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SUMMARY
Autophagy, an important quality control and recycling process vital for cellular homeostasis, is tightly regu-
lated. ThemTORC1 signaling pathway regulates autophagy under conditions of nutrient availability and scar-
city. However, how mTORC1 activity is fine-tuned during nutrient availability to allow basal autophagy is un-
clear. Here, we report that the WD-domain repeat protein MORG1 facilitates basal constitutive autophagy by
inhibiting mTORC1 signaling through Rag GTPases. Mechanistically, MORG1 interacts with active Rag
GTPase complex inhibiting the Rag GTPase-mediated recruitment of mTORC1 to the lysosome. MORG1
depletion in HeLa cells increases mTORC1 activity and decreases autophagy. The autophagy receptor
p62/SQSTM1 binds to MORG1, but MORG1 is not an autophagy substrate. However, p62/SQSTM1 binding
to MORG1 upon re-addition of amino acids following amino acid’s depletion precludes MORG1 from inhibit-
ing the Rag GTPases, allowing mTORC1 activation. MORG1 depletion increases cell proliferation and migra-
tion. Low expression of MORG1 correlates with poor survival in several important cancers.
INTRODUCTION

Degradation of cellular components by autophagy is a vital qual-

ity control process crucial for cellular homeostasis and preven-

tion of diseases. Autophagy depends on ATG (autophagy-

related) proteins conserved from yeast to humans.1–3 During

macroautophagy (hereafter autophagy), double-membrane ves-

icles, called autophagosomes, form around components to be

degraded. Autophagosomes fuse with lysosomes, and the com-

ponents are degraded and recycled.4–6 Autophagy occurs

constitutively but increases upon cellular stress, such as infec-

tion and nutrient starvation. Due to its crucial role, autophagy

is strictly controlled, too little or too much can have serious con-

sequences. How autophagy is regulated under various cellular

conditions is not entirely clear. An important regulator of auto-

phagy is the mTOR (mechanistic target of rapamycin) complex

1 (mTORC1), the primary regulator of cell growth balancing

anabolic and catabolic metabolism.7,8 mTORC1 controls auto-

phagy initiation and maturation and lysosomal biogenesis.9–12

mTORC1 is dysregulated in a number of diseases and physiolog-

ical conditions including cancers, diabetes, obesity, and

aging.7,13–18

mTORC1 is a multifunctional protein complex comprising

serine/threonine protein kinase mTOR, along with several regu-

latory and structural components including regulatory-associ-

ated protein of mTOR (RAPTOR/RPTOR), controlling mTORC1

localization and substrate recruitment.19–21 mTORC1 further in-
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cludes mammalian lethal with Sec13 protein 8 (mLST8), impor-

tant for mTOR stabilization, DEP domain-containing mTOR-in-

teracting protein (DEPTOR), a negative regulator of mTOR, and

insulin-responsive inhibitor, PRAS40 (proline-rich AKT substrate

of 40 kDa).19,20,22 mTORC1 activity is regulated by a complex of

signal nodes coordinated on the lysosomal surface and acti-

vated by growth factors and nutrients. This creates a coinci-

dence detection system. Both growth factors and nutrients

must be present to activate mTORC1.19

In the presence of nutrients, mTORC1 is recruited to the lyso-

some through Rag GTPases (Rag A–D), which are themselves

anchored to the lysosomal surface by the Ragulator complex

(LAMTOR 1–5).23–28 How nutrient availability drives the

anchoring of Rag GTPases to the Ragulator and the concurrent

recruitment of mTORC1 is not fully understood. Growth factors

activate Rheb GTPase on the lysosomal surface, and Rheb acti-

vates the kinase activity of mTOR when mTORC1 is recruited to

the lysosome.19,29,30 Activated mTORC1 regulates cell growth

by promoting protein synthesis through phosphorylation of pro-

teins regulating translation including ribosomal S6 kinase 1

(S6K1) and eukaryotic translation initiation factor 4E-binding pro-

tein 1 (4E-BP1) while inhibiting protein degradation by phosphor-

ylating ATG proteins involved in autophagy initiation, maturation,

and lysosomal biogenesis.9,10,19,31–36When nutrients are scarce,

mTORC1 is inactivated, allowing autophagosome formation and

degradation of cytoplasmic contents to replenish cellular needs.

Several studies provide insights into how nutrients such as
(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. MORG1 interacts with p62/SQSTM1 and depletion of MORG1 inhibits basal autophagy flux

(A) Volcano plot of p62-interacting partners identified and quantified by mass spectrometry from p62 KO HEK293 cells reconstituted with EGFP-tagged p62 and

immunoprecipitated with GFP-Trap from four independent experiments (see Table S1).

(B) Co-immunoprecipitation of endogenous p62 and MORG1 from HeLa cells.

(legend continued on next page)
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amino acids regulate mTORC1 and autophagy.7,19,34 How

mTORC1 is regulated during nutrient availability to allow consti-

tutive basal autophagy is not understood.

In this study, we identified the WD-repeat protein mitogen-

activated protein kinase organizer 1 (MORG1) as an interactor

of selective autophagy receptor SQSTM1/p62. We discovered

that MORG1 inhibits mTORC1 activity enabling basal autophagy

flux. MORG1 interacts directly with Ragulator and active Rag

GTPases and controls the spatiotemporal localization of

mTORC1 to the lysosomal surface. SQSTM1/p62 interacts

with MORG1 and Rag GTPases upon re-addition of amino acids

following amino acid deprivation to counteract MORG1-medi-

ated inhibition and allows the activation of mTORC1. Conse-

quently, MORG1 fine-tunes the activity mTORC1 both during

amino acid availability and scarcity.

RESULTS

MORG1 interacts with p62/SQSTM1, but it is not an
autophagy substrate
To identify new interaction partners and autophagic cargoes of

SQSTM1/p62, lysates from HEK293 and mouse embryonic

fibroblast (MEF) cells knockout (KO) for p62 reconstituted with

EGFP-p62 were immunoprecipitated using GFP-Trap, followed

by mass spectrometric identification of precipitated proteins

(Figures 1A and S1A; Tables S1 and S2). We identified MORG1

(aka WD-repeat-domain-containing protein 83 [WDR83]), as a

candidate interaction partner of p62. MORG1 is reported to

bind to MEK-binding partner 1 (MP1), a scaffold protein associ-

ated with mitogen-activated protein kinase and extracellular-

signal-regulated kinase (MEK) pathways.37,38MORG1 also binds

to prolyl-hydroxylase 3 (PHD3), a critical component in regu-

lating hypoxic responses, and cell polarity adaptor protein

Par6.39,40 MORG1 co-immunoprecipitated with endogenous

SQSTM1/p62 (Figure 1B), and vice versa (Figure S1B). MORG1

and p62 colocalize in HeLa cells (Figure 1C) and bind directly

to each other (Figure 1D).

To test whether MORG1 is a p62 substrate in selective auto-

phagy, we treated both wild-type (WT) and p62 KO HeLa and

HEK293 cells with bafilomycin A1 (BafA1) for 24 h and subjected

cell lysates to immunoblotting (Figures S1C–S1F). BafA1 is an in-

hibitor of vacuolar H+ATPase (V-ATPase), and by preventing

acidification and subsequent lysosomal degradation of cargoes,

it is used to measure autophagy flux. However, MORG1 was not

degraded through the lysosome, and p62 KO did not affect
(C) HeLa cells were stained with antibodies to endogenous p62 and MORG1. L

distance. Scale bars, 20 mm.

(D) MORG1 interacts directly with p62/SQSTM1. GST pull-down assay using in vit

immobilized on glutathione Sepharose beads. Bound proteins were analyzed b

blue (CBB).

(E and F) HeLa wild-type (WT) and two clones of MORG1 KO cells analyzed by i

Values are mean ± SD. ***p < 0.001; **p < 0.005; (n = 3) ANOVA.

(G and H) HeLa WT and MORG1 KO cells stained with antibody to endogenous

were quantified (H). Values are mean ± SD. ***p < 0.001; (n = 25) t test.

(I and J) HeLa wild-type (WT) and two clones of MORG1 KO cells analyzed by

quantified (J). Values are mean ± SD. ***p < 0.001; **p < 0.005; (n = 3) ANOVA.

(K and L) HeLaWT andMORG1 KO cells stained for endogenous LC3B (K). LC3B-

t test. See also Figure S1.
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MORG1 levels under basal conditions in HeLa (Figures S1C

and S1D) or HEK293 cells (Figures S1E and S1F). Iron shortage

activates hypoxia-inducible factors (HIFs) and selective auto-

phagy.41–45 p62 regulates cellular oxygen sensing by interacting

with PHD3 and is rapidly degraded by autophagy in hypoxia.46,47

Since MORG1 interacts with components of both hypoxia- and

ERK signaling pathways, we tested whether p62 affected

MORG1 levels during the activation of HIF (HIF1A) signaling.

Consequently, we treated WT and p62 KO HeLa cells with the

iron chelator deferiprone (DFP). KO of p62 had no effect on

DFP-induced HIF1A or MORG1 degradation during iron

shortage (Figures S1G and S1H).

MORG1 KO inhibits autophagy flux
We generated MORG1 KO using CRISPR-Cas9 in both HEK293

and HeLa cell lines. Interestingly, KO of MORG1 led to the accu-

mulation of p62 and other selective autophagy receptors under

basal conditions in both HeLa (Figures 1E and 1F) and HEK293

cells (Figures S1I and S1J). Both diffuse and punctate p62 struc-

tures (p62 bodies) accumulated in MORG1 KO cells pointing to

disruption in the basal turnover of p62 (Figures 1G and 1H). Hu-

man ATG8 (hATG) proteins LC3B and GABARAP increased sub-

stantially in MORG1 KO cells (Figures 1I–1L, S1K, and S1L). This

accumulation was not exerted at the transcriptional level since

qPCR (Figures S1M and S1N) showed no significant changes

in mRNA levels of these proteins between MORG1 KO and WT

cells. Therefore, MORG1 affects protein levels of p62 and

hATG8 proteins under basal conditions.

Lipidated LC3B (LC3B-II) is degraded by autophagy, migrates

faster in gels than LC3B-I, and is used to measure autophagic

flux in cells. Treatment of WT and MORG1 KO HeLa cells with

BafA1 for 24 h resulted in a strong decrease in autophagy flux

of both p62 and NDP52 (Nuclear domain 10 protein 52) in

MORG1 KO cells compared with WT cells (Figures 2A–2C). We

obtained similar results in HEK293 WT and MORG1 KO cells

(Figures S2A and S2B). Thus, MORG1 is required for efficient

basal lysosomal turnover of these proteins (Figure 2C). We also

examined lysosomal turnover during iron shortage and starva-

tion. Lysosomal degradation of p62 and NCOA4 was signifi-

cantly reduced in MORG1 KO cells treated with DFP for 24 h

compared withWT cells (Figures 2D and 2E). However, degrada-

tion of p62 and NDP52 was not significantly affected after

placing HeLa cells in Hanks’ balanced salt solution (HBSS) for

3 h (Figures S2C and S2D). Similarly, HBSS-induced degrada-

tion of p62 in HEK293 cells was not affected (Figures S2E and
ine profile colocalization plot below represents fluorescence intensity against

ro-translated Myc-tagged proteins labeled with [35S]-methionine and GST-p62

y autoradiography (AR) and GST proteins visualized by Coomassie brilliant

mmunoblotting of selective autophagy receptors (SLRs) (E) and quantified (F).

p62 analyzed by high resolution confocal microscopy (G), p62 positive puncta

immunoblotting of human ATG8 proteins (hATG8s) (I) and the lipidated form

positive puncta were quantified (L). Values are mean ± SD. ***p < 0.001; (n = 25)
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S2F). Hence, MORG1 promotes autophagy flux and affects

basal- and iron-induced autophagy, but not starvation-induced

autophagy.

MORG1 localizes to lysosomal compartments
Confocal microscopy of HeLa cells stained with antibodies to

endogenous MORG1 and LAMP2 revealed that MORG1 local-

ized to the cytoplasm with weak nuclear distribution. MORG1 lo-

calizes significantly to lysosomal compartments, colocalizing

with LAMP2 (Figure 2F). MORG1 KO and WT cells had similar

levels of lysosomal membrane proteins LAMP1 and LAMP2

(Figures S2G andS2H).MORG1KOdid not affect lysosomal traf-

ficking or degradation as assessed by the dye quenched-bovine

serum albumin (DQ-BSA) trafficking assay48 (Figures S2I and

S2J). Thus, the effect of MORG1 on basal degradation of p62

and other ATG proteins is not exerted through a direct effect

on lysosomal trafficking or degradation.

We combined standard immunoprecipitation and APEX2-

based proximity labeling with quantitative proteomic analysis

to systematically identify potential interacting partners of

MORG1. First, we reconstituted MORG1 KO cells with Myc-

tagged MORG1 and performed a standard immunoprecipitation

using Myc trap and identified interaction partners with mass

spectrometry (Figure S2K; Table S3). Second, we performed

APEX2 proximity ligation assay (Figure 2G) using MORG1-

APEX2 stably expressed in MORG1 KO HeLa cells and

identified proximity partners with mass spectrometry (Figure 2H;

Table S4). Consistently, we identified components of the

mTORC1 signaling pathways as putative interaction partners

of MORG1 including mTOR, Raptor, Rag proteins, and

LAMTOR1 (Figures 2H and S2K; Tables S3 and S4). Interestingly,

one of the earliest known partners of MORG1, MP1, is now

known as LAMTOR 3.37,49,50

MORG1 inhibits mTORC1
Confocal microscopy of MORG1 KO cells reconstituted with

MORG1-EGFP cells showed colocalization between mTOR

and MORG1 (Figure 3A). We then analyzed the activity of

mTORC1 in WT and MORG1 KO HeLa cells. Phosphorylation

of mTOR S2448 monitors the activity of S6K1, a mTORC1 sub-

strate that phosphorylates mTOR S2448 by a feedback loop of

unknown function.51–55 Phosphorylation of mTOR S2448 was

increased in MORG1 KO relative to WT cells (Figures 3B and

3C). Also, phosphorylation of two well-characterized mTORC1

substrates, ribosomal S6K1 and eukaryotic translation initiation
Figure 2. MORG1 promotes basal autophagy flux and localizes to the
(A and B) HeLa WT and MORG1 KO cell lines treated with bafilomycin A1 for 24 h

are mean ± SD. ***p < 0.001; **p < 0.005; *p < 0.01; (n = 3) ANOVA.

(C) Ratio of (LC3B-II + BafA1/actin)/(LC3B-II/actin) after 24 h BafA1 treatment as s

are mean ± SD. *p < 0.01; (n = 3) ANOVA.

(D and E) HeLa WT and MORG1 KO cell lines treated with DFP analyzed by immu

***p < 0.001; **p < 0.005; *p < 0.01; (n = 3) ANOVA.

(F) HeLa cells stained with antibodies to endogenous MORG1 and LAMP2 analy

fluorescence intensity against line distance. Scale bars, 20 mm.

(G) MORG1-APEX2 proximity ligation assay (see STAR Methods).

(H) Volcano plot of MORG1-APEX2 proximity partners identified and quantified

independent experiments. x and y axes show the log2 (fold change) and�log10 (p v

proximity to MORG1. Orange stapled line indicate values below the statistical si
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factor 4E-BP1, was increased (Figures 3D and 3E). mTOR

is a key component of both mTORC1 and mTORC2 com-

plexes.19,20,56,57 mTORC2 phosphorylation of AKT (PKB) on

S473 in the hydrophobic motif is required for AKT function.58,59

There was no significant change in the levels of phosphorylated

AKT in MORG1 KO cells compared with WT (Figures S3A and

S3B), suggesting that MORG1 specifically affects mTORC1

signaling. mTORC1 regulates autophagy by phosphorylating

key autophagy proteins including ULK1 complex components

required for autophagy initiation,9,33 and lysosomal transcription

factors EB and E3 (TFEB and TFE3) required for lysosomal

biogenesis.11,60–62 Phosphorylation of ULK1 at S757 was signif-

icantly increased in MORG1 KO cells compared with WT

(Figures 3D and 3E), as were phosphorylation of TFEB (at

S211) and TFE3 (Figures 3D and 3E). Conversely, MORG1 over-

expression suppressed mTORC1 activity and promoted auto-

phagy as measured by increased degradation of p62

(Figures 3F and 3G). Degradation of p62 and LC3B induced by

overexpression of MORG1 is comparable to starvation-induced

degradation of these proteins (Figures S3C and S3D). Overex-

pression of MORG1 reduced phosphorylation levels of S6K1

and 4E-BP1 (Figures 3H, 3I, S3E, and S3F). Furthermore, treat-

ment of MORG1 KO cells with mTOR inhibitors Rapamycin or

Torin1 reduced the elevated protein levels of p62 and NDP52

(Figures S3G and S3H). In conclusion, MORG1’s inhibition of

mTORC1 enables basal autophagy flux.

mTORC1 activity is regulated by amino acids. Leucine stimu-

lates mTORC1 activity through the Rag GTPases.24,25,28,63

MORG1 KO induced a dramatic increase in leucine-stimulated

mTORC1 activity in HeLa cells (Figure 3J). S6K1- and 4E-BP1

phosphorylation increased in response to a broad range of

leucine concentrations. Phosphorylation of these mTORC1 sub-

strates was even detected in the absence of leucine in MORG1

KOHEK293 cells (Figure S3I). UnlikeHeLaWT cells, no reduction

of mTORC1 activity was seen upon the growth of MORG1 KO

cells in a serum-free medium (Figures S3J and S3K). MORG1

KO did not affect ERK signaling (Figure S3J). Hence, MORG1

also modulates amino acid-dependent mTORC1 signaling.

MORG1 restricts cell proliferation and migration in
breast cancer
mTORC1 is a primary regulator of cell growth.7,64–67 Hence, we

asked whether MORG1 had any effect on cell growth and prolif-

eration. Indeed, MORG1 KO significantly increased cell prolifer-

ation in both HeLa (Figure 4A) and HEK293 cells (Figure S4A).
lysosome
analyzed by immunoblotting of indicated proteins (A) and quantified (B). Values

hown in (A) corresponding to lipidated LC3B turnover or autophagy flux. Values

noblotting of indicated proteins (D) and quantified (E). Values are mean ± SD.

zed by confocal microscopy. Line profile colocalization plot below represents

(liquid chromatography-tandem mass spectrometry [LC-MS/MS]) from three

alues); t test (n =3 biological replicates per group). Red dots indicate increased

gnificance cutoff (p R 0.05) (see Table S4). See also Figure S2.
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Figure 3. MORG1 inhibits mTORC1 activity

(A) MORG1 KO HeLa cells expressing EGFP-tagged MORG1 immunostained for mTOR. Line profile colocalization plot to the right. Scale bars, 20 mm.

(B and C) HeLa WT and two clones of MORG1 KO cells immunoblotted for mTOR and phosphorylated mTOR (B) and quantified (C). Values are mean ± SD.

**p < 0.005; (n = 3) ANOVA.

(D and E) HeLa WT and two clones of MORG1 KO cells immunoblotted for the indicated proteins (D) and quantified (E). Values are mean ± SD. **p < 0.005;

*p < 0.01; (n = 3) ANOVA.

(F and G) HeLa cells stably expressing Myc-tagged MORG1 immunoblotted for the indicated proteins (F) and quantified (G). Values are mean ± SD. *p < 0.01;

(n = 3) ANOVA.

(legend continued on next page)
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Next, we subjected WT and MORG1 KO HeLa and HEK293 cells

to an Incucyte-based scratch assay to measure cell migration.

When an artificial gap or ‘‘scratch’’ is made in a confluent cell

monolayer, cells at the edge of this scratch migrate to close

the gap.68,69

MORG1 KO significantly increased the migration rate of HeLa

cells (Figure 4B). This was corroborated by measuring wound

closure rate and relative wound density, which were significantly

higher for MORG1 KO compared with WT both in HeLa

(Figures 4C and 4D) and HEK293 cells (Figures S4B and S4C).

Treatment of MORG1 KO cells with Rapamycin or Torin1 signif-

icantly reduced the rate of proliferation (Figure 4E) and migration

or invasion (Figure 4F). However, inhibition of autophagy, using

the ULK1/2 kinase inhibitor MRT68921 or the PIK3C3/Vps34 in-

hibitor SAR40570,71 in HeLa WT cells, did not increase cell prolif-

eration rate (Figure S4D) or migration (Figure S4E) compared

with untreated MORG1 KO cells. Hence, MORG1 may restrict

cell proliferation and migration through a direct effect on

mTORC1 signaling.

Aberrant mTORC1 signaling is implicated in several cancers

including breast cancers. mTORC1 activity is upregulated in hu-

man epidermal growth factor receptor 2 (HER2)-positive breast

cancer contributing to cancer progression, proliferation, and

metastasis.15,72–75 Interestingly, depletion of MORG1 increased

cell proliferation (Figures 4G and S4F) and migration rates in

HER2-positive breast cancer cell lines SKBR3 and BT474

(Figures 4H, 4I, S4G, and S4H). Using the Kaplan-Meier (KM)

plotter web resource,76 we looked at the survival of 180 HER2-

positive breast cancer patients and saw a 1.6-fold increased

median survival correlating with high levels of MORG1 mRNA

(Figure S4I), although there was no statistically significant effect

on overall survival. Encouraged by this result, we looked for a

correlation between MORG1 mRNA levels and survival in other

cancers using the Pancancer KM plotter web resource77 and

found a very significant positive effect of increased MORG1

mRNA expression on the survival of bladder carcinoma (BLC),

pancreatic ductal adenocarcinoma (PDAC), and cervical squa-

mous cell carcinoma (CSCC) (Figures 4J–4L). There was also a

survival benefit in sarcoma (SC) and uterine corpus endometrial

carcinoma (UCEC) (Figures S4J and S4K).
MORG1 interacts directly with Rag GTPases and the
Ragulator complex
MORG1 interacts with MP1 (LAMTOR3).37,49,50 Pull-down as-

says show direct binding of MORG1 to members of the Ragula-

tor complex (Figure S5A). Proximity interactomics revealed

mTORC1 components as potential MORG1 interaction partners

(Figures 2H andS2K). RagA co-localized strongly withMORG1 in

MORG1 KO HeLa cells reconstituted with MORG1-EGFP (Fig-

ure 5A), and MORG1 interacted directly with the Rag GTPases

(Figure 5B). Immunoprecipitation of endogenous MORG1 co-

precipitated all Rag GTPases (Figure 5C). Conversely, all Rag
(H and I) HeLa cells expressing Myc-tagged MORG1 immunoblotted for mTO

(n = 3) ANOVA.

(J) HeLa WT and MORG1 KO cells grown in amino-acid-free media 1 h and then i

immunoblotted for mTORC1 substrates S6K1 and 4E-BP1. See also Figure S3.
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GTPases immunoprecipitated endogenous MORG1, with RagA

and RagD binding the strongest to MORG1 (Figure S5B).

Galectins regulate mTORC1 activity in response to endomem-

brane damage.78 Galectin 8 localized in proximity to MORG1

(Figure 2H), and we confirmed direct interactions between

MORG1 and Galectins with a strong affinity for Galectin 8 (Fig-

ure S5C). In conclusion, MORG1 interacts directly with several

components of the mTORC1 signaling pathway including the

Ragulator complex and Rag GTPases (Figure S5D).

MORG1 interacts with active Rag GTPases
Rag GTPases integrate multiple signals from upstream compo-

nents to induce lysosomal recruitment of mTORC1.24,25 They

form obligate heterodimers of RagA/B bound to RagC/D.79,80

The heterodimer is active and recruits mTORC1 to the lysosome

onlywhenRagA/B is bound to guanosine triphosphate (GTP) and

RagC/D is bound to guanosine diphosphate (GDP). This unique

locking mechanism stabilizes an active conformation of GTP-

bound RagA/B linked to GDP-bound RagC/D and an inactive

conformation of GDP-bound RagA/B linked to GTP-bound

RagC/D.27,81,82 We asked whether the nucleotide-loading state

of monomeric Rag GTPases affected their interaction with

MORG1. Thus, we stably expressedWT RagGTPases, constitu-

tively active and inactive mutants, in HeLa cells and performed

Myc-Trap analysis. Interestingly, MORG1 interacted strongly

with both WT RagA and constitutively active GTP-bound RagA

(RagAGTP; RagA Q66L), but not with inactive GDP-bound RagA

(RagAGDP; RagA T21L) (Figure 5D). In contrast, MORG1 inter-

acted only weakly with WT RagC and inactive RagCGTP (RagC

Q120L), but more with active RagCGDP (RagC S75L) (Figure 5D,

lane 6). The reverse was observed for RagB and RagD (Fig-

ure S5E). MORG1 interacted weakly with WT and inactive

RagBGDP (RagB T54L), but more with active RagBGTP (RagB

Q99L) (Figure S5E). Similarly, MORG1 interacted strongly with

WT and active RagDGDP (RagD S77L) but weakly with inactive

RagDGTP (RagD Q121L) (Figure S5E). We then tested whether

MORG1’s affinity for Rag GTPases is affected by the nucleotide

state of the heterodimers. MORG1 bound strongly to the WT

RagA-RagC heterodimer, but not to inactive RagAGDP-contain-

ing heterodimers (Figure 5E). Furthermore, MORG1 bound

strongly to the active RagAGTP-RagCGDP heterodimer, but not

to the inactive RagAGDP-RagCGTP heterodimer (Figure 5E). Simi-

larly, MORG1 interacted strongly with the heterodimer contain-

ing WT or active RagBGTP, but not the heterodimer containing

inactive RagBGDP (Figure S5F). MORG1 also binds the hetero-

dimer containing WT or active RagDGDP, but not the inactive

RagBGDP-RagDGTP heterodimer (Figure S5F). Since MORG1

binds active Rag GTPase dimers, we tested the interaction be-

tween MORG1 and the Rag GTPases in conditions of amino

acid scarcity and availability. Availability of amino acids stimu-

lates the formation of active Rag heterodimers, whereas amino

acid removal inactivates Rag dimers.24,25,28,83,84 In the absence

of amino acids, endogenous MORG1 weakly interacts with Rag
RC1 substrates (H) and quantified (I). Values are mean ± SD. **p < 0.005;

n media containing 0, 1.04, 5.2, 10.4, 52, or 104 mg/mL leucine for 10 min were
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Figure 4. MORG1 negatively regulates cell proliferation and migration

(A) MORG1 KO increases cell proliferation. Equal numbers of HeLa WT and MORG1 KO cells cultured for 4 days. Cell numbers determined by Incucyte cell

analysis system.

(legend continued on next page)
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GTPases. This interaction increases in the presence of amino

acids (Figure 5F). In conclusion, MORG1 interacts preferably

with active Rag GTPase complexes. This may modulate how

the active Rag GTPases recruit mTORC1 to the lysosome and

help fine-tune mTORC1 activity (Figure 5G).

MORG1 inhibits the recruitment of mTORC1 to the
lysosome
We hypothesized that MORG1 would affect the recruitment of

mTORC1 to lysosomes through interaction with active Rag

GTPases. MORG1 KO cells showed an increased localization

of mTOR to LAMP2-positive structures (Figures 5H and 5I).

This localization was lost upon overexpressing MORG1 in WT

HeLa cells (Figures S5G and S5H). Lysosomes analyzed by

lysosomal immunoprecipitation (LysoIP)85 (Figure S6A) had

increased levels of mTOR, Raptor, and Rag GTPases in

MORG1KO relative toWT cells, although the cell lysates showed

no differences in the levels of these proteins (Figures 6A and 6B).

Levels of Ragulator proteins LAMTOR1 and LAMTOR3 were un-

changed in the LysoIP and cell lysates (Figures 6A and 6B). Ra-

gulator sits on the lysosome and recruits or anchors Rag

GTPases to the lysosome. Subsequently, the Rag GTPases

can recruit mTORC1 for activation at the lysosomal surface.23–28

To explore if MORG1 affects Ragulator-mediated recruitment of

Rag GTPases, we stably expressed Myc-tagged LAMTOR1 in

WT and MORG1 KO HeLa cells and subjected the cells to

Myc-trap. Immunoprecipitation showed increased interaction

between Ragulator protein LAMTOR1 and Rag GTPases in

MORG1 KO compared withWT cells (Figures 6C and 6D). Higher

amounts of RagA, RagC, and Raptor were recovered in immuno-

precipitates from MORG1 KO compared with WT cells, whereas

the ratio of Ragulator proteins LAMTOR1 and LAMTOR3was un-

changed (Figures 6C and 6D). Similarly, theMyc-trap of cells sta-

bly expressing Myc-RagA showed an increased interaction be-

tween RagA and LAMTOR1 in MORG1 KO cells compared

with WT, whereas the interaction between RagA and RagC did

not change (Figures 6E and 6F). However, the interaction be-

tween Ragulator components and Rag GTPases decreased in

cells overexpressing HA-tagged MORG1 (Figures S6B–S6E). In

all cases, the interaction between the components of Ragulator

(Figures S6B and S6C) or the Rag GTPases (Figures S6D and

S6E) did not change. Hence, MORG1may modulate the interac-

tion between Ragulator and Rag GTPases. We confirmed this

using competitive glutathione S-transferase (GST) pull-down as-

says. GST-LAMTOR2 immobilized on glutathione Sepharose

beadswas used in pull-downswith in-vitro-translated RagC (Fig-
(B) Incucyte scratch assay of HeLa WT and MORG1 KO cells.

(C and D) Percentage wound closure and relative wound density from Incucyte-b

(E) MORG1 KO HeLa cells treated with 250 nM Rapamycin or 250 nM Torin1 cul

(F) Relative wound density from Incucyte-based scratch assay of MORG1 KO ce

mean ± SD. ***p < 0.001; (n = 3) ANOVA.

(G) MORG1 inhibits cell proliferation in HER2-positive breast cancer cells. SKB

numbers determined by Incucyte.

(H and I) Percentage wound closure and relative wound density from the Incucyte

(J–L) Kaplan-Meier plots showing probabilities of survival of three cancer forms re

shown. Red or black numbers indicate survivors with high or low MORG1 levels

noma; CSCC, cervical squamous cell carcinoma. See also Figure S4.
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ure S6F) or RagD (Figure S6G), respectively, in the presence of

increasing amounts of MORG1. The interaction between RagC

and RagD and LAMTOR2 was reduced in the presence of

increasing amounts of MORG1. To corroborate these results,

we examined the localization of mTOR in HeLa WT and

MORG1 KO cells and colocalization between mTOR and

MORG1 in the presence and absence of amino acids

(Figures 6G, 6H, S6H, and S6I). When cells were starved of

amino acids, mTOR was not localized to the lysosome (Fig-

ure 6G). However, mTOR localized to the lysosome upon the

addition of amino acids inWT cells (Figures 6G and 6H). Interest-

ingly, lysosomal localization of mTOR increased in MORG1 KO

cells both in the absence and presence of amino acids

compared with WT (Figures 6G and 6H). MORG1 also localized

to the lysosome during leucine starvation, whereas mTOR did

not (Figures S6H and S6I). Colocalization between mTOR and

MORG1 on the lysosome increased with increasing concentra-

tions of leucine (Figures S6H and S6I). In conclusion, MORG1

regulates the spatiotemporal localization ofmTORC1 to the lyso-

somal surface through interactions with both Rag GTPases and

Ragulator.

MORG1 inhibits mTORC1 signaling through its
N-terminal interaction with Rag GTPases
Reintroduction of MORG1 in MORG1 KO cells reduced phos-

phorylation levels of mTOR S2448 to WT levels (Figures S6J

and S6K). Basal degradation of p62, NDP52, and hATG8 pro-

teins, LC3B and GABARAP, was also restored (Figures S6L–

S6O). MORG1 contains seven WD repeats and a short N-termi-

nal arm (Figure S6P). The N-terminal arm is required for binding

to Rag GTPases (Figures 6I and S6P). Leucine stimulation

demonstrated a stronger increase in mTORC1 activity in

MORG1 KO than in WT cells (Figures 3J and S3I). This leucine-

stimulated increase in mTORC1 activity was reduced by the

reconstitution of MORG1 KO cells with WT MORG1 (Figures 6J

and 6K), but not by the mutant lacking the N-terminal amino

acids (Figures 6L and 6M). Thus,MORG1 regulatesmTORC1 ac-

tivity during conditions of amino acid availability and scarcity

through direct interaction with Rag GTPases.

MORG1 and p62 act antagonistically on mTORC1
activation upon amino acid restimulation
p62/SQSTM1 regulates mTORC1 signaling through interaction

with Raptor and RagGTPases.86,87 p62 KOdoes not have any ef-

fect onmTORC1 signaling under basal conditions (Figure S7A). In

agreement with a previous study by Duran et al.,86 p62 KO
ased scratch assay in (B). Values are mean ± SD. ***p < 0.001; (n = 3) ANOVA.

tured for 4 days and cell numbers were determined.

lls treated with 250 nM Rapamycin or 250 nM Torin1 post scratch. Values are

R3 cells treated with control or MORG1 sgRNA cultured for 4 days and cell

-based scratch assay in (G). Values are mean ± SD. **p < 0.005; (n = 3) ANOVA.

lative to MORG1 mRNA levels. Number of survivals after indicated months are

, respectively. BLC, bladder carcinoma; PDAC, pancreatic ductal adenocarci-
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Figure 5. MORG1 interacts with active Rag GTPases and restricts recruitment of mTORC1 to the lysosome

(A) MORG1 KO HeLa cells stably expressing EGFP-tagged MORG1 stained for endogenous RagA. Line profile colocalization plot below. Scale bars, 20 mm.

(B) MORG1 binds directly to Rag GTPases. GST pull-down assay of in-vitro-translated Myc-MORG1 with recombinant GST-tagged Rag GTPases. AR, auto-

radiography; CBB, Coomassie brilliant blue.

(C) Endogenous MORG1 co-immunoprecipitated Rag GTPases from HeLa cell extracts.

(D) MORG1 preferentially interacts with RagAGTP and RagCGDP. Myc-tagged WT Rag GTPases and indicated mutants stably expressed in HeLa cells immu-

noprecipitated using Myc trap with co-immunoprecipitated MORG1 analyzed by immunoblotting.

(E) MORG1 binds to active Rag GTPases. HA-tagged MORG1 co-immunoprecipitated with WT and mutant Rag GTPases expressed in HeLa cells.

(legend continued on next page)
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significantly reduced mTORC1 activation following leucine stim-

ulation (Figure 7A). Deletion mapping of p62 identified amino

acids 170–256 as the region of p62 binding to MORG1

(Figures S7B and S7C). We confirmed direct interactions be-

tween p62 and RagC and RagD (Figure S7D).86 Surprisingly,

the binding of p62 to RagC is via the same region of p62 that

binds toMORG1 (Figure S7E). BothWT p62 and the binding-defi-

cient mutant (D170–256) were efficiently degraded by autophagy

(Figure S7F). However, although p62 KO cells reconstituted with

WT p62 restored mTORC1 activity after leucine stimulation, the

MORG1- and Rag GTPase-binding-deficient mutant did not (Fig-

ure 7B). SinceMORG1andRagGTPases bind to the same region

of p62, we reasoned that MORG1 may restrict p62’s role in

mTORC1 signaling by competitively inhibiting or modulating

p62’s interaction with Rag GTPases. Thus, we performed

in vitro competitive pull-down assays. We immobilized p62 fused

with either maltose-binding protein (MBP) on amylose resin (Fig-

ure 7C) or withGST on glutathioneSepharose beads (Figure S7G)

and performed pull-down assays with in-vitro-translated RagD or

RagC, respectively, with increasing amounts of MORG1

(Figures 7C and S7G). Binding of Rag GTPases to p62 was

dramatically reduced in the presence of increasing amounts of

MORG1. Conversely, we immobilized RagC and RagD and

tested their interaction with in-vitro-translated p62 in the pres-

ence of increasing amounts of MORG1 (Figures 7D and S7H).

In both cases, p62 binding to Rag GTPases was reduced

by MORG1.

We then compared mTORC1 signaling in basal conditions in

MORG1 KO-, p62 KO-, or MORG1 + p62 double KO (DKO)

cells (Figures 7E and 7F). Although mTORC1 signaling is

significantly upregulated in MORG1 KO, there was no change

in mTORC1 signaling in p62 KO cells. Interestingly, mTORC1

signaling was also upregulated in MORG1 + p62 DKO cells.

By stably expressing Myc-tagged RagC in these KO cells,

we discovered that MORG1 KO upregulates the interaction

between RagC and Raptor. The interaction was also upregu-

lated in MORG1 + p62 DKO cells (Figures 7G and 7H). Inter-

estingly, p62 KO did not affect the interaction between

RagC and Raptor under basal conditions (Figures 7G and

7H), and p62 KO did not affect the interaction between

RagC and MORG1 (Figures 7G, S7I, and S7J). Thus, although

MORG1 regulates mTORC1 signaling under basal conditions,

p62 is dispensable.

We then examined conditions of amino acid withdrawal and re-

addition. mTORC1 signaling is significantly higher upon leucine

restimulation after amino acid withdrawal compared with basal

conditions both in WT and MORG1 KO cells (Figures S7K and

S7L). Furthermore, although MORG1 KO upregulated mTORC1

activity upon leucine stimulation, mTORC1 activity was signifi-

cantly reduced in p62 KO and MORG1+p62 DKO cells

(Figures 7I and 7J). Interaction between Myc-RagC and Raptor

was very weak in the absence of amino acids, although signifi-
(F) Rag GTPases co-immunoprecipitated with endogenous MORG1 from HeLa c

(G) MORG1 inhibits mTORC1 by interacting with active Rag GTPases and Ragu

phorylating key substrates.

(H and I) HeLa WT and MORG1 KO cells stained for endogenous mTOR and LA

***p < 0.001; (n = 25) t test. Scale bars, 10 mm. See also Figure S5.
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cantly higher in MORG1 KO cells compared with WT cells

(Figures 7K and 7L). Interaction between Myc-RagC and Raptor

increased upon restimulation with amino acids in WT and

MORG1 KO cells (Figures 7K, 7L, and S7M). No increase was

seen in p62 KO cells, and only a partial increase was seen in

MORG1 + p62 DKO cells after restimulation with amino acid for

20 min (Figures 7K, 7L, and S7M). Interaction between RagC

andMORG1 increased in the absenceof p62,whereas interaction

between RagC and p62 increased in the absence of MORG1

(Figures 7K, 7L, and S7M). Hence, MORG1 and p62 act antago-

nistically on mTORC1 activation upon amino acid restimulation.

The interaction between p62 and MORG1 did not change dur-

ing amino acid withdrawal or restimulation (Figure S7N). Since

MORG1 also binds Ragulator, we asked whether p62 could do

so. However, p62 does not bind any of the Ragulator proteins

(Figure S7O). Mapping the region of MORG1 binding to p62,

we found that deleting the N-terminal arm reduced binding,

and removal of the three N-terminal WD domains abolished it

(Figures S6P and S7P). MORG1 likely interacts with p62 through

two surfaces, an N-terminal region, which may explain the

competitive interaction with the Rag GTPases, and the region

encompassing the WD1–3 domains.

Since MORG1 interacts with p62 under basal conditions (full

medium) when p62 is dispensable for mTORC1 signaling, p62

and MORG1 may engage outside the lysosome in interactions

likely relevant in other contexts. Hence, we examined colocaliza-

tion between p62 and MORG1 during basal conditions, amino

acid withdrawal, and restimulation (Figures 7M and 7N). In basal

conditions, MORG1 co-localized extensively with LAMP2,

whereas a few p62 puncta are positive for LAMP2 (Figures 7M

and 7N). Several regions with complete overlap between

MORG1 and LAMP2 contain only a few p62 dots (Figure 7M, cir-

cles in the upper panel). MORG1 and p62 colocalize in several

puncta on and outside the lysosome (Figure 7M, arrows in upper

panel). Under basal conditions, p62 is dispensable for mTORC1

signaling, whereas MORG1 restricts mTORC1 hyperactivation.

However, upon amino acid withdrawal and restimulation, p62

becomes localized extensively to the lysosome (Figures 7M

and 7N) and functions inmTORC1 activation. Together, these re-

sults suggest a competitive relationship between MORG1 and

p62 with respect to interaction with active Rag GTPases and

activation of mTORC1 upon amino acid withdrawal and restimu-

lation (Figure 7O).

DISCUSSION

We identified MORG1 as a negative regulator of mTORC1 under

nutrient-rich conditions. MORG1 bound to the active Rag

GTPases to inhibit mTORC1 localization to the lysosome and

phosphorylation of downstream targets. MORG1 interacted

both with Ragulator components and Rag GTPases. Although

identified as an interactor of autophagy receptor p62/SQSTM1,
ells grown in presence or absence of amino acids.

lator. In absence of MORG1, mTORC1 signaling becomes hyperactive phos-

MP2 (H) co-localization quantified using Pearson’s correlation coefficients (I).
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MORG1 is not an autophagy substrate. Depletion of MORG1

strongly reduced the basal autophagy flux of p62/SQSTM1,

other selective autophagy receptors, and ATG proteins. This

occurred without inhibiting starvation-induced autophagy.

The interaction of MORG1 with Rag GTPases and spatiotem-

poral regulation of mTORC1 add to the complexity of signaling

nodes required to fine-tune mTORC1 activity during normal

and stress conditions. Amino acid regulation of mTORC1 is

well studied.18,23–28 The presence of amino acids activates the

Rag GTPases recruiting mTORC1 to the lysosome. Presence

of mTORC1 on the lysosome does not completely block auto-

phagy. Cells still carry our selective autophagy during conditions

of amino acid availability signifying the presence of alternative

regulation mechanisms for mTORC1. The interaction of

MORG1 with both Ragulator and Rag GTPase regulates

mTORC1 recruitment to the lysosome in amino acid-replete con-

ditions. MORG1 interacts with active Rag GTPases and restricts

how these localize mTORC1 to the lysosome. This spatiotem-

poral regulation fine-tunes the recruitment of mTORC1 to the

lysosome, especially during periods of nutrient availability. This

facilitates constitutive basal autophagy during nutrient availabil-

ity and mTORC1 activation. Rag GTPase dimers are not

functionally redundant. Different heterodimers define selective

activation of mTORC1 and substrate specificity.84,88,89 Specif-

ically, the RagA/D dimer specifies mTORC1-dependent phos-

phorylation of TFEB and stronger association with the lyso-

some.84 Our data show that MORG1 KO increased the

phosphorylation of TFEB/TFE3 by mTORC1, which inhibits lyso-

somal biogenesis. MORG1 shows a preference for the Rag A/D

dimer (Figures 5B–5F, S5B, S5E, and S5F). This may explain

MORG1’s ability to fine-tune mTORC1 availability at the lyso-

some to regulate autophagy. It will be interesting in future studies

to determine to what extent other mTORC1-regulated processes

may be affected by MORG1.

Other proteins regulate mTORC1 activity through interaction

with Rag GTPases or Ragulator. SH3-domain-binding protein 4

(SH3BP4) binds to inactive Rag GTPase to inhibit the formation

of the active RagGTPase complex upon amino acid starvation.90

p27 interacts with LAMTOR1 and interferes with Ragulator as-

sembly and Rag recruitment, regulating mTORC1 activity during

the cell cycle.8 These may also affect basal autophagy via their

effects on mTORC1.
Figure 6. MORG1 KO increases recruitment of mTOR, Rag GTPases a

(A and B) LysoIP of HeLa WT and MORG1 KO cells stably expressing TMEM192-

proteins (A) and quantified (B). Values are mean ± SD. **p < 0.005; *p < 0.01; NS

(C and D) Proteins co-immunoprecipitated with Myc-LAMTOR1 from HeLa WT an

are mean ± SD. **p < 0.005; *p < 0.01; NS, not significant; (n = 3) ANOVA.

(E and F) Proteins co-immunoprecipitated with Myc-RagA from HeLa WT and M

mean ± SD. **p < 0.005; *p < 0.01; NS, not significant; (n = 3) ANOVA.

(G and H) HeLa WT and MORG1 KO cells grown in amino-acid-free media for

endogenous mTOR and LAMP2 (G) colocalization quantified using Pearson’s corr

bars, 20 mm.

(I) MORG1 interacts with Rag GTPases through its N-terminal arm. GST pull-do

recombinant GST-tagged RagA. AR, autoradiography; CBB, Coomassie brilliant

(J and K) Immunoblots (J) with quantifications (K) ofmTORC1 substrates fromHeL

grown in amino-acid-free media 1 h and then in media containing leucine for 10

(L andM) Immunoblots (L) with quantifications (M) of mTORC1 substrates fromMO

truncated mutant grown as in (J). Values are mean ± SD. **p < 0.005; NS, not sig
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We findMORG1 to regulate the ability of p62/SQSTM1 to acti-

vate mTORC1 upon the add-back of amino acids. p62/SQSTM1

is reported as an integral part of the mTORC1-signaling pathway

interacting with Raptor and Rag GTPases.86 p62 is dispensable

for mTORC1 signaling in basal conditions but recruited to the

lysosome during amino acid withdrawal and restimulation as

part of a stress response. Here, we showed that p62/SQSTM1’s

interaction with the Rag GTPases in human cells is the major

driver of mTORC1 activation upon leucine stimulation. MORG1

may regulate the interactions that Rag GTPases have with

Ragulator and p62/SQSTM1 (Figure 7O). It is likely that during

this response, p62 also supports mTORC1 signaling by other

MORG1-independent mechanism(s).

Interestingly, MORG1may have tumor-suppressive properties

for certain cancers. Depletion of MORG1 correlated with

increased proliferation and metastatic capabilities in HER2-pos-

itive breast cancer cells. Activation of the mTORC1 pathway is

common in breast cancer, especially in HER2-positive breast

cancer where it contributes to cancer progression, proliferation,

and metastasis.15,72–75 Strikingly, we found a significant correla-

tion between MORG1mRNA levels and survival for bladder can-

cer (n = 404), pancreatic ductal carcinoma (n = 177), and cervical

squamous carcinoma (n = 304). Hence, the ability of MORG1 to

regulate the mTORC1-signaling pathway we have reported here

may be important to prevent metastasis and uncontrolled prolif-

eration in several cancers.

Limitations of the study
Further investigation is required to fully understand mechanisti-

cally how MORG1 restricts mTORC1 signaling under different

conditions (basal versus amino acid restimulation). For example,

it will be important to elucidate whether MORG1 affects the

nucleotide-loading state of the Rag GTPases. It is also important

to determine how MORG1 is tethered to the lysosome. The fact

that there is a residual basal autophagy flux in MORG1-depleted

cells may point to the presence of MORG1-mTORC1-indepen-

dent regulation of basal autophagy involving autophagy recep-

tors like p62 and NDP52. This has not been addressed in this

study. Moreover, p62 is dispensable for mTORC1 activity under

basal conditions, but important under amino acid withdrawal

and restimulation, likely as part of a coordinated stress

response. In future studies, it will be interesting to elucidate
nd Raptor to the lysosome

3xHA or TMEM192-2xFLAG using anti-HA beads immunoblotted for indicated

, not significant; (n = 3) ANOVA.

d MORG1 KO cells analyzed by immunoblotting (C) and quantified (D). Values

ORG1 KO cells analyzed by immunoblotting (E) and quantified (F). Values are

1 h and restimulated with amino acids for 10 min were immunostained for

elation coefficients (H). ***p < 0.001; **p < 0.005; *p < 0.01; (n = 25) t test. Scale

wn assay of in-vitro-translated Myc-MORG1 WT and indicated mutants with

blue.

aWT,MORG1KO andMORG1KOcells stably reconstitutedwithMORG1-Myc

min. Values are mean ± SD. ***p < 0.001; **p < 0.005; (n = 3) ANOVA.

RG1 KOHeLa cells stably reconstituted with MORG1-MycWT and N-terminal

nificant; (n = 3) ANOVA. See also Figure S6.
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how p62 can support mTORC1 signaling via a MORG1-indepen-

dent mechanism.
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Pases

Immunoblots of mTORC1 substrate S6K1 from HeLaWT and p62 KO cells gro

0 min.

Immunoblots of mTORC1 substrate S6K1 from p62 KO cells stably reconstitu

MORG1 competes with the Rag GTPases for p62 binding. MBP pull-down com

sence of increasing amounts of in-vitro-translated Myc-MORG1. AR, autorad

MORG1 inhibits binding of p62 to the Rag GTPases. MBP pull-down comp

easing amounts of in-vitro-translated Myc-MORG1.

nd F) Levels of mTORC1 substrates S6K1 and 4E-BP1 in HeLaWT, MORG1 K

ntified (F). Values are mean ± SD. ***p < 0.001; *p < 0.01; NS, not significant;

nd H) Myc-Trap immunoprecipitation from HeLa WT and indicated KO cells s

ntified (H). Values are mean ± SD. *p < 0.01; NS, not significant; (n = 4) ANO

d J) HeLaWT and indicated KO cells grown in amino-acid-free media for 4 h an

1 and phosphorylated S6K1 (I) and quantified (J). Values are mean ± SD. **p

nd L) Myc-Trap immunoprecipitation fromHeLaWT and indicated KO cells sta

timulated with amino acids for 20 min. Co-immunoprecipitated proteins wer

< 0.001; **p < 0.005; *p < 0.01; NS, not significant; (n = 2) ANOVA.

and N) HeLaWT cells grown in full media (basal) or amino acid-free-media for 4

ogenous MORG1, p62 and LAMP2, and analyzed by confocal microscopy (M

rson’s correlation coefficients (N). ***p < 0.001; *p < 0.01; NS, not significant

Model of how MORG1 may regulate p62/SQSTM1-Rag GTPase-mTORC1 sig

lysosome to relieve the inhibitory interaction between MORG1 and Rag GTPa

ivation. See also Figure S7.
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Antibodies

Mouse monoclonal anti-p62-Lck Ligand BD Biosciences Cat#610833, RRID: AB_398152

Mouse monoclonal anti-NBR1 Santa Cruz Biotechnology Cat#sc-130380, RRID: AB_2149402

Rabbit polyclonal anti-TAX1BP1 Sigma-Aldrich Cat#HPA024432, RRID: AB_1857783

Rabbit polyclonal anti-OPTINEURIN Sigma-Aldrich Cat#HPA003360, RRID: AB_1079528

Rabbit polyclonal anti-OPTINEURIN Abcam Cat#ab23666, RRID: AB_447598

Rabbit polyclonal anti-MORG1 Sigma-Aldrich Cat#HPA042838, RRID: AB_10794173

Mouse monoclonal anti-MORG1 Abnova Cat#H00084292-M02, RRID: AB_1137312

Mouse monoclonal anti-Myc-tag Cell Signaling Technology Cat#2276, RRID: AB_331783

Rabbit polyclonal anti-GAPDH Sigma-Aldrich Cat#G9545, RRID: AB_796208

Rabbit polyclonal anti-ACTIN Sigma-Aldrich) Cat#A2066, RRID: AB_476693

Rabbit polyclonal anti-LC3B Novus Cat#NB100-2220, RRID: AB_10003146

Rabbit polyclonal anti-LC3B Sigma-Aldrich Cat#L7543, RRID: AB_796155

Rabbit polyclonal anti-GFP Abcam Cat#ab290, RRID: AB_303395

Mouse monoclonal anti-HA Tag Cell Signaling Technology Cat#3724, RRID: AB_1549585

Mouse monoclonal anti-HIF1A BD Biosciences Cat#610959, RRID: AB_398272

Rabbit monoclonal anti-HIF2A Cell Signaling Technology Cat#7096, RRID: AB_10898028

Rabbit polyclonal anti-PHD3 Novus Cat#NB100-139, RRID: AB_2096716

Mouse monoclonal anti-NCOA4 Sigma-Aldrich Cat#SAB1404569, RRID: AB_10759525

Rabbit monoclonal anti-NDP52 Cell Signaling Technology Cat#60732, RRID: AB_2732810

Rouse monoclonal anti-GABARAP MBL International Cat#M135-3, RRID: AB_10364779

Rabbit monoclonal anti-mTOR Cell Signaling Technology Cat#2983, RRID: AB_2105622

Rabbit monoclonal anti-mTOR Cell Signaling Technology Cat# 2972, RRID: AB_330978

Rabbit monoclonal anti-Phospho-mTOR (S2448) Cell Signaling Technology Cat#2971, RRID: AB_330970

Rabbit polyclonal anti-LAMP1 Sigma-Aldrich Cat#L1418, RRID: AB_477157

Mouse monoclonal anti-LAMP1 DSHB Cat#h4a3, RRID: AB_2296838

Mouse monoclonal anti-LAMP2 Santa Cruz Biotechnology Cat#sc-18822, RRID: AB_626858

Mouse monoclonal anti-LAMP2 DSHB Cat#h4b4, RRID: AB_528129

Rabbit polyclonal anti-GST Santa Cruz Biotechnology Cat#sc-459, RRID: AB_631586

Rabbit monoclonal anti-S6K1 Cell Signaling Technology Cat#9202, RRID: AB_331676

Rabbit monoclonal anti-Phospho-S6K1 Cell Signaling Technology Cat#9205, RRID: AB_330944

Rabbit monoclonal anti-4E-BP1 Cell Signaling Technology Cat#9644, RRID: AB_2097841

Rabbit monoclonal anti-Phospho-4E-BP1 Cell Signaling Technology Cat#9451, RRID: AB_330947

Rabbit monoclonal anti-ULK1 Cell Signaling Technology Cat#8054, RRID: AB_11178668

Rabbit monoclonal anti-Phospho-ULK1 Cell Signaling Technology Cat#6888, RRID: AB_10829226

Rabbit monoclonal anti-AKT Cell Signaling Technology Cat#9272, RRID: AB_329827

Rabbit monoclonal anti-Phospho-AKT Cell Signaling Technology Cat#9271, RRID: AB_329825

Rabbit monoclonal anti-LAMTOR1 Cell Signaling Technology Cat#8975, RRID: AB_10860252

Rabbit monoclonal anti-LAMTOR2 Cell Signaling Technology Cat#8145, RRID: AB_10971636

Rabbit monoclonal anti-LAMTOR3 Cell Signaling Technology Cat#8168, RRID: AB_10949501

Rabbit monoclonal anti-LAMTOR4 Cell Signaling Technology Cat#12284, RRID: AB_2797870

Rabbit monoclonal anti-LAMTOR5 Cell Signaling Technology Cat#14633, RRID: AB_2798547

Rabbit monoclonal anti-RagA Cell Signaling Technology Cat#4357, RRID: AB_10545136

Rabbit monoclonal anti-RagB Cell Signaling Technology Cat#8150, RRID: AB_11178806

Rabbit monoclonal anti-RagC Cell Signaling Technology Cat# 3360, RRID: AB_2180068
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Rabbit monoclonal anti-RagD Cell Signaling Technology Cat#4470, RRID: AB_1950380

Rabbit monoclonal anti-TFEB Cell Signaling Technology Cat#4240, RRID: AB_11220225

Rabbit monoclonal anti-phospho-TFEB Cell Signaling Technology Cat#37681, RRID: AB_2799117

Rabbit monoclonal anti-TFE3 antibody Cell Signaling Technology Cat#14779, RRID: AB_2687582

Mouse monoclonal anti-Raptor Santa Cruz Biotechnology Cat#sc-81537, RRID: AB_2130791

Rabbit monoclonal anti-GM130 Abcam Cat#ab52649, RRID: AB_880266

Rabbit polyclonal anti-Calnexin Abcam Cat#ab10286, RRID: AB_2069009

Mouse monoclonal IgG1 isotype control Cell Signaling Technology Cat#5415, RRID: AB_10829607

Rabbit polyclonal IgG control Cell Signaling Technology Cat#2729, RRID: AB_1031062

Rabbit monoclonal IgG isotype control Cell Signaling Technology Cat#3900, RRID: AB_1550038

HRP-conjugated anti-GST Cytiva Cat#RPN1236, RRID: AB_771429

HRP-conjugated goat anti-rabbit IgG BD Biosciences Cat#554021, RRID: AB_395213

HRP-conjugated goat anti-mouse IgG BD Biosciences Cat#554002, RRID: AB_395198

Alexa Fluor 555-conjugated goat anti-rabbit IgG Thermo Fisher Scientific Cat#A-21428, RRID: AB_2535849

Alexa Fluor 488-conjugated goat anti-rabbit IgG Thermo Fisher Scientific Cat#A-11008, RRID: AB_143165

Alexa Fluor 555-conjugated goat anti-mouse IgG Thermo Fisher Scientific Cat#A-21424, RRID: AB_141780

Alexa Fluor 488-conjugated goat anti-mouse IgG Molecular Probes Cat# A-11029, RRID: AB_2534088

Bacterial and virus strains

Escherichia coli SoluBL21 Genlantis Cat#C700200

BL21(DE3)pLysS Promega, Cat#L1195

Chemicals, peptides, and recombinant proteins

Diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific 62248; CAS: 28718-90-3

DQ-Red BSA Thermo Fisher Scientific Cat#D12051

Bafilomycin A1 Sigma-Aldrich B1793; CAS: 88899-55-2

Z-Leu-Leu-Leu-al (MG132) Sigma-Aldrich C2211; CAS: 133407-82-6

Rapamycin Sigma-Aldrich R0395; CAS: 53123-88-9

Torin 1 Santa Cruz Biotechnology sc-396760; CAS: 1222998-36-8

MRT68921 ULK1/2 Inhibitor Sigma-Aldrich SML1644; CAS: 1190379-70-4

SAR405 Vps34 Inhibitor APExBIO A8883; CAS: 1523406-39-4

HBSS Sigma-Aldrich Cat#H8264

Tetracycline Sigma-Aldrich 87128; CAS: 60-54-8

Doxycycline Sigma-Aldrich D9891; CAS: 24390-14-5

Biotin Phenol Sigma-Aldrich SML2135; CAS: 41994-02-9

Hydrogen peroxide Sigma-Aldrich H1009; CAS: 7722-84-1

Deferiprone Sigma-Aldrich 379409; CAS: 30652-11-0

Hexadimethrine bromide Sigma-Aldrich H9268; CAS: 28728-55-4

CHAPS buffer Sigma-Aldrich C3023; CAS: 331717-45-4

Hygromycin Thermo Fisher Scientific 10687-010; CAS: 31282-04-9

Critical commercial assays

TNT T7 reticulocyte Lysate system Promega Cat#L4610

High-Capacity RNA-to-cDNA Kit Thermo Fisher Scientific Cat# 4387406

Pierce BCA Protein Assay Kit Thermo Fischer Scientific Cat#23227

RNeasy Mini Kit Qiagen Cat#74104

Deposited data

Raw and analyzed data This paper/Mendeley data https://data.mendeley.com/datasets/

pwr7wvj4bt/1

Experimental models: Cell lines

Human: HeLa ATCC CCL2

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human: HEK293 ATCC CRL-1573

Human: HeLa Flp-In T-REx cells Sigma-Aldrich Cat#P4333

Oligonucleotides

gRNA sequences: MORG1: GTGAGCGGCAATCCCAACAG This Paper N/A

gRNA sequences: MORG1: CAGGTCGTGCGCAAATTCCG This Paper N/A

gRNA sequences: p62: GGCGCCTCCTGAGCACACGG This Paper N/A

gRNA sequences: p62: GTGAGCGACGCCATAGCGAG This Paper N/A

qPCR primers: NDP52: TTCTGCTGCCATCCTTGTGG,

TCCCAGGGCCCTTGTACTGA

This Paper N/A

qPCR primers: NBR1: TGCATCCCACAGAAGGCAAA,

ACAGCAGGTCCTGGGCAGTC

This Paper N/A

qPCR primers: TAX1BP1: CGGCCTGATGGCTTAGAGGA,

AGCAAAAGCCTGTCCCATGC

This Paper N/A

qPCR primers: Optineurin: AGGCAGGCAGTCCTTGATGG,

CTTGGGGCAGGAATGAATCG

This Paper N/A

qPCR primers: p62: AAAAGAAGCCGCCTGACCCC,

CCTCAACATTCCCACCCGGC

This Paper N/A

qPCR primers: LC3B: ATAGAACGATACAAGGGTGAG,

CTGTAAGCGCCTTCTAATTATC

This Paper N/A

qPCR primers: Lamin A/C: AGCTGAAAGCGCGCAATACC,

GGCCTCCTTGGAGTTCAGCA.

This Paper N/A

Recombinant DNA

Gateway pDONR221 Thermo Fisher Scientific Cat#12536017

Gateway pENTR1A Thermo Fisher Scientific Cat#A10462

pENTR223-MORG1 This Paper N/A

pDestMyc-MORG1 This Paper N/A

pDest HA-MORG1 This Paper N/A

pDest MORG1-Myc This Paper N/A

pDest MORG1-HA This Paper N/A

pDest15 MORG1 This Paper N/A

pMXs-Puro-MORG1-EGFP This Paper N/A

pMRXIP MORG1-EGFP This Paper N/A

pMXs-Puro-MORG1-Myc This Paper N/A

pMRXIP MORG1-Myc This Paper N/A

pMXs-Puro-MORG1-HA This Paper N/A

pMRXIP MORG1-HA This Paper N/A

pCDH-EF1a-gw-ires-puro-MORG1-EGFP This Paper N/A

pCDH-EF1a-gw-ires-puro-MORG1-Myc This Paper N/A

pCDH-EF1a-gw-ires-puro-MORG1-HA This Paper N/A

PCDNA5/FRT MORG1-EGFP This Paper N/A

PCDNA5/FRT MORG1-Myc This Paper N/A

PCDNA5/FRT MORG1-HA This Paper N/A

pDestMyc-MORG1 1-231 This Paper N/A

pDestMyc-MORG1 1-190 This Paper N/A

pDestMyc-MORG1 1-151 This Paper N/A

pDestMyc-MORG1 23-315 This Paper N/A

pDestMyc-MORG1 63-315 This Paper N/A

pDestMyc-MORG1 105-315 This Paper N/A

pDestMyc-MORG1 147-315 This Paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pCDH-EF1a-gw-ires-puro-MORG1 23-315-Myc This Paper N/A

PCW57.1-APEX2 This Paper N/A

PCW57.1-MORG1-APEX2 This Paper N/A

pMRXIP LAMP2-mCherry This Paper N/A

pMXs-Puro-LAMP2-mCherry This Paper N/A

pCDH-EF1a-gw-ires-puro- LAMP2-mCherry This Paper N/A

PCDNA5/FRT LAMP2-mCherry This Paper N/A

pDestMyc-NBR1 Lamark et al.91 N/A

pDestMyc-p62 Lamark et al.91 N/A

pDest15 p62 Jain et al.92 N/A

pDest15 p62 DPB1 Abudu et al.93 N/A

pDest15 p62 D123-170 Abudu et al.93 N/A

pDest15 p62 D170-256 Abudu et al.93 N/A

pDest15 p62 D256-370 Abudu et al.93 N/A

pDest15 p62 D371-385 Abudu et al.93 N/A

pDest15 p62 DUBA Abudu et al.93 N/A

pTH1 p62 Clausen et al.94 N/A

pCDH-EF1a-gw-ires-puro-Myc-p62 Abudu et al.93 N/A

pCDH-EF1a-gw-ires-puro-Myc-p62 D170-256 Abudu et al.93 N/A

pDest Myc-RagA This Paper N/A

pDest Myc-RagB This Paper N/A

pDest Myc-RagC This Paper N/A

pDest Myc-RagD This Paper N/A

pDest HA-RagA This Paper N/A

pDest HA-RagB This Paper N/A

pDest HA-RagC This Paper N/A

pDest HA-RagD This Paper N/A

pDest15 RagA This Paper N/A

pDest15 RagB This Paper N/A

pDest15 RagC This Paper N/A

pDest15 RagD This Paper N/A

pTH1 RagC This Paper N/A

pTH1 RagD This Paper N/A

pDest Myc-LAMTOR1 This Paper N/A

pDest Myc-LAMTOR2 This Paper N/A

pDest Myc-LAMTOR3 This Paper N/A

pDest Myc-LAMTOR4 This Paper N/A

pDest15 LAMTOR1 This Paper N/A

pDest15 LAMTOR2 This Paper N/A

pDest15 LAMTOR3 This Paper N/A

pDest15 LAMTOR4 This Paper N/A

pDest15 LAMTOR5 This Paper N/A

pDest15 Galectin 3 This Paper N/A

pDest15 Galectin 8 This Paper N/A

pDest15 Galectin 9 This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagA This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagB This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagC This Paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pCDH-EF1a-gw-ires-puro-Myc-RagD This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagA T21L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagA Q66L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagB T54L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagB Q99L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagC S75L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagC Q120L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagD S77L This Paper N/A

pCDH-EF1a-gw-ires-puro-Myc-RagD Q121L This Paper N/A

Software and algorithms

ImageJ Schneider et al.95 https://imagej.nih.gov/ij/

Prism 10 GraphPad Software https://www.graphpad.com/

Canvas X Canvas GFX https://www.canvasgfx.com/

products/canvas-x-draw

ScienceLab ImageGuage FujiFilm N/A

Other

cOmplete Mini EDTA-free protease inhibitor cocktail tablets Roche Applied Science Cat#11836170001

Myc-TRAP Chromotek Cat# yta-20

Glutathione Sepharose 4 Fast Flow beads GE Healthcare Cat#17-5132-01

Amylose Resin New England Biolabs Cat#E8021L

Coomassie Brilliant Blue R-250 Dye Thermo Fisher Scientific Cat#20278
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Terje Jo-

hansen (terje.johansen@uit.no).

Materials availability
All plasmids and cell lines generated in this study are available upon request from the lead contact.

Data and code availability
All original source files (microscopy images and blots) have been deposited inMendeley data and available on https://data.mendeley.

com/datasets/pwr7wvj4bt/1. All data are publicly available as of the date of publication. Accession numbers and DOI are listed in the

key resources table.

This paper does not report any original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell line models
Human cells (HeLa and HEK293) were obtained from ATCC. p62 KO MEFs were a kind gift from Masaaki Komatsu. All cells were

maintained in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/Streptomycin.

METHOD DETAILS

Antibodies and reagents
The following primary antibodies were used: mouse monoclonal anti-p62-Lck Ligand antibody (BD Bioscience, #610833), mouse

monoclonal anti-NBR1 antibody (Santa Cruz, #sc-130380), rabbit polyclonal anti-TAX1BP1 antibody (Sigma, #HPA024432), rabbit

polyclonal anti-OPTINEURIN antibody (Sigma, #HPA003360), rabbit polyclonal anti-OPTINEURIN antibody (Abcam, #ab23666), rab-

bit polyclonal anti-MORG1 antibody (Sigma, #HPA042838), mouse monoclonal anti-MORG1 antibody (Abnova, #H00084292-M02),

mouse monoclonal anti-Myc-tag antibody (Cell signal., #2276), rabbit polyclonal anti-GAPDH antibody (Sigma, #G9545), rabbit
e5 Molecular Cell 84, 552–569.e1–e11, February 1, 2024
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polyclonal anti-ACTIN antibody (Sigma, #A2066), rabbit polyclonal anti-LC3B antibody (Novus Bio., #NB100-2220), rabbit polyclonal

anti-LC3B antibody (Sigma, #L7543), rabbit polyclonal anti-GFP antibody (Abcam, #ab290), mouse monoclonal anti-FLAG M2

antibody (Sigma, #F1804), mouse monoclonal anti-HA Tag antibody (Roche, #11583816001), rabbit monoclonal anti-HA Tag anti-

body (Cell Signal, #3724S), mouse monoclonal anti-HIF1A antibody (BD Bioscience, #610959), rabbit monoclonal anti-HIF2A anti-

body (Cell Signal, #7096), rabbit polyclonal anti-PHD3 antibody (Novus Bio., # NB100-139), mousemonoclonal anti-NCOA4 antibody

(Sigma, #SAB-1404569), rabbit monoclonal anti-NDP52 antibody (Cell Signal., #60732), mousemonoclonal anti-GABARAP antibody

(MBL, #M135-3), rabbit monoclonal anti-mTOR antibody (Cell Signal, #2983), rabbit monoclonal anti-mTOR antibody (Cell Signal,

#2972), rabbit monoclonal anti-Phospho-mTOR antibody (Cell Signal, #2971), rabbit polyclonal anti-LAMP1 antibody (Sigma,

#L1418), mouse monoclonal anti-LAMP1 antibody (DSHB, #H4A3), mouse monoclonal anti-LAMP2 antibody (Santa Cruz, #sc-

18822), mouse monoclonal anti-LAMP2 antibody (DSHB, #H4B4), rabbit polyclonal anti-GST antibody (Santa Cruz, #sc-459), rabbit

monoclonal anti-S6K1 antibody (Cell Signal, #9202), rabbit monoclonal anti-Phospho-S6K1 antibody (Cell Signal, #9205), rabbit

monoclonal anti-4E-BP1 antibody (Cell Signal, #9644), rabbit monoclonal anti-Phospho-4E-BP1 antibody (Cell Signal, #9451),

rabbit monoclonal anti-ULK1 antibody (Cell Signal, #8054), rabbit monoclonal anti-Phospho-ULK1 antibody (Cell Signal, #6888), rab-

bit monoclonal anti-AKT antibody (Cell Signal, #9272), rabbit monoclonal anti-Phospho-AKT antibody (Cell Signal, #9271), rabbit

monoclonal anti-LAMTOR1 antibody (Cell Signal, #8975), rabbit monoclonal anti-LAMTOR2 antibody (Cell Signal, #8145), rabbit

monoclonal anti-LAMTOR3 antibody (Cell Signal, #8168), rabbit monoclonal anti-LAMTOR4 antibody (Cell Signal, #12284),

rabbit monoclonal anti-LAMTOR5 antibody (Cell Signal, #14633), rabbit monoclonal anti-RagA antibody (Cell Signal, #4357), rabbit

monoclonal anti-RagB antibody (Cell Signal, #8150), rabbit monoclonal anti-RagC antibody (Cell Signal, #3360), rabbit monoclonal

anti-RagD antibody (Cell Signal, #4470), rabbit monoclonal anti-TFEB antibody (Cell Signal, #4240), rabbit monoclonal anti-p-TFEB

antibody (Cell Signal, #37681), rabbit monoclonal anti-TFE3 antibody (Cell Signal, #14779), mouse monoclonal anti-Raptor antibody

(Santa Cruz, #sc-81537), rabbit monoclonal anti-GM130 antibody (Abcam, #ab52649), rabbit polyclonal anti-Calnexin antibody (Ab-

cam, #ab10286), mouse monoclonal IgG1 isotype control antibody (Cell Signal, #5415), rabbit polyclonal IgG control antibody (Cell

Signal, #2729), rabbit monoclonal IgG isotype control antibody (Cell Signal, #3900). Secondary antibodies include HRP-conjugated

anti-GST antibody (Sigma, #GERPN1236), HRP-conjugated goat anti-rabbit IgG (BD Bioscience, #554021), HRP-conjugated goat

anti-mouse IgG (BD Bioscience, #554002), Alexa Fluor 555-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific, #A-21428),

Alexa Fluor 488-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific, #A-11008), Alexa Fluor 555-conjugated goat anti-mouse

IgG (Thermo Fisher Scientific, #A-21424), Alexa Fluor 488-conjugated goat anti-mouse IgG (Thermo Fisher Scientific, #A-11029). Re-

agents: Diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, #62248), DQ-Red BSA (Invitrogen, #D12051), Bafilomycin A1

(Sigma, #B1793), MG132 (Z-Leu-Leu-Leu-al) (Sigma, #C2211), Rapamycin (Sigma, #R0395), Torin 1 (Santa Cruz, #sc-396760),

MRT68921 (Sigma, #SML1644), SAR405 (APExBIO, #A8883), Hanks Balanced salt solution (Sigma, #H8264), Hygromycin (Thermo

Fisher Scientific, #10687-010), Tetracycline, (Sigma, #87128), Doxycycline (Sigma, #D9891), Biotin Phenol (Sigma, #SML2135),

Hydrogen peroxide (Sigma, #H1009) and Deferiprone (Sigma, #379409)

Plasmids
Plasmids used in this study are presented in the table below. Details are available on request. Gateway BP and LR recombination

reactionswere done according to instruction in the gateway-cloningmanual (Thermo Fisher Scientific). Point mutations and deletions

were carried out by site directed mutagenesis. PCR and sequencing oligonucleotides were designed and ordered from Sigma. Re-

striction digestion and DNA sequencing (BigDye, Applied Biosystems, #4337455) were used to verify all plasmids.
Vector Description Source

pDONR221 Gateway donor vector Thermo Fisher

pENTR1A Gateway entry vector Thermo Fisher

pDestMyc Mammalian N-terminal Myc-tag fusion expression vector with CMV

and T7 promoters

Lamark et al.91

PDestMyc-N1 Mammalian C-terminal Myc-tag fusion expression vector with CMV

and T7 promoters

Lamark et al.91

pDest15 Bacterial GST-fusion expression vector with a T7 promoter Thermo Fisher

pENTR223-MORG1 Human MORG1 in Gateway entry vector. This study

pDestMyc-MORG1 Human MORG1 with N-terminal Myc tag This study

pDest HA-MORG1 Human MORG1 with N-terminal HA tag This study

pDest MORG1-Myc Human MORG1 with C-terminal Myc tag This study

pDest MORG1-HA Human MORG1 with C-terminal HA tag This study

pDest15 MORG1 Human MORG1 with N-terminal GST fusion tag This study

pMXs-Puro-MORG1-EGFP Retroviral vector with Human MORG1 and C-terminal EGFP tag This study

(Continued on next page)
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Vector Description Source

pMRXIP MORG1-EGFP Retroviral vector with Human MORG1 and C-terminal EGFP tag This study

pMXs-Puro-MORG1-Myc Retroviral vector with Human MORG1 and C-terminal Myc tag This study

pMRXIP MORG1-Myc Retroviral vector with Human MORG1 and C-terminal Myc tag This study

pMXs-Puro-MORG1-HA Retroviral vector with Human MORG1 and C-terminal HA tag This study

pMRXIP MORG1-HA Retroviral vector with Human MORG1 and C-terminal MHA tag This study

pCDH-EF1a-gw-ires-puro-MORG1-EGFP Lentiviral vector with MORG1 and C-terminal EGFP tag This study

pCDH-EF1a-gw-ires-puro-MORG1-Myc Lentiviral vector with MORG1 and C-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-MORG1-HA Lentiviral vector with MORG1 and C-terminal HA tag This study

PCDNA5/FRT MORG1-EGFP Flip-In vector with Human MORG1 and C-terminal EGFP tag This study

PCDNA5/FRT MORG1-Myc Flip-In vector with Human MORG1 and C-terminal Myc tag This study

PCDNA5/FRT MORG1-HA Flip-In vector with Human MORG1 and C-terminal HA tag This study

pDestMyc-MORG1 1-231 Human MORG1 amino acid 1-231 with N-terminal Myc tag This study

pDestMyc-MORG1 1-190 Human MORG1 amino acid 1-190 with N-terminal Myc tag This study

pDestMyc-MORG1 1-151 Human MORG1 amino acid 1-151 with N-terminal Myc tag This study

pDestMyc-MORG1 23-315 Human MORG1 amino acid 23-315 with N-terminal Myc tag This study

pDestMyc-MORG1 63-315 Human MORG1 amino acid 63-315 with N-terminal Myc tag This study

pDestMyc-MORG1 105-315 Human MORG1 amino acid 105-315 with N-terminal Myc tag This study

pDestMyc-MORG1 147-315 Human MORG1 amino acid 147-315 with N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-MORG1 23-315-Myc Lentiviral vector with MORG1 amino acid 23-315 and C-terminal Myc tag This study

PCW57.1-APEX2 Lentiviral vector with an engineered ascorbate peroxidase This Study

PCW57.1-MORG1-APEX2 Lentiviral vector with Human MORG1 tagged C-terminally with an

engineered ascorbate peroxidase

This Study

pMRXIP LAMP2-mCherry Retroviral vector with Human LAMP2 and C-terminal mCherry tag This study

pMXs-Puro-LAMP2-mCherry Retroviral vector with Human LAMP2 and C-terminal mCherry tag This study

pCDH-EF1a-gw-ires-puro- LAMP2-mCherry Lentiviral vector with LAMP2 and C-terminal mCherry tag This study

PCDNA5/FRT LAMP2-mCherry Flip-In vector with Human LAMP2 and C-terminal mCherry tag This study

pDestMyc-NBR1 Human NBR1 with N-terminal Myc tag Lamark et al.91

pDestMyc-p62 Human p62 with N-terminal Myc tag Lamark et al.91

pDest15 p62 Human p62 with N-terminal GST fusion tag Jain et al.92

pMXs-Neo-3xFLAG p62 Retroviral vector with Human p62 and N-terminal 3xFLAG tag Abudu et al.93

pDest15 p62 DPB1 Human p62 with PB1 domain deletion and N-terminal GST fusion tag Abudu et al.93

pDest15 p62 D123-170 Human p62 with 123-170 deletion and N-terminal GST fusion tag Abudu et al.93

pDest15 p62 D170-256 Human p62 with 170-256 deletion and N-terminal GST fusion tag Abudu et al.93

pDest15 p62 D256-370 Human p62 with 256-370 deletion and N-terminal GST fusion tag Abudu et al.93

pDest15 p62 D371-385 Human p62 with 371-385 deletion and N-terminal GST fusion tag Abudu et al.93

pDest15 p62 DUBA Human p62 with UBA domain deletion and N-terminal GST fusion tag Abudu et al.93

pTH1 p62 Human p62 with N-terminal MBP fusion tag Abudu et al.94

pCDH-EF1a-gw-ires-puro-Myc-p62 Lentiviral vector with p62 and N-terminal Myc tag Abudu et al.93

pCDH-EF1a-gw-ires-puro-Myc-p62 D170-256 Lentiviral vector with p62 D170-256 and N-terminal mCherry tag Abudu et al.93

pDest Myc-RagA Human RagA with N-terminal Myc tag This study

pDest Myc-RagB Human RagB with N-terminal Myc tag This study

pDest Myc-RagC Human RagC with N-terminal Myc tag This study

pDest Myc-RagD Human RagD with N-terminal Myc tag This study

pDest HA-RagA Human RagA with N-terminal HA tag This study

pDest HA-RagB Human RagB with N-terminal HA tag This study

pDest HA-RagC Human RagC with N-terminal HA tag This study

pDest HA-RagD Human RagD with N-terminal HA tag This study

pDest15 RagA Human RagA with N-terminal GST fusion tag This study

(Continued on next page)
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Vector Description Source

pDest15 RagB Human RagB with N-terminal GST fusion tag This study

pDest15 RagC Human RagC with N-terminal GST fusion tag This study

pDest15 RagD Human RagD with N-terminal GST fusion tag This study

pTH1 RagC Human RagC with N-terminal MBP fusion tag This study

pTH1 RagD Human RagD with N-terminal MBP fusion tag This study

pDest Myc-LAMTOR1 Human LAMTOR1 with N-terminal Myc tag This study

pDest Myc-LAMTOR2 Human LAMTOR2 with N-terminal Myc tag This study

pDest Myc-LAMTOR3 Human LAMTOR3 with N-terminal Myc tag This study

pDest Myc-LAMTOR4 Human LAMTOR4 with N-terminal Myc tag This study

pDest15 LAMTOR1 Human LAMTOR1 with N-terminal GST fusion tag This study

pDest15 LAMTOR2 Human LAMTOR2 with N-terminal GST fusion tag This study

pDest15 LAMTOR3 Human LAMTOR3 with N-terminal GST fusion tag This study

pDest15 LAMTOR4 Human LAMTOR4 with N-terminal GST fusion tag This study

pDest15 LAMTOR5 Human LAMTOR4 with N-terminal GST fusion tag This study

pDest15 Galectin 3 Human Galectin 3 with N-terminal GST fusion tag This study

pDest15 Galectin 8 Human Galectin 8 with N-terminal GST fusion tag This study

pDest15 Galectin 9 Human Galectin 9 with N-terminal GST fusion tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagA Lentiviral vector with RagA and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagB Lentiviral vector with RagB and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagC Lentiviral vector with RagC and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagD Lentiviral vector with RagD and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagA T21L Lentiviral vector with RagA T21L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagA Q66L Lentiviral vector with RagA Q66L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagB T54L Lentiviral vector with RagB T54L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagB Q99L Lentiviral vector with RagB Q99L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagC S75L Lentiviral vector with RagC S75L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagC Q120L Lentiviral vector with RagC Q120L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagD S77L Lentiviral vector with RagD S77L and N-terminal Myc tag This study

pCDH-EF1a-gw-ires-puro-Myc-RagD Q121L Lentiviral vector with RagD Q121L and N-terminal Myc tag This study

ll
OPEN ACCESSArticle
Cell culture and treatments
HeLa (ATCC, CCL2) and HeLa Flp-In T-REx cells (Thermo Fisher Scientific, R714-07) were grown in DMEM (Sigma, #D5796) supple-

mented with 10% FBS (Biochrom AG, #S0615) and 1% streptomycin-penicillin (Sigma, #P4333). HEK293 (ATCC, CRL-1573) and

MEF cells were grown in DMEM (Sigma, #D6046) supplemented with 10% FBS and 1% streptomycin-penicillin. Cells were tested

regularly for Mycoplasma. Cells were treated with 0.2mM Bafilomycin A1 (BafA1) and 1mM DFP for indicated durations.

Generation of human KO cell lines using CRISPR/Cas9 System
CRISPR/cas9-mediated knockout and knockdown were generated as described.93 Small guide RNA (sgRNA) targeting different

exons of indicated proteins were annealed and ligated into Bbs1 linearized vectors carrying a wild-type CRISPR-associated protein

9 (Cas9) and either green fluorescent protein (GFP) (Addgene, #48138) or puromycin resistance gene (Addgene, #62988). HeLa and

HEK293 cells were seeded into 6cm plates and transfected with the sgRNA-containing Cas9 vector using Metafectene Pro (Biontex

#T040). 24h after transfection, cells were selected by treatment with 1-2mg/ml puromycin for 36hrs for vectors carrying the puromy-

cin gene or sorted using GFP signal. Single clones were sorted into 96-well plates and expanded. Knockdown and/or knockout were

screened by immunoblotting and/or genomic analysis. For genomic analysis, DNA were extracted using the Genelute mammalian

genomic DNAminiprep kit (Sigma #G1N350) and the area of interest amplified by polymerase chain reaction (PCR). The PCR-ampli-

fied region of interest was ligated into the pGEM-T vector (Promega #A3600) and sequenced to identify insertions or deletions (in-

dels). CRISPR gRNA primers used include; MORG1, GTGAGCGGCAATCCCAACAG, CAGGTCGTGCGCAAATTCCG; p62, GGCGC

CTCCTGAGCACACGG, GTGAGCGACGCCATAGCGAG.
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Generation of stable cell lines and reconstitution of KO cell lines
Stable and reconstituted cell lines were generated using either the FlpIn TREx system (Thermo Fisher Scientific, #R71407) or viral

transduction. For FlpIn TREx cell lines, cDNAs were first PCR-amplified and then ligated into the inducible FlpIn expression vector,

pCDNA5/FRT/TO. FlpIn TREx cells were co-transfected with the FlpIn expression vector containing the cDNA and the Flp recombi-

nase vector pOG44 in a ratio of 1:3. Transfected cells were selected by treatment with 200 mg/ml hygromycin, and protein expression

verified by inductionwith tetracycline or doxycycline. For retroviral transduction, pMXs vectors (Cell Biolabs, #RTV-011 andRTV-012)

and pMRXIP (Backbone; Addgene, #45909) were used. For lentiviral transduction, pCDH-EF1alpha-GW-IRES-PURO or pCDH-

EF1alpha-GW-IRES-NEO vector were used.95 cDNAs were either amplified by PCR and ligated into the viral vectors or inserted

by GATEWAY recombination. These vectors were transfected into either the HEK293 Phoenix cells for retroviral packaging or

HEK293T, together with the packaging vectors pMD2.G and psPAX2 for Lentiviral packaging. The resulting viral particles weremixed

with 8 mg/ml hexadimethrine bromide (Sigma, #H9268) and used to transduce cells. Cells were selected and maintained in appro-

priate antibiotics to optimize protein expression.

Immunoblotting, immunoprecipitation, and mass spectrometry
For immunoblotting, cells were seeded in either 6cm or 10cm dish and treated as indicated. Cells were lysed in 2xSDS buffer (50 mM

Tris pH 7.4, 2% SDS, 10%Glycerol) supplemented with 200mM dithiothreitol (DTT, Sigma, #D0632) and heated at 100�C for 10 min.

Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, #23227).10-60 mg of protein

was resolved by SDS-PAGE and transferred to nitrocellulose membrane (Sigma, # GE10600003). The membrane was first blocked

with 5% non-fat dry milk or bovine serum albumin (BSA, Sigma, #A7906) in 1% TBS-T (0.2M Tris (pH8.0), 1.5 M NaCl and 0.05%

Tween-20 (Sigma, #P9416)) and then incubated with indicated primary antibodies for 24h. The membrane was washed three times

for 10min eachwith TBS-T followed by incubation with secondary antibody for 1h. Themembranewaswashed three times for 10min

and analyzed by enhanced chemiluminescence using the ImageQuant LAS 4000 (GE Healthcare). For immunoprecipitation, cells

were lysed in either modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-Cl, pH 7.4, 120 mM NaCl, 1 mM EDTA

pH 8.0, 1% NP-40, 0.25% Triton X-100) or in CHAPS buffer (0.3% CHAPS (Sigma, #C3023), 40mM HEPES (pH 7.4), 2.5mM

MgCl2) supplemented with cOmplete Mini EDTA-free protease inhibitor cocktail tablets (Roche Applied Science, #11836170001)

and phosphatase inhibitor cocktail (Merck Millipore, #524625) by shaking at 4�C for 30 min. The cell lysate was then centrifuged

at 10.000 x g for 10 min. The resulting supernatant was incubated with Myc-TRAP (Chromotek, #yta-20) or GFP-TRAP (Chromotek,

#gta-20) for cells stably expressing Myc-tagged or GFP-tagged proteins respectively or with anti-FLAG M2 affinity gel (Sigma,

#A2220) for cells stably expressing 3xFLAG-tagged proteins. This was followed by either immunoblotting or protein identification

by Mass spectrometry. Protein identification by liquid-chromatography-mass spectrometry (LC-MS/MS) was performed as

described earlier.96

APEX2 proximity labelling and Streptavidin enrichment for mass spectrometry
HeLa cells stably expressing either APEX2 or MORG1-APEX2 were incubated with 500uM biotin-phenol (AdipoGen) for 30 minutes

followed by a quick 1-minute pulse with 1mM hydrogen peroxide (H2O2) at room temperature. Reaction was stopped with quenching

buffer buffer (10mM sodium ascorbate, 10mM sodium azide and 5mM Trolox in PBS). The samples were then washed twice with

quenching buffer and twice with PBS. For mass spectrometric analysis (LC-MS/MS), cells were lysed in 500 ml ice-cold lysis buffer

(6M urea, 0.3M NaCl, 1mM EDTA, 1mM EGTA, 10mM sodium ascorbate, 10mM sodium azide, 5mM Trolox, 1% glycerol and 25mM

Tris-HCl, pH7.5) for 30min by gentle pipetting. The lysates were then clarified by centrifugation and protein concentration determined

using Pierce protein assay. Streptavidin-coatedmagnetic beads (Pierce, #88816) were first washed with lysis buffer and 3mg of each

sample were mixed with 100 ml of streptavidin beads and rotated gently overnight at 40C to bind biotinylated proteins. After enrich-

ment, the suspension was then passed through a magnetic stand and the flow through removed. The beads were then washed in

sequence; twice in 1ml IP buffer (150mM NaCl, 10mM Tris-HCl, pH8.0, 1mM EDTA, 1mM EGTA, 1% Triton X-100), once with 1ml

1M KCl; once with 1ml of 50mM Na2CO3; once with 1ml 2M urea in 20mM Tris HCl, pH8.0; and then once with 1ml IP buffer again.

The protein samples on beads were further washed four times with 200ul of 50mM Triethyl ammonium bicarbonate (TEAB) for

20 minutes at 40C. The samples were first predigested with 1ug of trypsin in 150ul of 50mM TEAB and 1mM CaCl2 on a shaker at

800rpm for 1hour at room temperature. 5mM DTT (dithiothreitol) was added and further shaked for 45 minutes at room temperature.

15mM iodoacetamide was added and themixture was incubated in the dark on a shaker for 30minutes followed by 5mMDTT. 2ug of

trypsin was then added to the mixture and incubated on a shaker at 800rpm at 370C overnight before they are processed for LC-MS

(See Protein identification by liquid-chromatography-mass spectrometry Mass (LC-MS/MS) described earlier)

Confocal microscopy
Cells were seeded on coverslips (VWR, #631-0150) in 24-well plates and treated as indicated. Cells were then fixed in 4% parafor-

maldehyde for 10min and permeabilized in 0.1%TritonX-100 for 5min at room temperature. Cells were blocked in 3%goat serum for

30min before incubation in primary antibodies for 1h at room temperature, followed by washing five times with PBS for five min each.

The cells were then incubated with the corresponding Alexa Fluor-conjugated secondary antibodies for 30 min at room temperature

followed by washing with PBS for five times. Finally, the cells were incubated with 10 mg/ml of DAPI for 10 min. Slides were mounted

with VectaShield antifade mounting media (Vector, #H-1000). For live cell imaging, cells were grown in 8-well Lab-Tek II Chambered
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Cover glasses (Thermo Fisher Scientific, #155360) and treated as indicated. Images were obtained using a 40x/NA1.2 water immer-

sion objective, or a 63x/NA1.4 oil immersion objective on an LSM800 system (Carl Zeiss Microscopy). For quantitative analysis,

50-100 cells were randomly selected per sample and quantified as indicated using the ImageJ software.

Recombinant protein expression, in vitro translation and GST-pull-down assay
GST- andMBP-fusion proteins were expressed in competent Escherichia coliSoluBL21 (Genlantis, #C700200) and BL21(DE3)pLysS

(Promega, #L1195). Protein expression was induced by treating overnight bacterial culture with 50 mg/ml Isopropyl b-D-1-thiogalac-

topyranoside (IPTG), and expressed protein purified by immobilization on either Glutathione Sepharose 4 Fast Flow beads (GE

Healthcare, #17-5132-01) for GST-fusion protein or Amylose Resin (New England Biolabs, #E8021L) for MBP fusion protein. For

pull-down assay, Myc-tagged proteins were translated in vitro using the TNT T7 reticulocyte Lysate system (Promega, #L4610) in

the presence of radioactive 35S-methionine. 10 ml of the translated protein were first precleared with either empty gluthathione se-

pharose or amylose beads in NETN buffer (50mMTris pH 8.0, 150mMNaCl, 1mMEDTA, 0.5%NP-40) supplemented with cOmplete

Mini EDTA-free protease inhibitor cocktail tablets at 4�C for 30 min to remove unspecific binding. This was followed by incubation

with the GST or MBP-fusion proteins at 4�C for 1-2h. The beads were washed five times with 500 ml NETN buffer by centrifugation

at 2500 x g for 2 min. 2xSDS gel loading buffer (100 mM Tris pH 7.4, 4% SDS, 20% glycerol, 0.2% Bromophenol blue and 200 mM

dithiothreitol DTT (Sigma, #D0632) was added and the mixture heated for 10 min at 100�C. The assay was resolved by SDS-PAGE

and the gel stained with Coomassie Brilliant Blue R-250 Dye (Thermo Fisher Scientific, #20278) to visualize the fusion proteins. The

stained gel was vacuum dried, and the radioactive signal detected by a Fujifilm bioimaging analyzer BAS-5000 (Fujifilm).

Lysosomal immunoprecipitation assay
Lysosomal Immunoprecipitation assay was performed as earlier described.85 HeLa WT and MORG1 KO cells stably expressing

TMEM192-33HA or TMEM192-23FLAG were grown in 15cm dish and used for the assay. Cells were rinsed twice with PBS and

scraped in 1ml of KPBS buffer (136mM KCl, 10mM KH2PO4, pH7.25, adjusted with KOH) followed by centrifugation at 1000xg

for 2 minutes at 4oC. Cell pellets were resuspended in 1mk KPBS buffer and gently homogenized in a 2ml glass homogenizer

with 20 strokes. The cell homogenates were then centrifuged at 1000xg for 2 minutes at 4oC and 50ul of sample was saved as input.

The rest of the sample were incubated with 150ml of anti-HA affinity Matrix (Roche, #11815016001) and rotated for 10 minutes. The

immunoprecipitates were washed three times with KPBS buffer, eluted in 2x SDS buffer and analyzed by immunoblotting.

Serum and amino acid stimulation of cells
HeLa and HEK293 cells were cultured in 6cm or 10cm plates and rinsed with twice PBS. For serum stimulation, cells were first incu-

bated in serum free RPMI 1640 media (Sigma, #8758) for 60 minutes followed by stimulation with RPMI media with 10% serum for

10 or 20 minutes. For leucine and amino acid stimulation of WT and MORG1 KO cells, cells were incubated in serum and amino acid

(or leucine)-free RPMI 1640 (USBio, #R8999-04A and Sigma, #R1780) for 60 minutes, followed by stimulation with different concen-

tration of amino acid or leucine as indicated. For leucine or amino acid stimulation of HeLaWT and p62 KO cells, cells were incubated

in serum and amino acid-free RPMI 1640 for 4 hours, followed by stimulation with leucine or amino acid for indicated time. Cell lysates

were then analyzed by immunoprecipitation and/or immunoblotting.

Incucyte-based cell proliferation and migration assay
For cell proliferation assays, Cells grown in a 96 well Incucyte ImageLock plates (Sartorius, #4806) were analyzed in the Incucyte live

cell imager. Images were acquired every 2 hours for the duration of the experiment. For the migration assay, cells seeded in 96-well

Incucyte ImageLock plates were grown to about 90% confluency and scratched using the Incucyte wound marker tool and images

acquired every 2 hours for the duration of the experiment. Breast cancer cells transfected with either control gRNA or MORG1 gRNA

containing vector carrying the wild type CRISPR-associated protein 9 (Cas9) and puromycin resistance genes (Addgene, #62988)

were selected with 1mg/ml of puromycin until all the non-transfected control cells were dead. Colonies of surviving cells were

expanded and subjected to proliferation and scratch assay as described above. Images were then analyzed using the Incucyte

base analysis software and Incucyte plate map editor.

Dye quenched-Bovine serum albumin trafficking assay
HeLa cells were seeded on coverslips (VWR, #631-0150) in 24-well plates and grown to 70% confluency. Cells were incubated for six

(6) hours with 10mg/ml of DQ-Red BSA (Thermo Fisher Scientific, #D12051) in DMEM (Sigma, #D6046) supplemented with 10% FBS

and 1% streptomycin-penicillin to allow for effective trafficking. Cells were then fixed with 4% paraformaldehyde for 10 min and nu-

cleus stained with DAPI. Images were obtained with a 63x/NA1.4 oil immersion objective on an LSM800 system (Carl Zeiss Micro-

scopy). For quantitative analysis, 50-100 cells were randomly selected per sample and quantified as indicated using the ImageJ

software.

RT-qPCR analysis
mRNA was extracted from cells using RNeasy Mini Kit (Qiagen), with a DNase I (Qiagen) digestion step to minimize genomic DNA

contamination. Reverse transcription (RT) was done using High-Capacity RNA-to-cDNA Kit (Thermo-Fisher), and then quantitative
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PCR (qPCR) was performed using the BioRad T100 Thermal Cycler System. Results were normalized to Lamin A/C. The following

primers (Forward and Reverse) were used: NDP52: TTCTGCTGCCATCCTTGTGG, TCCCAGGGCCCTTGTACTGA, NBR1: TGCATC

CCACAGAAGGCAAA, ACAGCAGGTCCTGGGCAGTC, TAX1BP1 CGGCCTGATGGCTTAGAGGA, AGCAAAAGCCTGTCCCATGC,

OPTN: AGGCAGGCAGTCCTTGATGG, CTTGGGGCAGGAATGAATCG, LC3B: ATAGAACGATACAAGGGTGAG, CTGTAAGCGCC

TTCTAATTATC, p62: AAAAGAAGCCGCCTGACCCC, CCTCAACATTCCCACCCGGC, Lamin A/C: AGCTGAAAGCGCGCAATACC,

GGCCTCCTTGGAGTTCAGCA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive and analytical statistics were generated in Prism 9 software (GraphPad). Quantitative analyses were performed by

ScienceLab ImageGuage software (Fujifilm) and Image J (US National Institutes of Health).97 All data are presented as mean ±

SD. Statistical comparison was analyzed by either analysis of variance (ANOVA) with Turkey’s HSD post hoc test or a two tailed stu-

dent t test. Statistical significance displayed as ***p ˂ 0.001, **p ˂ 0.005, *p ˂ 0.01; NS is not significant.
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