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C E L L  B I O L O G Y

Lysosomal recycling of amino acids affects  
ER quality control
Ryo Higuchi-Sanabria1*, Koning Shen1*, Naame Kelet1, Phillip A. Frankino1,  
Jenni Durieux1, Raz Bar-Ziv1, Cierra N. Sing2, Enrique J. Garcia2, Stefan Homentcovschi1, 
Melissa Sanchez1, Rui Wu1, Sarah U. Tronnes1†, Larry Joe1, Brant Webster1,  
Alex Ahilon-Jeronimo1, Samira Monshietehadi1, Sofia Dallarda1, Corinne Pender1, Liza A. Pon2, 
Roberto Zoncu3, Andrew Dillin1‡

Recent work has highlighted the fact that lysosomes are a critical signaling hub of metabolic processes, providing 
fundamental building blocks crucial for anabolic functions. How lysosomal functions affect other cellular compartments 
is not fully understood. Here, we find that lysosomal recycling of the amino acids lysine and arginine is essential 
for proper ER quality control through the UPRER. Specifically, loss of the lysine and arginine amino acid transporter 
LAAT-1 results in increased sensitivity to proteotoxic stress in the ER and decreased animal physiology. We find 
that these LAAT-1–dependent effects are linked to glycine metabolism and transport and that the loss of function 
of the glycine transporter SKAT-1 also increases sensitivity to ER stress. Direct lysine and arginine supplementation, 
or glycine supplementation alone, can ameliorate increased ER stress sensitivity found in laat-1 mutants. These data 
implicate a crucial role in recycling lysine, arginine, and glycine in communication between the lysosome and ER.

INTRODUCTION
Lysosomes play a critical role in cellular homeostasis by serving as the 
primary site of degradation through autophagy to provide essential 
resources for the cell (1–4). However, recent work has highlighted the 
role of the lysosome beyond a terminal degradative component. In-
stead, the lysosome has emerged as a central signaling hub of the cell, 
able to integrate multiple nutrient and stress signals to dynamically 
regulate cellular homeostasis (5). The signaling relationship between 
lysosomes and the endoplasmic reticulum (ER) is of particular in-
terest because the lysosome serves primarily as a site for degradation 
of protein and lipids by autophagy, while the ER is a major site for 
protein and lipid synthesis. It is possible that there are interactions 
between the ER and lysosomes that coordinate their activities.

Similar to most organelle quality control, the relationship between 
the ER and lysosome is understood in the context of autophagic 
degradation of damaged organelles, or in this case “ER-phagy” (6). 
In ER-phagy, damaged ER are selectively degraded through auto-
phagic mechanisms and delivered to the lysosome (6–9). However, 
these processes may require a particularly complex series of interac-
tions between lysosomes and the damaged ER, because of the clear 
metabolic relationship between these two organelles. The first de-
fense of ER health relies on the unfolded protein response (UPRER). 
Under conditions of ER stress, the UPRER activates several branches 
of ER quality control machineries, including ER-phagy, as well as 
transcriptional activation of chaperones, proteases, and other quality 
control factors (10, 11). While the UPRER can trigger autophagy in 
numerous ways [reviewed in (12)], how lysosomal function and 

quality can alter the UPRER and ER homeostasis beyond ER-phagy 
and in the context of nutrient signaling is not well understood. 
Through large-scale RNA interference (RNAi) screening of lysosomal 
genes, we identified LAAT-1, an exporter of the amino acids lysine 
and arginine from the lysosome, as a regulator of ER homeostasis 
through coordination of lysosomal amino acid recycling. Through 
additional screening of known amino acid transporters, we also 
identified SKAT-1, a glycine transporter, in functioning in a similar 
manner to LAAT-1 in regulating ER homeostasis.

RESULTS
RNAi screening of lysosomal genes reveals LAAT-1 as a  
regulator of the UPRER

We performed an RNAi-based screen in Caenorhabditis elegans 
to identify lysosomal genes required for proper ER quality control 
(Fig. 1A). Specifically, we performed knockdown of ~600 lysosomal 
genes and tested their impact on UPRER induction under conditions of 
ER stress. ER stress was applied by inhibiting N-linked glycosylation 
of proteins using two methods: (i) chemical inhibition by the drug 
tunicamycin and (ii) inhibition by RNAi knockdown of tag-335, 
a gene essential for N-linked glycosylation of proteins in the ER. 
UPRER induction was measured using a transcriptional reporter, 
where green fluorescent protein (GFP) expression is driven under 
the promoter of hsp-4 (hsp-4p::GFP), a direct target of XBP-1s which 
is highly up-regulated under conditions of ER stress (13). The level of 
GFP expression serves as a qualitative and semiquantitative measure 
of UPRER induction. Through this screening effort, we identified 
several lysosomal genes that either suppress or enhance stress-induced 
UPRER (Fig. 1A).

We found that RNAi knockdown of only one specific gene, laat-1, 
resulted in a robust increase in stress-induced UPRER using both 
chemical and genetic means (Fig. 1, A to C). We validated our screen 
finding using a previously characterized hypomorphic mutant, 
laat-1(qx42), which phenocopies RNAi knockdown (Fig. 1, D and E) 
(14). Moreover, the increased UPRER induction is not specific to 
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inhibition of N-linked glycosylation by tunicamycin or tag-335 
knockdown, as laat-1(qx42) animals also exhibit increased UPRER 
induction through RNAi knockdown of sec-11, a serine peptidase, 
and through lipid dysregulation by sbp-1 RNAi (fig. S1, A to D). 
Because hsp-4 is a transcriptional target of XBP-1s, we next tested 
whether the enhanced activation of the UPRER in laat-1 RNAi-treated 
or mutant animals was dependent on xbp-1s. We find that RNAi 
knockdown of xbp-1s fully suppresses the UPRER induction in 
laat-1(qx42) animals, similar to wild-type (WT) controls (fig. S1, E 
and F). Moreover, we find that laat-1(qx42) animals have a much 

higher level of xbp-1s transcripts under ER stress compared to WT 
controls (fig. S2A). Last, to confirm that loss of laat-1 results in a 
broad increase in XBP-1s–mediated UPRER induction, we performed 
RNA sequencing (RNA-seq) analysis on laat-1 loss-of-function 
animals compared to WT animals. We find that in laat-1 mutants, 
there is an up-regulation of XBP-1s targets when treated with 
tunicamycin in comparison to WT controls (fig. S2B).

To determine whether the regulation of ER homeostasis through 
lysosome-derived amino acids was specific to lysine and arginine, 
we performed a screen of all characterized amino acid transporters, 

Fig. 1. RNAi-based screening of lysosomal genes on UPRER induction. (A) Schematic for RNAi-based screen. Transgenic animals expressing hsp-4p::GFP were grown 
on either tunicamycin (25 ng/l) or tag-335 RNAi, as described in Materials and Methods. Animals were scored qualitatively by eye for either suppression or enhancement 
of the hsp-4p::GFP induction compared to hsp-4p::GFP animals on empty vector RNAi control. Suppressors are shown in blue on the left, and enhancers are shown in yellow 
on the right. Intensity of color indicates level of suppression or enhancement. (B) Fluorescent micrographs of hsp-4p::GFP animals grown on control (ev) or laat-1 RNAi 
from hatch. Animals are treated with 1% dimethyl sulfoxide (DMSO) or tunicamycin (25 ng/l), as described in Materials and Methods. Data are representative of four 
independent trials. (C) Quantification of (B) using a biosorter. **P < 0.01 using Mann-Whitney testing. Each dot represents a single animal, middle line represents median, 
and whiskers represent interquartile range. n = 219 to 224 per strain. (D) Fluorescent micrographs of WT or laat-1(qx42) animals with hsp-4p::GFP animals grown on HT115 
bacteria from hatch. Animals are treated with 1% DMSO or tunicamycin (25 ng/l), as described in Materials and Methods. Data are representative of four independent 
trials. (E) Quantification of (D) using a biosorter. ***P < 0.001 using Mann-Whitney testing. Each dot represents a single animal, middle line represents median, and whiskers 
represent interquartile range. n = 122 to 134 animals per strain.
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including those not directly associated with the lysosome. We find that 
knockdown of three additional transporters increased tunicamycin- 
induced UPRER similar to laat-1 loss of function: skat-1, slc-36.2, and 
F13H10.3 (fig. S3A). F13H10.3 is predicted to be functionally similar 
to SLC38A9, which acts as a lysosomal arginine sensor downstream 
of mammalian target of rapamycin (mTOR) signaling, thus having 
a functionally similar role to LAAT-1 and corroborating our find-
ings (15). SKAT-1 and SLC36.2 are predicted to be functionally similar 
to SLC36A1, which has functions in transporting glycine and alanine 
(16). We find that glycine supplementation alone can increase UPRER 
induction under stress. However, laat-1 knockdown and glycine 

supplementation do not have an additive effect on tunicamycin 
sensitivity, suggesting that glycine and LAAT-1 may affect ER stress 
sensitivity through a similar mechanism (Fig. 2). To determine that 
this was not a phenomenon shared by all amino acids in general, we 
also supplemented laat-1 loss-of-function animals with glutamic acid, 
which had no effect on UPRER induction in either WT or laat-1 
loss-of-function animals (Fig. 2). These data suggest that glycine, 
lysine, and arginine are uniquely important in ER homeostasis.

Of the two predicted homologs to SLC36A1, SKAT-1 localizes to 
the lysosome and regulates lysosomal function, potentially through 
TOR2 (17). Moreover, loss of skat-1 and laat-1 independently resulted 

Fig. 2. Glycine supplementation rescues ER stress sensitivity of laat-1 loss-of-function animals. (A) Fluorescent micrographs of hsp-4p::GFP animals grown on control 
(ev) or laat-1 RNAi plates supplemented with 0, 10, or 50 mM glutamic acid (E) or glycine (G) from hatch. Animals are treated with 1% DMSO or tunicamycin (25 ng/l), as 
described in Materials and Methods. Data are representative of three independent trials. (B) Quantification of (A) using a biosorter. ***P < 0.001 and **P < 0.01 using 
Mann-Whitney testing. Each dot represents a single animal, middle line represents median, and whiskers represent interquartile range. n = 202 to 428 animals per condition.
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in a similar increase in UPRER activation under ER stress (fig. S3, B 
and C). Therefore, we tested whether LAAT-1 or SKAT-1 functioned 
in similar or distinct and independent mechanistic pathways in ER 
homeostasis. Simultaneous knockdown of skat-1 and laat-1 did not 
have an additive effect, and animals with knockdown of both exhibit 
similar UPRER induction compared to either laat-1 or skat-1 knock-
down alone (fig. S3, B and C). These data suggest that laat-1 and 
skat-1 function in similar molecular pathways in the regulation of 
ER homeostasis.

laat-1 loss of function results in increased sensitivity to  
ER stress and decreased organismal health
We continued to characterize the functional implications of laat-1 
loss of function. We asked whether the observed laat-1 enhancement 
of UPRER signaling is protective or detrimental to ER health. While 
induction of UPRER is generally used as a marker of stress, ectopic 
activation of UPRER in the absence of ER stress can also be beneficial. 
For example, overexpression of xbp-1s results in increased UPRER 
activation, increased resistance to ER stress, and increased life span 

by promoting ER protein homeostasis (18). Here, we find that loss 
of laat-1 results in animals that exhibit a notable decrease in life 
span and increased sensitivity to ER stress through tunicamycin 
(Fig. 3, A to D). Moreover, these animals exhibit a substantial de-
crease in motility when exposed to acute or chronic tunicamycin 
treatment, suggesting that health span is compromised when 
exposed to ER stress (Fig. 3, E and F). Last, laat-1 loss-of-function 
animals exhibit a severely disordered ER morphology, including 
decreased tubular networks and organization of the ER (Fig. 4). 
In addition, tunicamycin treatment caused the ER to completely 
fragment into indistinguishable aggregates in animals lacking 
laat-1, compared to much less severe fragmentation in WT animals 
(Fig. 4). These data suggest that the increased UPRER activation in 
animals lacking laat-1 is not beneficial and may be the result of in-
creased sensitivity of these animals to ER stress.

Because animals lacking laat-1 exhibit increased sensitivity to ER 
stress, we sought to determine whether animals lacking laat-1 also 
increased UPRER induction in the absence of stress. Overexpression 
of xbp-1s results in ectopic activation of UPRER, bypassing the need 

Fig. 3. laat-1 loss-of-function animals have increased sensitivity to ER stress. (A and B) Life spans of WT control or laat-1(qx42) animals grown on either 1% DMSO (A) 
or tunicamycin (25 ng/l) (B), as described in Materials and Methods. Data are representative of three independent trials. See table S1 for statistics. (C and D) Life spans of 
WT animals grown on control (ev) or laat-1 RNAi from hatch and on either 1% DMSO (C) or tunicamycin (25 ng/l) (D), as described in Materials and Methods. Data are 
representative of three independent trials. See table S1 for statistics. (E and F) Thrashing was measured in WT animals grown on either ev or laat-1 RNAi from hatch, ex-
posed to either 1% DMSO or tunicamycin (25 ng/l) (TM) for 1 (E; day 1) or 4 (F; day 4) days. Data are representative of two independent trials. **P < 0.01 and ****P < 0.0001 
using Mann-Whitney testing. Each dot represents a single animal, middle line represents median, and whiskers represent interquartile range. n = 27 to 50 per strain for 
day 1, and 58 to 160 per strain for day 4.
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to expose animals to stress for UPRER induction (18). Similar to pre-
vious studies, we find that overexpression of xbp-1s specifically in 
the intestine or systemically across all cells strongly induces UPRER. 
In contrast to UPRER activation upon stress, loss of laat-1 function 
does not affect UPRER induction via xbp-1s overexpression, providing 
further evidence that laat-1 increases sensitivity to ER stress, rather 
than general augmentation of UPRER induction (fig. S4). It is also 
possible that laat-1 acts upstream of xbp-1 splicing; thus, overex-
pression of xbp-1s bypasses laat-1 function.

Because animals lacking laat-1 exhibit gross perturbations in 
lysosomal function (14) and lysosomes are essential for general 
quality control through autophagic clearance of damaged cellular 
components (19), it is possible that these animals exhibit a general 
increase in stress sensitivity. Therefore, we tested whether loss of 
laat-1 resulted in increased sensitivity to mitochondrial stress through 
RNAi knockdown of cco-1, a mitochondrial cytochrome c oxidase; 
heat stress through exposure to elevated temperature; or oxidative 
stress through paraquat (PQ) treatment. We used similar reporters 
to hsp-4p::GFP as a marker for these stresses and found that laat-1 
RNAi knockdown did not affect induction of the UPR of the mito-
chondria (UPRMT; hsp-6p::GFP reporter) or the heat shock response 
(HSR; hsp-16.2p::GFP reporter) (fig. S5, A and B). However, loss of 
laat-1 did increase sensitivity of animals to oxidative stress (gst-4p::GFP 
reporter) (fig. S5C). Recent work uncovered that intracellular lysine 
concentrations may regulate oxidative stress response by affecting 
glutathione levels (20). It is possible that loss of laat-1 increases ER 
stress sensitivity due to decreased cytoplasmic lysine pools and 
ultimately decreased glutathione levels and poor redox handling. 
Therefore, we tested the impact of knockdown of the rate-limiting 
step in glutathione synthesis, gcs-1, on UPRER induction. In contrast 
to laat-1 RNAi knockdown animals, gcs-1 RNAi knockdown animals 
did not exhibit increased UPRER induction under ER stress, suggest-
ing that increased ER stress sensitivity in animals lacking laat-1 is 
likely not due to decreased glutathione levels (fig. S5D). To directly 
test whether loss of laat-1 affects redox homeostasis in the ER, we 
used an ER-localized redox-sensitive GFP variant, eroGFP, to measure 
the redox state of the ER in the budding yeast model Saccharomyces 
cerevisiae (21, 22). We find that yeast cells harboring a deletion of 
YPQ1 [yeast homolog of laat-1 (23)] exhibit no change in eroGFP 

under basal conditions. ypq1 cells do not exhibit poor redox 
handling, as changes in eroGFP through exposure to reducing stress 
[dithiothreitol (DTT)] or oxidizing stress (H2O2) were similar in 
ypq1 and WT cells (fig. S6). Therefore, we conclude that laat-1 loss 
of function does not result in a general sensitivity to ER-specific 
oxidative stress. More likely, ER homeostasis is disrupted in laat-1 
loss-of-function animals and these animals are more sensitive to 
general oxidative stress or have activated oxidative stress response 
pathways as a downstream effect of increased ER stress. Previous 
work has shown that perturbing ER homeostasis may result in acti-
vation of a noncanonical oxidative stress response through SKN-1 
activity (24).

Because laat-1 plays a central role in amino acid transport of the 
lysosome, we tested whether general loss of lysosomal function could 
phenocopy the effects of laat-1 loss. To perturb general lysosomal 
function, we performed RNAi knockdown of subunits of the v-ATPase 
(vacuolar-type H+ adenosine triphosphatase), a critical enzyme that 
acidifies the lysosomal lumen (25, 26). We find that knockdown of 
vha-7, which did not affect animal growth, had no impact on UPRER 
induction under stress. Knockdown of vha-13, which results in severe 
growth defects of animals, did increase UPRER induction under 
stress. However, loss of laat-1 markedly increased sensitivity to ER 
stress for animals with knockdown of either vha-7 or vha-13 (fig. S7, 
A and B), suggesting that laat-1 phenotypes are not dependent on 
the loss of lysosomal acidity. Similarly, we find that loss of laat-1 
also increased UPRER induction even upon RNAi knockdown of the 
lysosomal biogenesis factor, hlh-30, the C. elegans TFEB homolog 
(fig. S7, C and D). These data suggest that the loss of laat-1 does not 
increase ER sensitivity through the maintenance of lysosomal acid-
ification or general lysosomal stress signaling. However, we find that 
blocking autophagy via knockdown of bec-1, the C. elegans homolog 
of beclin-1, did partially suppress the increased UPRER induction of 
animals lacking laat-1, suggesting that the increase in ER sensitivity is at 
least partially dependent on functional autophagy (fig. S7, C and D).

laat-1 regulates ER homeostasis through recycling of  
lysine and arginine
Through autophagy, lysosomes play a critical role in recycling essen-
tial building blocks within the cell. Specifically, LAAT-1 functions 

Fig. 4. laat-1 loss-of-function animals exhibit defects in ER morphology. (A) Representative micrographs of ER morphology [using hsp-4 signal sequence fused to 
mRuby::HDEL, the signal sequence allows mRuby to be imported into the matrix of the ER, while the HDEL serves as a sequestration signal (40)]. This marker is reliably 
used for robust ER imaging in the intestine of animals grown on control (ev) or laat-1 RNAi from hatch. Animals were pretreated with 1% DMSO or tunicamycin (25 ng/l), 
as described in Materials and Methods. Scale bar, 10 m. Data are representative of three independent trials. (B) Electron micrographs of intestine from WT control and 
laat-1(qx42) animals at D1 of adulthood. Animals were pretreated with 1% DMSO or tunicamycin (25 ng/l), as described in Materials and Methods. Boxed areas are of ER 
morphology zoomed in at the right of the image. Arrowheads indicate ER structures.
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as an exporter of lysosomal arginine and lysine (14). Therefore, we 
wondered whether the loss of laat-1 results in increased ER stress 
due to the lack of recirculating lysine and arginine. To test this 
hypothesis, we performed amino acid supplementation of lysine and 
arginine in animals lacking laat-1. We find that 10 and 50 mM lysine 
and arginine supplementation suppressed the increase in UPRER 
induction in animals lacking laat-1, with 50 mM lysine and arginine 

supplementation showing stronger suppression (Fig. 5, A and B, 
and fig. S8). Moreover, 10 mM lysine and arginine supplementation 
partially suppressed the morphological defects of the ER of animals 
lacking laat-1 (Fig. 5C). Last, 10 mM lysine and arginine supple-
mentation partially rescued the life-span defect and full restoration 
of the ER stress sensitivity of these animals (Fig. 5, D and E). These 
data provide evidence that LAAT-1 plays a critical role in ER 

Fig. 5. Lysine and arginine supplementation is sufficient to rescue defects in ER homeostasis of laat-1 loss-of-function animals. (A) Fluorescent micrographs of 
hsp-4p::GFP animals grown on control (ev) or laat-1 RNAi plates supplemented with 0, 10, or 50 mM lysine/arginine (KR) from hatch. Animals are treated with 1% DMSO 
or tunicamycin (25 ng/l), as described in Materials and Methods. Data are representative of three independent trials. (B) Quantification of (A) using a biosorter for DMSO 
0KR, TM 0KR, TM 10KR, and TM 50KR. Full panel of quantification is shown in fig. S6. ***P < 0.001 using Mann-Whitney testing. Each dot represents a single animal, middle 
line represents median, and whiskers represent interquartile range. n = 101 to 366 per strain. (C) Representative micrographs of ER morphology in the intestine of animals 
grown on control (ev) or laat-1 RNAi plates supplemented with 10 mM lysine/arginine (KR) from hatch. Animals were pretreated with 1% DMSO or tunicamycin (25 ng/l), 
as described in Materials and Methods. Scale bar, 10 m. Data are representative of three independent trials. (D and E) Life spans of WT animals grown on control (ev) or 
laat-1 RNAi from hatch and on either 1% DMSO (D) or tunicamycin (25 ng/l) (TM) (E) supplemented with 10 mM lysine/arginine (KR), as described in Materials and Methods. 
Data are representative of four independent trials. See table S1 for statistics.
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homeostasis and organismal health under proteotoxic stress. Moreover, 
lysosomal arginine and lysine transport through LAAT-1 plays at 
least some functional role in life-span regulation.

Last, because there are other key nutrients recycled and sensed 
at the lysosome, we asked whether altered general nutrient sensing 
through laat-1 played a role in the enhanced UPRER stress signal. 
Nutrient sensing, particularly of amino acids, is primarily performed 
by the mTOR complex (mTORC) and GCN2 (15, 27, 28). mTOR 
directs cellular growth under rich nutrient conditions, and its regu-
lation is tightly linked to the availability of growth factors and amino 
acids, particularly arginine and leucine (29). mTORC1 activation 
relies on this amino acid sensing via the Ragulator complex at the 
surface of the lysosome (28, 30, 31). GCN2 senses uncharged transfer 
RNAs (tRNAs), which accumulate as a result of limited amino acid 
availability and promotes the integrated stress response to down- 
regulate global translation (32). To test whether the loss of laat-1 
activates these starvation signals, we performed RNAi knockdown 
of gcn-2 and let-363 (CeTOR, C. elegans mTORC ortholog). We find 
that loss of laat-1 increased UPRER activation in gcn-2 knockdown 
animals similar to that observed in the empty vector control. We 
find that RNAi knockdown of let-363 further increased UPRER acti-
vation of animals lacking laat-1. These data suggest that LAAT-1 
signaling through lysine and arginine to maintain ER homeostasis 
is independent of GCN2 but synergistic with mTORC signaling 
(fig. S9, A and B). Last, to test whether the effects of the loss of laat-1 
is due to decreased lysine and arginine, or just an effect of general 
starvation, we tested the impact of animals to starvation on sensitivity 
to ER stress. Starvation in WT animals did not affect UPRER induc-
tion under ER stress. However, in animals lacking laat-1, starvation 
had a markedly additive effect on UPRER induction, similar to the 
synergistic effect seen with mTOR knockdown (fig. S9, C and D). 
These data suggest that specific recycling of lysine and arginine 
through LAAT-1, and not just general starvation, is especially critical 
to ER homeostasis.

DISCUSSION
To identify a novel relationship between lysosomal activity and ER 
protein homeostasis, we performed a large-scale RNAi-based screen 

to identify lysosomal genes that regulate UPRER signaling. We found 
that loss of function of the lysosomal amino acid transporter LAAT-1 
results in potent enhancement of UPRER activation under conditions 
of stress. Our data indicate that this increased UPRER signaling is a 
sign of increased sensitivity to ER stress and not an increased pro-
tective response. Loss of laat-1 results in the breakdown of the ER 
under proteotoxic stress, decreased life span, and increased sensi-
tivity of these animals to ER stress. This is not due to general lyso-
somal dysfunction but is specific to the loss of export of recycled 
lysine and arginine out from the lysosome. Last, reintroduction of 
glycine can rescue defects in laat-1 loss-of-function animals, sug-
gesting a parallel pathway in ER homeostasis, potentially through the 
glycine transporter skat-1 (Fig. 6).

Still to be identified is how cellular depletion of lysine, arginine, 
and glycine can disrupt ER homeostasis. Here, we show that the 
phenotypes associated with loss of function of laat-1 are partially 
dependent on autophagy. Moreover, another study has shown that 
depletion of arginine in human immune cells leads to an ER stress 
response involving activation of autophagy as a cytoprotective 
mechanism (33). Last, PQLC2, the mammalian homolog of laat-1, 
has been shown to be involved in lysine and arginine export (34). 
Therefore, it is possible that depletion of LAAT-1/PQLC2 could 
cause a dysfunction in autophagy, which creates a low level of ER 
stress that is only measurable upon further ER stress. laat-1 loss-of-
function animals only have mild defects in growth but exhibit a major 
increase in sensitivity to ER stress. Moreover, they have reduced life 
span, which suggests that the mild level of cellular stress they ex-
perience exacerbates aging phenotypes, another phenomenon that 
is closely linked to reduced autophagy (19).

Another plausible mechanism is that the available pool of lysine 
and arginine has an impact on ER homeostasis independent of auto-
phagy. It is possible that deprivation of these essential amino acids 
affects ER quality and/or function directly or that impinging on 
general nutrient sensing pathways perturbs ER homeostasis. Here, 
we find that knockdown of CeTOR and starvation phenocopied 
laat-1 knockdown and increased ER stress sensitivity. However, both 
of these phenotypes were additive with laat-1, which suggest that 
laat-1 and starvation signals act in mechanistically distinct pathways 
such that simultaneous loss of both results in additive effects. Alternatively, 

Fig. 6. LAAT-1 modulates ER homeostasis through recycling of lysine and arginine. Lysosomal amino acid recycling of lysine and arginine, potentially via autophagy, 
is essential for proper ER quality control. laat-1 mutants exhibit increased sensitivity to ER stress, increase UPRER activation, have severe defects in ER morphology, and 
suffer from decreased survival under ER proteotoxic stress. Lysine and arginine supplementation rescues suggest that LAAT-1 regulates ER homeostasis by recycling lysine 
and arginine. These phenotypes are partially dependent on mTOR and autophagy.
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because the starvation experiments performed here were for only 
2 hours and CeTOR was inhibited by RNAi knockdown, it is possible 
that there was only partial inhibition of TOR through these methods. 
Thus, loss of function of LAAT-1 could potentially further inhibit 
TOR beyond starvation or RNAi knockdown, resulting in a syner-
gistic effect on the same molecular pathway. This latter hypothesis 
is appealing, as recent work has ascribed mTOR function in deacti-
vating IRE1 upon UPR activation to prevent prolonged UPRER that 
could potentially be detrimental (35). In this model, TOR inhibition 
would result in sustained and prolonged UPRER, which could lead 
to cellular damage. Thus, it is likely that we see increased UPRER 
activation under stress in laat-1 knockdown animals due to sustained 
UPRER activation upon inhibition of TOR.

Overall, our data indicate a unique role for lysosomal recycling 
of amino acids on ER homeostasis under stress and suggest that there 
may be a specific role for lysine and arginine in ER homeostasis. 
These phenotypes may be driven by the role of LAAT-1 in lysosomal 
regulation of nutrient availability, particularly of lysine and arginine 
amino acids, which have downstream implications on autophagy 
and TOR signaling. Moreover, the role of SKAT-1 in lysosomal recy-
cling of glycine also contributes to ER homeostasis, implicating lyso-
somal lysine, arginine, and glycine in ER homeostasis.

MATERIALS AND METHODS
Strains and maintenance
All C. elegans strains are derivatives of N2 from Caenorhabditis 
Genetics Center (CGC) and are listed in table S2. All worms were 
grown at 15° to 20°C on nematode growth medium (NGM) agar 
plates and fed OP50 Escherichia coli B strain of bacteria for general 
maintenance. For experimentation, all animals were grown on HT115 
E. coli K12 strain of bacteria carrying the pL4440 empty vector con-
trol or expressing double-stranded RNA containing the sequence of 
the target gene. All experiments were performed on animals syn-
chronized using a standard bleaching/L1 arresting protocol. Briefly, 
animals were harvested from NGM plates with M9 solution (22 mM 
KH2PO4 monobasic, 42.3 mM Na2HPO4, 85.6 mM NaCl, and 1 mM 
MgSO4), bleached using a solution of 1.8% sodium hypochlorite and 
0.375 M KOH diluted in dH20 until all carcasses are digested, intact 
eggs were washed four times with M9 solution, and worms were 
grown in M9 solution for ~12 to 16 hours rotating in a 15-ml conical 
tube at 20°C to L1 arrest. Animals were grown to desired develop-
mental stage on HT115 bacteria or RNAi bacteria.

For lysine and arginine experiments, plates were supplemented 
with 10 or 50 mM lysine and arginine buffered with HCl to pH 7.0. 
Animals are grown on lysine/arginine supplemented plates from 
hatch and for the duration of the entire experiment.

All S. cerevisiae strains are derivatives of the WT BY4741 strain 
from Open Biosystems and are listed below. Yeast cells were culti-
vated in synthetic complete (SC) media with corresponding drop-
outs of essential nutrients for auxotrophic selection. All imaging 
experiments were carried out with cultures grown to mid-log phase 
[OD600 (optical density at 600 nm) = 0.1 to 0.3] in a 30°C shaking 
incubator. ypq1∆ strain was created by replacing the YPQ1 gene locus 
with hphMX4 using a standard lithium acetate transformation 
method. Polymerase chain reaction (PCR) using specific primers 
(5′-TTCACTACGTACTTTAATCGTCTTCGCGA-3′ and 5′-TTTGT-
GACATTAAAAAAATGTCAATGACAGAGAGA-3′) were used to 
confirm deletion of the gene. eroGFP and UPR-RFP (red fluorescent 

protein) reporter was amplified from plasmid pPM56 (a gift from 
F. Papa, Addgene plasmid no. 22855; RRID: Addgene_22855) and 
cloned into HO-polyKanMX4-HO (a gift from D. Stillman, Addgene 
plasmid no. 51662; RRID: Addgene_51662) using Sal I and Bgl II 
(36, 37). Last, the cassette HO-eroGFP-UPR-RFP-HO was inserted 
in the HO locus of a WT strain to generate eroGFP UPR strain using 
the standard lithium acetate transformation method.

ypq1 deletion primers are the following (for pCY 3090-02, hygro): 
5′-TACAAAAAAAAAGCTACCACATCGCTCGACGACCT-
CAATTCGGATCCCCGGGTTAATTAA-3′ and 5′-GAGGT-
CAAAAATATGTTAAATAAATATTAGATAGAACATGATC-
GATGAATTCGAGCTCG-3′.

Primers to clone eroGFP-UPR marker into HO locus are the 
following: 5′-GCGCGTCGACGAGCTCCACCGCGGAGTTTA-3′ 
and 5′-GCGCAGATCTAGGTCGACGGTATCGATAAGCTT-3′.

Primers to integrate at HO locus are the following: 5′-GCCGC-
CAGCTGAAGCTTAATTAT-3′ and 5′-CATAGGCCACTGTA-
AGATTCCGCC-3′.

Biosorter analysis
Staged worms were washed off plates using M9. A Union Biometrica 
complex object parameter analyzer and sorter (COPAS) biosorter 
(product no. 350-5000-000) equipped with a 561-nm and 488-nm 
light source was used for imaging. Biosorter calibration, cleaning, 
and sample running were performed as previously described (38). 
Analysis is performed in Excel and represented as integrated inten-
sity of fluorescence normalized to the size of the animal measured 
as the product of extinction (approximate width) and time of flight 
(approximate length). All data that exceed the measurement capacity 
of the PMT (photomultiplier tube) (i.e., saturated signals) and bad 
profiles (curved worms, bent worms, etc.) determined as described 
in (38) were removed from analysis.

Confocal microscope
To fix worms, day 1 adults are collected using M9 solution and ex-
cess bacteria are washed three times with M9 (do not exceed ~1000g; 
1000 RCF (relative centrifugal force) on an Eppendorf centrifuge 
5702). Animals were treated with 1% dimethyl sulfoxide (DMSO) 
or tunicamycin (25 ng/l) diluted in M9 solution spinning in a 
15-ml conical tube at 20°C for 4 hours. Animals were then pelleted, 
excess M9 is aspirated down to 100 l, and an equal volume of 4% 
buffered paraformaldehyde (PFA) was added directly to worms 
[4% PFA in 1% phosphate-buffered saline (PBS)]. Tubes were 
rotated in a 20°C incubator. PFA is washed three times using 1% PBS 
and placed into 70% glycerol buffered in 1% PBS overnight to rehydrate. 
For imaging, glycerol samples are mounted directly on glass slides, 
covered with a coverslip, and sealed with nail polish. Fixed animals 
were viewed on a Zeiss LSM700 inverted confocal microscope. Figure 
images are single slices focused at the central plane of the intestine 
equidistant from the vulva and tail.

Electron microscopy
Whole worm samples were processed as previously described (39). 
Briefly, staged animals were subject to high-pressure freezing (BAL-
TEC HPM 010) and freeze-substituted with acetone/resin series 
(25%-50%-75%-100% resin). Resin-cured worms were sectioned into 
70-nm sections and imaged using an FEI Tecnai 12 transmission 
electron microscope on formvar-coated mesh grids. Animals were 
treated with either 1% DMSO or tunicamycin (25 ng/l) by moving 
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synchronized L4 animals onto NGM plates containing 1% DMSO or 
tunicamycin (25 ng/l) for 12 to 16 hours to image at D1 adulthood.

Epifluorescence microscopy
Staged worms are picked at random under a white light microscope 
and immobilized in 100 nM sodium azide. Immobilized worms were 
aligned on a solid NGM plate, and images were captured on a Leica 
M250FA stereoscope equipped with a Hamamatsu ORCA-ER camera 
driven by LAS-X software.

For hsp-4p::GFP induction, synchronized L4 animals were treated 
with a solution of tunicamycin (25 ng/l), 1% DMSO, 100 M 
thapsigargin, or 10 mM DTT, diluted in M9 solution for 4 hours 
spinning at 20°C in a 15-ml conical tube (note that bacteria are 
not clarified after washing animals off plates to minimize starvation 
during the treatment). Animals were then washed three times with 
M9 and placed on a standard OP50 plate to recover for 12 to 16 hours 
before imaging. For tag-335 and sec-11 RNAi, animals were grown 
from L1 until D1 adulthood on RNAi and imaged at D1. For starva-
tion experiments, animals were washed four times in M9 to clarify 
bacteria and were left spinning in M9 in 15-ml conical tubes at 20°C 
for 2 hours. Animals are then spun with a solution of tunicamycin 
(25 ng/l) in M9 without bacteria for a total of 6 hours of starvation. 
Animals were then placed on a standard OP50 plate for 12 to 16 hours 
before imaging.

For hsp-4p::GFP screening, animals were grown from hatch until 
D1 adulthood using two methods: (i) For chemical induction of 
hsp-4p::GFP, animals were grown on standard RNAi plates from 
hatch until L4, then washed and moved onto equivalent RNAi plates 
containing tunicamycin (25 ng/l) for 24 hours, and imaged at D1 
adulthood, and (ii) for genetic induction of hsp-4p::GFP, animals 
were grown on standard RNAi plates from hatch and imaged at D1 
adulthood—animals were grown on 10% tag-335 RNAi mixed with 
90% RNAi of interest.

For hsp-6p::GFP induction, animals were grown from L1 until 
D1 adulthood on cco-1 RNAi and imaged at D1. RNAi treatment is 
50% cco-1 mixed with 50% RNAi of interest based on OD600.

For hsp-16.2p::GFP induction, D1 animals were heat-shocked for 
2 hours at 34°C and recovered for 2 hours at 20°C before imaging.

For gst-4p::GFP induction, synchronized L4 animals were treated 
with a 50 mM PQ solution diluted in M9 for 2 hours spinning at 
20°C in a 15-ml conical tube. Animals were then washed three times 
with M9 and placed on a standard OP50 plate to recover for 2 hours 
before imaging.

Wide-field microscopy
Images were acquired with an Axioskop 2 microscope equipped 
with an Orca-ER cooled CCD (charge-coupled device) camera 
(Hamamatsu) and a pE-4000 LED (light-emitting diode) illumination 
system (coolLED, Andover, UK) controlled by NIS-Elements 4.60 
Lambda software (Nikon, Melville, NY). For drug treatments, mid-log 
phase cells were treated with 2 mM DTT for 30-min shaking at 30°C 
and imaged immediately. For H2O2, cells were treated with 10 mM 
H2O2 for 30-min shaking at 30°C, H2O2 was washed out with SC, 
and then animals were recovered for 3-hour shaking at 30°C before 
imaging. Cell suspension (1.5 l) was applied to a microscope slide 
and covered with a coverslip. Cells were imaged immediately after 
mounting using a 100×/1.4 Plan Apochromat objective (Carl Zeiss), 
405- and 470-nm LEDs at 100% power for excitation of oxidized 
and reduced forms, respectively, and a modified GFP filter (Zeiss 

filter set 46 HE with excitation filter removed; dichroic FT 515, 
emission 535/30).

Images of eroGFP were collected with Z-series throughout the 
entire cell at 0.3-m intervals using 1 × 1 binning and 150- and 300-ms 
exposures for 470 and 405 nm, respectively. Images were deconvolved 
using a constrained iterative restoration algorithm with the follow-
ing parameters: 507-nm excitation wavelength, 60 iterations over 
100% confidence in Volocity (PerkinElmer, Waltham, MA). To cal-
culate the reduced to oxidized ratio, the intensity of the reduced 
channel was divided by the intensity of the oxidized channel, with 
ratioing performed in Volocity software including background se-
lection and thresholding steps.

Life-span analysis
Life-span measurements were performed on solid NGM agar plates, 
with HT115 bacteria carrying either pL4440 empty vector or RNAi. 
Worms were synchronized by standard bleaching-L1 arresting and 
kept in 20°C throughout the duration of the experiment. Adult worms 
were moved away from progeny onto fresh plates for the first 7 days 
until progeny were no longer visible and then scored every 1 to 2 days 
until all animals were scored. Animals with bagging, vulval explo-
sions, or other age-unrelated deaths were censored and removed from 
quantification. For tunicamycin survival assays, animals are moved 
onto tunicamycin (25 ng/l) or 1% DMSO plates at D1 of adulthood.

Thrashing measurements
Health span was measured in worms using thrashing. Animals were 
grown on solid NGM agar plates with HT115 bacteria carrying either 
pL4440 empty vector or laat-1 RNAi. Worms were synchronized by 
standard bleaching-L1 arresting and kept in 20°C until the L4 stage. 
L4 animals were either moved onto NGM agar plates containing 
either 1% DMSO or tunicamycin (25 ng/l), seeded with their re-
spective RNAis. Animals were moved away from progeny onto fresh 
DMSO/tunicamycin plates daily until thrashing assays were per-
formed on either day 1 or day 4. To measure thrashing, aged animals 
were washed from the plate with M9 and rinsed once with M9 to 
remove excess bacteria. Worm/M9 mix was then transferred onto 
an NGM plate without bacteria and recovered on the plate for 30 s 
before imaging. Worms were then recorded using an MBF Bioscience 
WormLab worm tracker for 30 s. Thrashing rate (also referred to in 
the analysis software as “wave initiation rate”) was analyzed using 
the “swimming” analysis mode in WormLab for the 30-s recorded 
interval, excluding animals that were tracked for <15 s.

RNA-seq and qPCR analysis
Animals were synchronized and grown to D1 of adulthood on EV 
RNAi plates. About 2000 animals were harvested using M9, and 
animals were treated with either 1% DMSO or tunicamycin (25 ng/l) 
in M9 solution, spinning at 20°C for 1 hour in a 15-ml conical tube. 
After an hour of treatment, M9 was aspirated and replaced with 
Trizol, and worms were freeze/thawed three times with liquid 
nitrogen/37°C water bath cycles. After the final thaw, chloroform 
was added at a 1:5 ratio of chloroform:Trizol. Aqueous separation 
of RNA was performed via centrifugation using a heavy gel phase-
lock tube (VWR, 10847-802). The aqueous phase was mixed with 
isopropanol, and then RNA purification was performed using the 
Qiagen RNeasy Mini Kit as per the manufacturer’s directions. Library 
preparation was performed using Kapa Biosystems mRNA Hyper 
Prep Kit. Sequencing was performed using Illumina HS4000, mode 
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SR100, through the Vincent J. Coates Genomic Sequencing Core at 
University of California, Berkeley.

For quantitative PCR (qPCR), complementary DNA (cDNA) 
synthesis was performed using the Qiagen QuantiTect Reverse Tran-
scription Kit (Qiagen, 205311) on 2 g of RNA as per the manufac-
turer’s guidelines. qPCR was performed using a general standard 
curve protocol using SYBR Select Master Mix (Life Technologies, 
4472920). A master mix of all cDNA samples pooled with equal ratios 
was used as a template for the standard curve for each primer pair. 
Four technical replicates were performed for two independent bio-
logical replicates per sample. The following primer pairs were used, 
written as 5′ to 3′ orientation and forward/reverse primer: hsp-4, 
GAACAACCTACTCGTGCGTTGG/TTGATCTCCGGAAAAC-
GCAACG; crt-1, ATGACGAGATGGACGGAGAAT/CTGACTT-
GACCTGCCACAAAT; xbp-1, CACCTCCATCAACAACAACAT/
AACCGTCTGCTCCTTCCTCAA; and xbp-1s, CGTGCCTTT-
GAATCAGCAGTG/CGAGGTGTCCATCTTCTTGTT. The fol-
lowing genes were used as housekeeping genes, and a calculated 
geometric mean of all replicates from all genes was used for normal-
ization for each sample: pmp-3, TGGCCGGATGATGGTGTCGC/
ACGAACAATGCCAAAGGCCAGC; tba-1, TCAACACTGCCATC-
GCCGCC/TCCAAGCGAGACCAGGCTTCAG; and Y45F10D.4, 
CGAGAACCCGCGAAATGTCGGA/CGGTTGCCAGG-
GAAGATGAGGC.

For RNA-seq, analysis was performed on the CLC Workbench 
version 7.0.3. Mapping was performed using the C. elegans refer-
ence genome and transcript sequence from Ensembl/WormBase 
(PR513758.WS273). Unique reads were calculated for each library. 
All data were normalized for the different number of reads for each 
library, and a factor of 0.01 was added to each expression value and 
transformed by log2. Two biological replicates were compiled per each 
treatment comparison to run EDGE (empirical analyses of digital gene 
expression) testing to provide significantly up- or down-regulated genes 
per sample. For this article, XBP-1s targets were identified using the 
following Gene Ontology (GO) terms from BioMart WormBase ParaSite: 
0006990, 0030968, 0036498, and 1900101. The log2(foldchange) of 
N2 tunicamycin versus N2 DMSO and laat-1(qx42) tunicamycin 
versus laat-1(qx42) DMSO was calculated for each of these targets.

Statistics and rigor of experiments
The full lysosome library screen was performed once per condition 
(tunicamycin treatment and tag-335 RNAi) by two independent re-
searchers. Only hits that were independently scored identically by 
both researchers were included. All hits were validated at least two 
more times by independent researchers.

All imaging experiments were performed with at least three in-
dependent trials unless otherwise stated in the figure legends. All 
animals picked for experiments are performed blinded on a standard 
dissection microscope without fluorescent capability to ensure robust 
reproducibility. Quantification on a biosorter was performed with a 
large sample size on at least one of the three imaging replicates 
per experiment. Prism 8 software was used for nonparametric 
Mann-Whitney statistical testing for biosorter data.

All life spans were performed with at least three independent 
trials unless otherwise stated in the figure legends. Replicates were 
performed by at least two independent researchers, with minimally 
one replicate performed with the researcher blinded to sample con-
ditions to ensure robust reproducibility. Prism 8 software was used 
for statistical analysis using log-rank (Mantel-Cox) testing.

Synthesis of laat-1 RNAi
pL4440-laat-1
laat-1 RNAi was synthesized by Sma I restriction digest of pL4440 
followed by restriction digest–based cloning with a 558–base pair 
sequence of laat-1 (AGCCAATTCAAAAGATTATTGGCGTTTAT-
TATATTATACAGGATCTCGTTCTATGGACACAATATGGA-
TATTATCTGAAGATTTATAATAGACCTACCACGTCAT-
CAGCGCGTTCCAACACAATCGTTGTACCCGTACTCG-
CATTGGCATCAGTCGGATCATTTTTCGTGTTTGAATCG-
GCTCTGCCACCTGTTGGAGATCATCGAGTTAAGC-
GCTCTTTCCTGGAGTCACTAAACCATCAAGAAGGTCTC-
CCACTGGAAGGAATTCTTAAAATGTGGCCAATTTTCAC-
GTCGTACACTGATATGCTTGGTTATATAATTGGATCGAT-
GGCCGCTGTTTGCTATTTCGGTGGAAGAATTCCCCAAAT-
TATCAAAAACTACCGGCATTCTTCGTGTGAAGGACTCTC-
GTTGACCATGTTCTACATTATTGTCGCTGCCAATTTTACT-
TACGGGATCTCTGTGCTATTGGCAACGACTAGTTG-
GCTTTATTTGTTGAGACATCTCCCATGGTTGGCTG-
GAAGTCTCGGCTGCTGCTGCTTCGACGCTGTAAT-
CATCTCTC) synthesized via PCR using forward primer 
ACGTGACGCGTGGATCCCCCAGCCAATTCAAAAGAT-
TATTGGCG and reverse primer ATATCGAATTCCTGCAGC-
CCGAGAGATGATTACAGCGTCGAAG. Ligation was performed 
using T4 DNA ligase following standard protocol and was trans-
formed into HT115 E. coli K12 bacteria. Knockdown efficiency was 
tested via qPCR (~80% knockdown efficiency) using forward primer 
GCTTCGACGCTGTAATCATCTCTC and reverse primer CTA-
ATCGGAGTCGTCTTGTGAATTGAG.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/26/eaaz9805/DC1

View/request a protocol for this paper from Bio-protocol.
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