CTA TG-3′; reverse: 5′-GGT CTC AAA CAT GAT CTG GG-3′), 
REEP1 (forward: 5′-CAT TTG TAG CCT GGC TGC TGTC-3′; reverse: 
5′-CGG TCT TTT GCT TGG ACC AGAC-3′), REEP2 (forward: 5′-TGC 
TCA TCT TTG GCA CCC TGTA-3′; reverse: 5′-CCG TGG TGA AGA AGG 
CAA AGAC-3′), REEP3 (forward: 5′-AGC AGT AAA GAG CCA AGG 
AGCA-3′; reverse: 5′-TCA CTG GGG GCT GGT TTA CTTT-3′), REEP4 
(forward: 5′-TTT GCA CTC TTC ATG GCA GCAG-3′; reverse: 5′-CAG 
CAC GAA GGC CAT CTT GATC-3′), REEP5 (forward: 5′-GTT CCT 
GCA CGA GAA GAA CTGC-3′; reverse: 5′-ACC AGT CCG ATG ACA CCA 
AGAG-3′), REEP6 (forward: 5′-TAT CTG CTG TTC GGC TAC GGAG-3′; 
reverse: 5′-TGC TTG GGC TCT CGA TAG CTTT-3′), RTN1 (forward: 5′-
AGG AAC TGA GGA GGC TCT TCCT-3′; reverse: 5′-AAC GTA GGT CAG 
GAG CCA CATC-3′), RTN2 (forward: 5′-ATT CAC CAT CCC CCT GCT 
GTAC-3′; reverse: 5′-AAC TGA TTG GTC ACC AAC CCCA-3′), RTN3-all 
isoforms (forward: 5′-GGA ACT CAG GCG CCT CTT CTTA-3′; reverse: 
5′-TCT GTG CCT GAT GCC GTT CATA-3′), and CLI MP63 (forward: 5′-
CGA AGT GCT GCA GAA ACT CCAG-3′; reverse: 5′-ATG GAT TTG GTG 
AGC TCC GTCA-3′).

Western blotting
After treatment, cells were lysed using RIPA buffer (Millipore) 
supplemented with Halt protease inhibitor cocktail (Thermo 
Fisher) and Halt phosphatase inhibitor cocktail (Thermo Fisher). 
Protein concentration was determined by Bradford assay (VWR), 
and NuPAGE LDS sample buffer (Invitrogen) was added to the con-
centration-normalized protein samples. Samples were resolved 
on NU-PAGE Noves Bis-Tris 4–12% gels using 2-(N-morpholino)
ethanesulfonic acid buffer at 200 V for 40 min and transferred to 
0.4-µm nitrocellulose membranes at 1.3 A and 25 V for 15 min using 
semidry transfer apparatus (Bio-Rad). After protein transfer, mem-
branes were blocked in 5% nonfat dry milk in Tris-buffered saline 
with 1% Tween-20 (TBS-T) for 30 min. Primary antibodies were 
diluted in 5% BSA in TBS-T, and Western blots were incubated in 
primary antibody for either 1 h at room temperature or overnight 
at 4°C on a rocker. Western blots were then washed twice in TBS-T 
for 5 min each time, followed by secondary antibody incubation 
using Li-Cor near-infrared fluorescence secondary antibodies. 
All blots were scanned using Li-Cor’s Near-InfraRed fluorescence 
Odyssey CLx Imaging System with the exception of any goat pri-
mary antibody, which was visualized by chemiluminescence using 
Bio-Rad’s Clarity Western ECL Substrate kit and Chemidoc XRS+ 
system. Protein densitometry measurement was performed using 
Li-Cor’s in-house ImageStudio software.

Immunofluorescence
Cells were plated on glass coverslips and grown for 48 h before 
any starvation or drug treatment. After treatment, cells were 
fixed with 4% (wt/vol) paraformaldehyde (Electron Micros-
copy Sciences) for 15 min. Cells were permeabilized using 0.1% 
Triton X-100 in PBS for all endogenous protein staining except 
when LC3 staining was required. For endogenous LC3 staining, 
cells were first fixed in 4% paraformaldehyde followed by 100% 
methanol for 10 min. Cells were blocked in 1% BSA in PBS for 
20 min. Primary antibody staining was performed for 1 h in 1% 
BSA in PBS, followed by two PBS washes for 5 min each. Second-
ary antibody staining was performed for 30 min using Alexa 
Fluor Dyes (Molecular Probes) in 1% BSA in PBS. Coverslips were 
mounted onto glass slides using ProLong Gold antifade reagent 
with or without DAPI for nuclear staining. Images were taken 
using Zeiss LSM 710 Axio Observer confocal microscope with 63× 
objective lens. Image postprocessing was performed using Adobe 
Photoshop for inset enlargement and image alignment. Live-cell 
montage was first generated in ImageJ before further separation 
of RGB channels in Adobe Photoshop.

Primary and secondary antibodies for Western blotting and 
immunofluorescence
All primary antibodies used for Western blotting in this study 
are detailed in Table S2. The secondary antibodies used for 
Western blotting were obtained from Li-Cor and are as follows: 
donkey anti-mouse IRDye 680CW (926-32222), donkey anti- 
mouse IRDye 800CW (926-32212), donkey anti-rabbit IRDye 
680CW (926-32223), and donkey anti-rabbit IRDye 800CW 
(926-32213). We also used donkey anti-goat IgG HRP (SC-2020; 
Santa Cruz) for the case of a goat primary antibody (ATL2; SC-
109213; Santa Cruz; used in Fig. S3 C only).

The secondary antibodies used for Immunofluorescence 
were from Invitrogen and are as follows: goat anti-mouse 
AF405 (A31553), donkey anti-mouse AF488 (A21202), donkey 
anti-mouse AF594 (A21203), goat anti-rabbit AF405 (A31556), 
donkey anti-rabbit AF488 (A21206), and donkey anti-rabbit 
AF594 (A21207).

Live-cell imaging
U2-OS cells were transduced with lentivirus to stably express 
mLAMP1-BFP, eGFP-LC3B, and mCherry-ATL2. Cells that ex-
pressed all three fluorescence markers were sorted by FACS. Cells 
were preseeded a day before experiment onto a 35-mm imaging 
dish (81156; Ibidi). Cells were starved for either 6 or 16 h before 
imaging using the aforementioned confocal microscope in an in-
cubator at 37°C and 5% CO2.

Flow cytometry analysis of EATR cells
After treatment, cells were trypsinized and resuspended in com-
plete medium without fixation for immediate flow cytometry 
analysis. All EATR ER-phagy experiments were analyzed with 
live cells, because we found that cell permeabilization and fixa-
tion reverses eGFP quenching owing to loss of lysosomal acidifi-
cation. On average, 5,000 mCherry- and eGFP-positive cells were 
analyzed per sample. Data were analyzed using FlowJo software. 
Single cells were gated based on eGFP and mCherry fluorescence 
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intensity at fed condition to determine the acidified ER gate. Cells 
that undergo ER-phagy are defined and quantified based on the 
shift of cell population into the acidified ER gate due to loss of 
eGFP fluorescence.

Immunoprecipitation
Coimmunoprecipitation of LC3 with HA-FAM134B or HA-ATL2 
was performed in HEK293T cells by transient transfection with 
10 µg plasmid for 24 h. Coimmunoprecipitation of ATL3 with HA-
ATL2 constructs was performed in HCT116 cells stably expressing 
the different HA-ATL2 mutant constructs. Immunoprecipitation 
of all HA-cDNA was performed using Pierce Anti-HA Magnetic 
Beads Kit (Thermo Fisher) according to the manufacturer’s in-
structions. Briefly, cells were lysed using the IP-lysis buffer 
supplemented with Halt protease inhibitor cocktail and Halt 
phosphatase inhibitor cocktail. Equal amounts of lysates (∼5 mg) 
with 100 µl HA-magnetic bead slurry were used to perform each 
immunoprecipitation. Immunoprecipitation was performed at 
4°C for 2 h. The beads were washed twice using IP lysis buffer 
supplemented with 500 mM NaCl, with 5-min incubation on a 
rotor. The final wash was performed using regular IP lysis buffer. 
Immunoprecipitated proteins were eluted by boiling the samples 
at 98°C in 1× NuPAGE LDS sample buffer (Thermo Fisher) for  
5 min supplemented with NU-PAGE sample-reducing agent at 
final 1× concentration.

Statistical analysis
Unless otherwise stated, all statistical analyses were performed 
using data from three or more independent experiments. De-
pending on the context of the experiment, statistical scores were 
derived using either unpaired Student’s t test or ANO VA (with 
Tukey’s or Dunnett’s multiple comparison test) as stated in each 
figure legend. Data distribution was assumed to be normal, but 
this was not formally tested.

Online supplemental material
Fig. S1 shows control experiments to demonstrate the specificity 
of EATR and CCER assays as ER-phagy reporters. Fig. S2 shows 
that EATR and CCER are able to detect ER-phagy induced by 
overexpression. Fig. S3 demonstrates ATL2 as a specific, positive 
regulator of ER-phagy and that the ATLs are functionally inter-
changeable during ER-phagy. Fig. S4 shows that ATL2 is a target 
substrate for autolysosomal degradation and that ATLs occupy 
the same ER domain as FAM134B. Table S1 lists all overexpression 
constructs used in this study. Table S2 lists all primary antibodies 
used in this study.
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