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Summary

Growth factor signaling is initiated at the plasma membrane and propagated through the cytoplasm 

for eventual relay to intracellular organelles such as lysosomes. The serine/threonine kinase 

mTOR participates in growth factor signaling as a component of two complexes, mTORC1 and 

mTORC2. mTORC1 associates with lysosomes and its activity depends on the positioning of 

lysosomes within the cytoplasm, although there is no consensus regarding the importance of 

perinuclear vs. peripheral distribution. mTORC2 and its substrate kinase AKT have a widespread 

distribution, but they are thought to act mainly at the plasma membrane. Using cell lines with 

knock out of components of the lysosome-positioning machinery, we demonstrate that perinuclear 

clustering of lysosomes delays reactivation of not only mTORC1 but also mTORC2 and AKT 

upon serum replenishment. We also show partial association of mTORC2 and AKT with 

lysosomes. These experiments demonstrate that mTORC1, mTORC2 and AKT constitute a 

module for growth factor signaling that is sensitive to lysosome positioning.

Introduction

Growth factor signaling is initiated at the plasma membrane and propagated through the 

cytoplasm for eventual relay to target organelles such as lysosomes and the nucleus. Because 

this process requires transmission of the signals over the expanse of the cytoplasm, the 

ultimate responses would be expected to depend on the positioning of the target organelles. 

In most cases, however, the influence of organelle positioning on growth factor signaling 

remains poorly understood.

Recent studies have begun to address how the positioning of late endosomes and lysosomes 

regulates the activity of the atypical serine/threonine kinase mechanistic target of rapamycin 

(mTOR) in response to growth factors and nutrients. In mammalian cells, mTOR exists as a 

subunit of two distinct complexes: mTORC1 (additionally composed of mLST8, DEPTOR, 

PRAS40 and RAPTOR subunits) and mTORC2 (additionally composed of mLST8, 

DEPTOR, mSIN1 and RICTOR subunits) (Saxton and Sabatini, 2017) (Fig. 1A). The 

mTORC1 complex is activated at the lysosomal membrane by interactions with Rheb and 
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Rag small GTPases (Fig. 1A) (Long et al., 2005, Sancak et al., 2010), and functions to 

regulate cell metabolism, growth and survival downstream of various stimuli (Saxton and 

Sabatini, 2017). Binding of growth factors such as insulin or insulin-like growth factors to 

their cognate receptors at the cell surface results in sequential activation of several lipid and 

protein kinases, including class I phosphatidylinositol 3-kinase (PI3K), phosphoinositide-

dependent protein kinase-1 (PDK1) and protein kinase B (PKB, herein referred to by the 

alternative name AKT) (Dibble and Cantley, 2015, Manning and Toker, 2017) (Fig. 1A). 

This kinase cascade leads to phosphorylation of the TSC2 subunit of the tuberous sclerosis 

complex (TSC) (additionally composed of TSC1 and TBC1D7 subunits), inhibiting its 

function as a GTPase-activating protein (GAP) for Rheb at the lysosomal membrane (Fig. 

1A) (Inoki et al., 2002, Potter et al., 2002). The resulting stabilization of active Rheb induces 

allosteric activation of mTORC1 (Long et al., 2005). For this activation to take place, 

however, mTORC1 must be recruited to the lysosomal membrane through another pathway 

that begins with sensing of amino-acid levels in the lumen of lysosomes by the 

multispanning transceptor protein SLC38A9 (Jung et al., 2015, Rebsamen et al., 2015, Wang 

et al., 2015). High amino-acid levels enhance the interaction of SLC38A9 with the 

multiprotein Ragulator complex (composed of LAMTOR1–5 subunits) and with a dimer of 

Rag GTPases (RagA/B and Rag C/D). Ragulator and SLC38A9 activate the Rags (Bar-Peled 

et al., 2012, Shen and Sabatini, 2018), leading to the recruitment of mTORC1 to the 

lysosomal membrane (Sancak et al., 2010) (Fig. 1A). Activated mTORC1 catalyzes the 

phosphorylation of many substrates, including the ribosomal protein S6 kinase (S6K) and 

eukaryotic translation initiation factor 4E-binding protein (4E-BP) (Burnett et al., 1998), as 

well as the autophagy activating kinase ULK1 (Kim et al., 2011), thus promoting protein 

synthesis while simultaneously inhibiting autophagy.

The precise intracellular distribution of mTORC2 is less well established. Different studies 

have variously reported localization of mTORC2 to the plasma membrane, Golgi, 

ribosomes, mitochondria, endosomes and lysosomes (Schroder et al., 2007, Berchtold and 

Walther, 2009, Oh et al., 2010, Boulbés et al., 2011, Zinzalla et al., 2011, Betz et al., 2013, 

Partovian et al., 2008, Arias et al., 2015, Ebner et al., 2017). mTORC2 was originally shown 

to regulate the actin cytoskeleton (Sarbassov et al., 2004), but subsequent studies revealed 

that it also plays a role in regulating cell metabolism and survival downstream of growth 

factor signaling (Sarbassov et al., 2005). This role involves phosphorylation of AKT at 

Ser473 (Hresko and Mueckler, 2005), which together with a PDK1-catalyzed 

phosphorylation at Thr308 (Stephens et al., 1998), results in maximal AKT activation (Fig. 

1A). mTORC2 thus participates in the mTORC1 pathway, augmenting mTORC1 activation 

in response to growth factor stimulation.

In a landmark study, David Rubinsztein and colleagues (Korolchuk et al., 2011) showed that 

the positioning of lysosomes/late endosomes within the cytoplasm influences mTORC1 

activation by both serum (a source of growth factors) and amino acids (lysosomes/late 

endosomes are henceforth indistinctly referred to as “lysosomes”). In that study, lysosome 

positioning was manipulated by knock down (KD) or overexpression of proteins that 

mediate anterograde transport of lysosomes on microtubules, such as the small GTPase 

ARL8B and the kinesin motors KIF2 and KIF1Bβ. Juxtanuclear clustering of lysosomes by 

ARL8B or KIF2A KD inhibited the activity of mTORC1 under basal conditions as well as 
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upon recovery from nutrient starvation (Korolchuk et al., 2011). Conversely, peripheral 

scattering of lysosomes by overexpression of ARL8B, KIF2A or KIF1Bβ enhanced 

mTORC1 activity under both basal and nutrient-recovery conditions (Korolchuk et al., 

2011). These results were interpreted to mean that the distance of lysosome-associated 

mTORC1 from upstream regulators such as plasma membrane-associated AKT determines 

the kinetics and extent of mTORC1 activation (Korolchuk et al., 2011).

In contrast, a more recent study arrived at the opposite conclusion regarding the effect of 

lysosome positioning on mTORC1 activation (Walton et al., 2018). In this case, peripheral 

dispersal of lysosomes by acidification of the culture medium (Heuser, 1989) was found to 

inhibit mTORC1 signaling (Walton et al., 2018). This finding is in line with previous studies 

showing that maintenance of the juxtanuclear localization of mTORC1 by human 

cytomegalovirus (HCMV) infection prevented inactivation of mTORC1 under amino-acid-

free conditions (Clippinger et al., 2011), and that peripheral redistribution of mTORC1 by 

KD or pharmacologic inhibition of the retrograde microtubule motor dynein inhibited 

mTORC1 activity in both uninfected and HCMV-infected cells (Clippinger and Alwine, 

2012). These effects were attributed to the distance of mTORC1 from a pool of Rheb 

localized to a juxtanuclear, non-lysosomal compartment that was insensitive to acidification, 

HCMV infection or dynein inhibition. The effect of lysosome positioning on mTORC2 

activity was not examined in any of these studies.

Given the apparent discrepancies in these findings, we decided to use a panel of cell lines 

with CRISPR/Cas9 KO of various components of the lysosome-positioning machinery to re-

examine the relationship between mTORC1 activation and lysosome positioning, and to 

elucidate the mechanisms involved. Although any manipulation of gene expression may 

have unintended consequences, the use of KO cell lines avoids the incomplete silencing and 

off-target effects of siRNA-mediated KD and the less specific effects of acidification or 

HCMV infection. Using these lines, we find that juxtanuclear clustering of lysosomes has no 

effect on basal mTORC1 activity but delays the recovery of mTORC1 activity from serum 

depletion. Unexpectedly, juxtanuclear clustering of lysosomes additionally delays the 

recovery of TSC2 phosphorylation by AKT, as well as Ser473 AKT phosphorylation by 

mTORC2, indicating that the reactivation of these kinases is also sensitive to lysosome 

positioning. In line with these observations, subcellular fractionation and confocal 

microscopy analyses reveal the presence of discrete pools of mTORC2 and AKT on 

lysosomes. These results demonstrate that juxtanuclear localization of lysosomes inhibits 

mTORC1 reactivation by serum refeeding, most likely because of the previously proposed 

distancing of lysosome-associated mTORC1 from plasma-membrane-associated growth 

factor receptors and proximal signaling molecules (Korolchuk et al., 2011). However, 

mTORC1 reactivation under these conditions relies on populations of mTORC2 and AKT 

that are also sensitive to lysosome positioning, possibly because of their partial association 

with the lysosomal membrane. These findings place pools of mTORC2 and AKT at the 

distal end of the spatial-temporal gap that separates growth factor receptors at the plasma 

membrane from signaling modules at the lysosomal membrane.
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Results

Juxtanuclear Clustering of Lysosomes Delays Reactivation of mTORC1 by Serum

Lysosomes are normally distributed throughout the cytoplasm, though with a higher 

concentration in the juxtanuclear area of the cell (Pu et al., 2016, Bonifacino and Neefjes, 

2017) (Fig. 1B, WT HeLa cells). In previous work, we showed that the localization of a 

population of lysosomes to the peripheral cytoplasm depends on BORC, a multiprotein 

complex composed of eight subunits named BLOS1 (also known as BORCS1 and 

BLOC1S1), BLOS2 (BORCS2/BLOC1S2), snapin (BORCS3), KXD1 (BORCS4), myrlysin 

(LOH12CR1/BORCS5), lyspersin (C17orf59/BORCS6), diaskedin (C10orf32/BORCS7) 

and MEF2BNB (BORCS8) (Pu et al., 2015, Guardia et al., 2016, Jia et al., 2017). BORC 

associates with the lysosomal membrane to promote the recruitment of the paralogous small 

GTPases ARL8A and ARL8B (Pu et al., 2015, Guardia et al., 2016), probably by acting as a 

GEF for ARL8A/ARL8B (Niwa et al., 2017) (Fig. 1A). In turn, activated ARL8A and 

ARL8B recruit two distinct kinesins, KIF1Bβ and KIF5B (the latter via the adaptor protein 

SKIP), to lysosomes, driving their centrifugal movement along microtubule tracks (Rosa-

Ferreira and Munro, 2011, Mrakovic et al., 2012, Guardia et al., 2016) (Fig. 1A). Consistent 

with this mechanism, KO of any of the BORC subunits, ARL8B (the most abundant paralog 

in HeLa cells) or both KIF1B and KIF5B (KIF1B-KIF5B) in HeLa cells caused a collapse of 

the lysosomal population to the juxtanuclear area of the cell (Fig. 1B) (Pu et al., 2015, 

Guardia et al., 2016, Jia et al., 2017). These effects were specific to lysosomes, as myrlysin 

KO did not affect the distribution of two distinct populations of early endosomes labeled for 

EEA1 and APPL1 (Fig. 1C). We took advantage of these KO cell lines to assess the 

importance of the peripheral location of lysosomes for mTORC1 signaling. We observed 

that juxtanuclear clustering of lysosomes caused by KO of the myrlysin subunit of BORC, 

ARL8B or KIF1B-KIF5B, had no effect on the phosphorylation of the mTORC1 substrates 

S6K, 4E-BP and ULK1 under normal conditions of culture [i.e., complete Dulbecco’s 

Modified Eagle Medium (DMEM) with 10 % fetal bovine serum (FBS) and 2 mM 

glutamine] (Fig. 1D) (see also Pu et al., 2015, Jia et al., 2017).

mTORC1 is inactivated by removal of amino acids or serum, and reactivated upon addition 

of these nutrients to the culture medium (Saxton and Sabatini, 2017). To determine whether 

juxtanuclear clustering of lysosomes affected mTORC1 inactivation or reactivation, we 

measured S6K phosphorylation after various regimens of amino-acid and/or serum 

deprivation-refeeding of wild-type (WT) or myrlysin-KO cells (Fig. 2A). We observed that 

combined amino-acid (AAs) and serum depletion inhibited S6K phosphorylation, and that 

this could not be reversed by subsequent refeeding with only glutamine, amino acids or 

serum in both WT and myrlysin-KO cells (Fig. 2A). In contrast, refeeding with a 

combination of both amino acids and serum caused a time-dependent recovery of 

phosphorylated S6K (p-S6K) levels (Fig. 2A). Interestingly, this recovery was delayed in 

myrlysin-KO relative to WT HeLa cells (e.g., compare 15- and 30-min time points) (Fig. 

2A). Delayed mTORC1 reactivation could also be seen upon serum refeeding of serum-

deprived cells, but not amino-acid refeeding of amino-acid-deprived cells (Fig. 2A). These 

results indicated that myrlysin KO caused delayed reactivation of mTORC1 by serum but 
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not amino-acid replenishment. Thus, BORC influences mTORC1 reactivation downstream 

of serum signaling but not amino-acid sensing pathways.

Further studies showed that re-expression of myrlysin in myrlysin-KO cells (i.e., “myrlysin 

rescue”) restored the normal kinetics of mTORC1 reactivation after starvation-refeeding of 

serum plus amino acids, or starvation-refeeding of only serum (Fig. 2B–D). We also found 

that KO of the lyspersin, MEF2BNB or diaskedin subunits of BORC in HeLa cells delayed 

mTORC1 reactivation to similar extents as myrlysin KO (Fig. 2B–D). Likewise, ARL8B- or 

KIF1B-KIF5B-KO HeLa cells exhibited delayed mTORC1 reactivation relative to WT cells 

(Fig. 2B–D), further demonstrating that changes in lysosome positioning, and not just 

BORC deficiency, underlie the altered kinetics of mTORC1 reactivation. siRNA-induced 

silencing of myrlysin in the embryonic kidney HEK293T cells also resulted in delayed 

recovery of mTORC1 activity upon addition of serum to serum-starved cells (Fig. 2E), 

demonstrating that the effects of myrlysin depletion were not limited to HeLa cells. Taken 

together, the above experiments indicated that juxtanuclear clustering of lysosomes caused 

by interference with the BORC/ARL8/KIF1B-KIF5B ensemble impaired mTORC1 

reactivation by serum refeeding after serum deprivation.

Reactivation of mTORC2 and AKT by Serum is also Impaired by Juxtanuclear Clustering of 
Lysosomes

To determine whether or not lysosome positioning affected growth factor signaling upstream 

of mTORC1, we examined the effect of serum deprivation and refeeding on the 

phosphorylation of other components of this pathway in WT vs. myrlysin-KO HeLa cells. 

Because insulin is a major anabolic factor present in serum, we focused our analyses on 

signaling by the insulin receptor (IR) tyrosine kinase (Petersen and Shulman, 2018). FACS 

analysis showed that the surface expression of the IR was unaffected by myrlysin KO under 

both serum starvation and refeeding conditions (Fig. 3A). Myrlysin KO also had no effect on 

the basal phosphorylation of IR (autophosphorylation), PDK1 (at residue S241), AKT (T308 

catalyzed by PDK1 and S473 catalyzed by mTORC2) and TSC2 (T1462 catalyzed by AKT) 

(Figs. 1A and 3B, fed lanes). Serum depletion reduced phosphorylation of the IR, AKT-

S473 and TSC2 to similar extents in WT vs. myrlysin-KO cells (Fig. 3B, 0 min refeeding 

lanes). Phosphorylation of PDK1-S241 and AKT-T308, on the other hand, was not affected 

by serum depletion (Fig. 3B), in agreement with previous reports (Casamayor et al., 1999, 

Scheid et al., 2005). Serum replenishment induced only partial recovery of IR 

phosphorylation, albeit with similar kinetics in WT vs. myrlysin-KO cells (Fig. 3B). On the 

other hand, the recovery of AKT-S473 and TSC2 phosphorylation was delayed in myrlysin-

KO relative to WT cells (compare 5 min time points, Fig. 3B–D).

Further characterization of the effect of lysosome positioning on mTORC2 reactivation 

showed that myrlysin rescue restored the normal kinetics of AKT-S473 phosphorylation 

upon addition of amino acids plus serum to amino-acid- and serum-deprived cells (Fig. 

4A,B), or addition of serum to serum-deprived cells (Fig. 4A,C). In addition, we observed 

that KO of diaskedin, lyspersin or KIF1B-KIF5B also delayed the recovery of AKT-S473 

phosphorylation in comparison to that in WT HeLa cells under both deprivation-refeeding 

regimens (Fig. 4A–C). To investigate in more detail the kinetics of AKT-S473 
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phosphorylation recovery, we serum-deprived WT, myrlysin-KO and KIF1B-KIF5B-KO 

HeLa cells for 1 h and analyzed AKT-S473 phosphorylation at shorter times (including 1 

and 2 min) after serum replenishment (Fig. 4D,E). We observed that the recovery of AKT-

S473 phosphorylation to steady-state levels was complete at 2 min in WT cells and 15 min 

in myrlysin-KO or KIF1B-KIF5B-KO cells (Fig. 4D,E), further demonstrating the delayed 

reactivation of mTORC2 upon juxtanuclear clustering of lysosomes.

To confirm that the recovery of AKT-S473 phosphorylation upon serum refeeding was 

mediated by mTORC2, we tested the effect of rapamycin, which acutely inhibits mTORC1 

but not mTORC2, and torin1, which inhibits both forms of mTOR (Thoreen and Sabatini, 

2009). Indeed, we found that rapamycin prevented the re-phosphorylation of S6K by 

mTORC1, but not AKT-S473 by mTORC2, upon serum deprivation-refeeding (Fig. 4F). In 

fact, the levels of S473-phosphorylated AKT were higher in the presence of rapamycin 

relative to untreated cells (Fig. 4F), consistent with the existence of negative feedback loops 

in which mTORC1 directly or indirectly inhibits upstream events in growth factor signaling 

(Hsu et al., 2011, Yu et al., 2011, Liu et al., 2013, Liu et al., 2014). In contrast to rapamycin, 

torin1 inhibited the re-phosphorylation of both S6K and AKT-S473 (Fig. 4F). This pattern of 

inhibition supports the notion that AKT-S473 phosphorylation in these cells reflects the 

activity of mTORC2.

We also further examined the effect of lysosome positioning on AKT reactivation. The 

delayed recovery of TSC2 phosphorylation could be restored by myrlysin re-expression in 

myrlysin-KO cells (Fig. 5A–C), and KO of diaskedin, lyspersin or KIF1B-KIF5B also 

delayed the kinetics of TSC2 phosphorylation (Fig. 5A–C) under both amino-acid plus 

serum, and serum-only depletion-refeeding regimens. Confirming that the effects of 

lysosome positioning on TSC2 phosphorylation were due to impaired AKT reactivation, we 

found that myrlysin KO also delayed the re-phosphorylation of other AKT substrates, 

including the transcription factor FoxO3 (Forkhead box O3), the RAB GTPase-activating 

protein AS160 (AKT substrate of 160 kDa), and the kinase GSK-3β (glycogen synthase 

kinase-3β) (Fig. 5D).

From all of the above results, we concluded that juxtanuclear clustering of lysosomes 

delayed the reactivation of not only mTORC1 (Fig. 2) but also its upstream regulators 

mTORC2 and AKT by serum (Figs. 3–5).

Association of mTORC2 with Lysosomes

Whereas the dependence of mTORC1 reactivation on lysosome positioning can be explained 

by its association with lysosomes (Sancak et al., 2010), the reason for the dependence of 

mTORC2 and AKT reactivation was unclear, since their presence on lysosomes is less well 

established (Berchtold and Walther, 2009, Oh et al., 2010, Zinzalla et al., 2011, Betz et al., 

2013, Partovian et al., 2008, Ebner et al., 2017). To determine to what extent mTORC2 and 

AKT are associated with membranous organelles, we separated post-nuclear supernatants 

(PNS) from WT and myrlysin-KO cells into membrane and cytosolic fractions. SDS-PAGE 

and immunoblot analysis showed that in WT cells the control lysosomal protein LAMP1 and 

ER protein calnexin exclusively appeared in the membrane fraction, and the microtubule 

protein tubulin exclusively in the cytosolic fraction (Fig. 6A), validating the specificity of 
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the approach. Approximately 20–21% of RICTOR and 23–24% of mSIN1 (both subunits of 

mTORC2), as well as 4–5% of AKT, were recovered in the membrane fraction relative to the 

PNS (Fig. 6A). Myrlysin KO did not change the proportion of mTORC2 and AKT 

associated with both subcellular fractions (Fig. 6A).

Because the membrane fraction contained other organelles previously shown to have 

associated mTORC2, such as plasma membrane, endosomes, mitochondria and ribosomes 

(Schroder et al., 2007, Berchtold and Walther, 2009, Oh et al., 2010, Boulbés et al., 2011, 

Zinzalla et al., 2011, Betz et al., 2013, Partovian et al., 2008, Arias et al., 2015, Ebner et al., 

2017), we used a lysosome immunoprecipitation (LysoIP) protocol (Abu-Remaileh et al., 

2017) to determine if mTORC2 was specifically associated with lysosomes. This protocol 

consisted of transfecting WT and myrlysin-KO HeLa cells with a plasmid encoding the 

lysosomal protein TMEM192 appended with two copies of the FLAG epitope (TMEM192-

FLAG), followed by immunoisolation with an antibody to the FLAG epitope conjugated to 

magnetic beads. SDS-PAGE and immunoblotting showed the presence of TMEM192-

FLAG, LAMP1 and the also lysosomal LAMTOR4 subunit of the Ragulator complex, but 

not cytosolic S6K, ER calnexin and Golgi GM130 proteins, in the LysoIP fraction of WT 

cells (Fig. 6B). These controls demonstrated that the LysoIP procedure yielded a fraction of 

highly purified lysosomes, although comparison of the amount of LAMP1 and LAMTOR4 

in the LysoIP fraction relative to the PNS showed that the yield in lysosomes was very low 

(0.7–0.8%). Nevertheless, comparable amounts of mSIN1 (0.5–0.6%), RICTOR (0.8-1-1%), 

AKT (0.2–0.3%) were recovered in the LysoIP fraction (Fig. 6B). Also in these experiments, 

no differences were observed between WT and myrlysin-KO cells (Fig. 6B). Taken together, 

these subcellular fractionation experiments demonstrated that small but significant quantities 

of mTORC2 and AKT are associated with lysosomes, irrespective of the integrity of BORC 

and lysosome positioning.

We wished to confirm the localization of a subpopulation of mTORC2 and AKT to 

lysosomes by immunofluorescence microscopy, but, in our hands, commercial antibodies to 

subunits of mTORC2 and to AKT gave only non-specific or cytosolic staining in HeLa cells. 

We therefore decided to examine the localization of GFP-mSIN1 (isoform 2) expressed by 

transient transfection in HeLa cells; this construct was previously shown to be readily 

incorporated into the endogenous mTORC2 complex and to localize to intracellular vesicles 

including late endosomes (Ebner et al., 2017). We observed that in ~47% of the cells this 

protein indeed localized to intracellular puncta in addition to the plasma membrane, nucleus, 

cytoplasmic filaments and cytosol (Fig. 6C,D). About 90% of the GFP-mSIN1 puncta co-

localized with endogenous LAMP1 (Fig. 6C), confirming their identity as lysosomes. 

Conversely, ~29% of the endogenous LAMP1 co-localized with GFP-mSIN1 (Fig. 6C), 

indicating that only a subpopulation of lysosomes contains associated mTORC2. Similar 

observations were made in WT and myrlysin-KO cells (Fig. 6C,D). It is also noteworthy that 

GFP-mSIN1 followed the redistribution of lysosomes towards the juxtanuclear area upon 

KO of myrlysin (Fig. 6E), indicating that GFP-mSIN1 remained associated with lysosomes 

under these conditions. Further confirmation of the localization of GFP-mSIN1 to lysosomes 

was obtained by live-cell imaging of WT HeLa cells, which showed that ~72% of GFP-

mSIN1-containing vesicles co-moved with LAMP1-mCherry, while ~27% of LAMP1-

mCherry-positive vesicles co-moved with GFP-mSIN1 (Fig. 6F). Swelling of lysosomes by 
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treatment with methionine methyl ester (Long et al., 1983) produced ring-like structures 

with hollow interiors, allowing visualization of GFP-mSIN1 on the limiting membrane of 

lysosomes that also stained for endogenous mTOR in both WT and myrlysin-KO cells (Fig. 

S1). Depletion of another subunit of mTORC2, RICTOR, decreased the association of GFP-

mSIN1 with lysosomes (Fig. 6G–I), confirming that this association depends on the 

endogenous mTORC2 complex.

These findings thus demonstrated the existence of a subpopulation of mTORC2 that 

associates with lysosomes independently of BORC.

Insulin Recapitulates the Dependence on Lysosome Positioning of mTORC2 Reactivation 
by Serum

In addition to insulin, fetal bovine serum (FBS) contains other growth factors, such as 

insulin-like growth factor 1 (IGF-1), epidermal growth factor (EGF), transforming growth 

factor β1 (TGF-β1) and fibroblast growth factor 2. To determine whether or not the 

influence of lysosome positioning on the reactivation of mTORC2 by serum refeeding could 

be recapitulated by any of these factors in isolation, we tested the effect of adding purified 

insulin or EGF to serum-deprived cells. We observed that addition of 6 ng/ml insulin was 

sufficient to induce rapid re-phosphorylation of AKT-S473 in WT cells, and to a lesser 

extent in myrlysin-KO cells (Fig. 7A). Addition of 0.5 ng/ml EGF also induced recovery of 

AKT-S473 phosphorylation, but this was independent of myrlysin and, therefore, lysosome 

positioning (Fig. 7A). A similar myrlysin-independent recovery of S473-AKT 

phosphorylation was observed upon treatment of serum-starved cells with concentrations of 

EGF ranging from 0.2 to 0.5 ng/ml (Fig. 7B). Addition of 4 mg/ml bovine serum albumin, 

the most abundant protein in serum, did not induce AKT-S473 re-phosphorylation in either 

WT or myrlysin-KO cells (Fig. 7A). Therefore, the reactivation of mTORC2 by insulin, but 

not EGF, exhibited a dependence on BORC and lysosome positioning similar to that shown 

by serum.

Discussion

The results of this study demonstrate that juxtanuclear accumulation of lysosomes by 

genetic disruption of the lysosome-dispersal machinery (i.e., BORC, ARL8B or KIF1B-

KIF5B) delays the reactivation of not only mTORC1 but also mTORC2 and AKT by serum. 

Although individually BORC, ARL8B and KIF1B-KIF5B have more than one function, in 

conjunction they cooperate to move lysosomes towards the cell periphery (Pu et al., 2016, 

Bonifacino and Neefjes, 2017), supporting the interpretation that alterations in lysosome 

positioning underlie the changes in mTORC1, mTORC2 and AKT reactivation in the KO 

cells. The dependence of mTORC1 reactivation on lysosome positioning was expected, 

because of the well-known association of mTORC1 with lysosomes under nutrient-replete 

conditions (Sancak et al., 2010); however, the similar dependence of mTORC2 and AKT 

reactivation was surprising due to their more heterogeneous distribution within cells 

(Schroder et al., 2007, Oh et al., 2010, Boulbés et al., 2011, Zinzalla et al., 2011, Betz et al., 

2013, Partovian et al., 2008, Ebner et al., 2017, Berchtold and Walther, 2009). This behavior 
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of mTORC2 and AKT may be explained by the association of discrete pools of mTORC2 

and AKT with lysosomes.

Despite our expectation that there would be changes in mTORC1 activity depending on the 

positioning of lysosomes, a priori we could not predict the direction of the changes because 

of conflicting data regarding the relative activity of mTORC1 at central vs. peripheral 

locations of the cell (Korolchuk et al., 2011, Clippinger et al., 2011, Clippinger and Alwine, 

2012, Walton et al., 2018). Using cells with KO of components of the lysosome-dispersal 

machinery, we find that central localization of lysosomes decreases mTORC1 activity, albeit 

only under certain conditions. These conditions include mTORC1 reactivation following 

depletion-refeeding with a combination of serum and amino acids. Of this combination, 

serum is the factor that accounts for the delayed reactivation, a fact that may be explained by 

the longer distance of centrally-located lysosomes from the origin of growth factor signaling 

at the plasma membrane. Amino acids, on the other hand, regulate mTORC1 reactivation 

independently of lysosome positioning, probably because amino-acid sensing occurs at the 

lysosome itself or in the cytosol (Wolfson and Sabatini, 2017). Although central clustering 

of lysosomes in our KO cells delays mTORC1 reactivation by serum, it does not alter basal 

mTORC1 activity. This observation suggests that the level of basal mTORC1 activity is 

tightly controlled to allow cell survival and growth during selection of the KO clones.

The delayed reactivation of mTORC1 when lysosomes are centrally clustered by KO (this 

study) or KD (Korolchuk et al., 2011) of components of the lysosome-dispersal machinery 

contrasts with the persistent activation of mTORC1 when it is centrally maintained by 

infection with HCMV (Clippinger et al., 2011). The behavior of mTORC1 in our study is 

also difficult to reconcile with the observations that mTORC1 activity is inhibited by 

peripheral redistribution of lysosomes upon acidification of the medium (Walton et al., 

2018) or dynein inhibition (Clippinger and Alwine, 2012). A plausible explanation for these 

findings is that acidification or HCMV infection alter mTORC1 activity by processes other 

than changes in lysosome or mTORC1 positioning, and that dynein inhibition affects 

multiple organelles in addition to lysosomes. In any event, a more definitive determination 

of the effect of the peripheral redistribution of lysosomes on mTORC1 signaling will require 

the analysis of cells with KO of specific components of the lysosomal retrograde-transport 

machinery, as was done here for the lysosome-dispersal machinery.

Because growth factor signaling starts at the plasma membrane, it is logical to assume that 

the kinetics of mTORC1 reactivation at the lysosomal membrane depend on the distance 

between the plasma membrane and lysosomes, as generally proposed for intracellular 

signaling cascades (Kholodenko, 2003, Hwang et al., 2014). However, it is unclear which 

specific steps in the mTORC1 reactivation pathway are distance-sensitive. Early models 

assumed that activation of growth factor receptors led to translocation of PDK1, mTORC2 

and AKT from the cytosol to the plasma membrane (Manning and Toker, 2017). In this 

context, it was pertinent to hypothesize that the distance between plasma-membrane-

associated AKT and lysosome-associated TSC (Demetriades et al., 2014), Rheb and 

mTORC1 (Sancak et al., 2010) determined the rate of mTORC1 recovery from serum 

depletion (Korolchuk et al., 2011). However, we find that the influence of lysosome 

positioning extends to mTORC2 and AKT reactivation by serum. These effects could be 
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explained by a positive feedback loop in which mTORC1 directly or indirectly activates its 

upstream regulators mTORC2 and AKT. However, to date mTORC1-catalyzed 

phosphorylation has been shown to negatively regulate insulin signaling through inhibition 

and destabilization of insulin receptor substrate 1 (IRS-1) and activation and stabilization of 

growth factor receptor-bound protein 10 (Grb10) (Hsu et al., 2011,Yu et al., 2011). In the 

same vein, S6K-catalyzed mSin1 phosphorylation impairs mTORC2 complex integrity and 

inhibits downstream AKT signaling (Liu et al., 2013,Liu et al., 2014). Moreover, we 

observed that inhibition of mTORC1 with rapamycin increases mTORC2 activity (Fig. 4F). 

Thus, these findings do not support a positive feedback loop as an explanation for our 

observations.

An alternative explanation could be that perinuclear clustering of lysosomes indirectly alters 

the composition and properties of the plasma membrane through impairment of lysosome 

exocytosis, autophagy or cell adhesion, processes that depend on lysosome positioning and 

motility (Korolchuk et al., 2011, Schiefermeier et al., 2014, Pu et al., 2015, Jia et al., 2017). 

These alterations could produce imbalances in the proteins and lipids that participate in the 

early stages of growth factor signaling at the plasma membrane, perhaps also affecting 

mTORC2 and AKT.

These hypothetical mechanisms notwithstanding, we considered the additional possibility 

that pools of mTORC2 and AKT could be associated with lysosomes. Subcellular 

fractionation and microscopic imaging experiments supported this explanation (Fig. 6), in 

agreement with previous findings (Ebner et al., 2017, Arias et al., 2015, Hirata et al., 2018). 

The fraction of the total mTORC2 and AKT that was associated with membrane and 

lysosomal fractions in our subcellular fractionation experiments was low, but this could be 

due to the inefficient isolation of lysosomes, the dissociation of the enzymes from 

membranes during the isolation procedures, and the presence of the enzymes in other 

subcellular fractions, as previously shown (Schroder et al., 2007, Berchtold and Walther, 

2009, Oh et al., 2010, Boulbés et al., 2011, Zinzalla et al., 2011, Betz et al., 2013, Partovian 

et al., 2008, Arias et al., 2015, Ebner et al., 2017). Whereas the mechanism of mTORC1 

recruitment to lysosomes is known to depend on the Rag GTPases, in the case of mTORC2 

and AKT this mechanism is unknown. The mSIN1 subunit of mTORC2 as well as AKT 

comprise PH domains that bind membrane PI(3,4,5)P3 and/or PI(3,4)P2 (Frech et al., 1997, 

Ebner et al., 2017), but these phosphoinositides are not thought to be enriched at the 

lysosomal membrane. Nevertheless, mSIN1 has been shown to associate with early and late 

endosomes independently of PI3K activity (Ebner et al., 2017) and to bind to additional 

phosphoinositides that are not phosphorylated at position 3 (Schroder et al., 2007). The 

small GTPase Rac1 associates with a subpopulation of lysosomes under conditions of 

nutrient starvation (Arias et al., 2015), and can activate both mTORC1 and mTORC2 (Saci 

et al., 2011). However, KD of Rac1 did not change the association of mTORC2 with 

lysosomes (Arias et al., 2015). AKT has been shown to interact with the endosome-

associated APPL1 protein (Mitsuuchi et al., 1999, Miaczynska et al., 2004), but there is no 

evidence for the presence of APPL1 on lysosomes. The mechanisms of mTORC2 and AKT 

association with lysosomes thus remain to be elucidated.
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Serum contains many growth factors, and it is currently unknown which ones are responsible 

for the dependence of mTORC1, mTORC2 and AKT reactivation on lysosome positioning. 

Nevertheless, we find that insulin alone recapitulates the effects of serum on mTORC2, 

including its impaired reactivation in myrlysin-KO cells. Insulin-like growth factors, which 

share common signal-transduction pathways with insulin (Taguchi and White, 2008), could 

be similarly responsible. In contrast to insulin, EGF induced recovery of mTORC2 activity 

independently of lysosome positioning. This could be explained by the ability of the 

activated EGF receptor to recruit cytosolic mTORC1 and mTORC2 directly to the plasma 

membrane via Grb2 and Gab1 (Chang et al., 2015). In any event, our results show that the 

characteristics of the serum response are more akin to those of insulin than those of EGF. A 

likely explanation is that serum contains higher levels of “insulin-like” than “EGF-like” 

growth factors, or that insulin-like factors exert a dominant effect.

The peripheral distribution of lysosomes has been shown to be an important factor for 

pathologic processes such as cancer cell growth, invasion and metastasis (Pu et al., 2016). 

More specifically, ARL8B was shown to promote tumor invasion and proliferative growth in 

low nutrient environments through its ability to mobilize lysosomes to the peripheral 

cytoplasm (Dykes et al., 2016). Although these effects were proposed to be mediated by 

increased secretion of degradative enzymes and remodeling of focal adhesions (Hämälistö 

and Jäättelä, 2016, Naegeli et al., 2017), it is tempting to speculate that they could also result 

from a higher rate of mTORC1 and mTORC2 activation on peripheral lysosomes. This 

mechanism would be consistent with the known role of these two forms of mTOR in cancer 

cell growth, proliferation and metastasis (Guertin and Sabatini, 2007).

STAR★Methods

Contact for Reagent and Resource Sharing

Further information and requests for reagents may be directed to the corresponding author, 

Juan S. Bonifacino (juan.bonifacino@nih.gov), and his staff.

Experimental Model and Subject Details

Cells—HeLa, HeLa-derived KO and HEK293T cells were grown in DMEM with 10 % 

fetal bovine serum (FBS) and 2 mM L-glutamine at 37°C, 5 % CO2. Transient transfection 

of siRNAs was performed with Oligofectamine and plasmid transfections were performed 

with Lipofectamine 2000, both according to the manufacturers’ instructions. Experiments 

were done 48 h after transfection.

Method Details

Starvation and Recovery—Serum starvation was performed by incubating cells in 

DMEM with 2 mM L-glutamine for 1 h. Combined amino-acid and serum starvation was 

performed by incubating cells in amino-acid-free DMEM for 30 min. Amino-acid starvation 

was performed by incubating cells in amino-acid-free DMEM supplemented with 10 % 

dialyzed FBS for 1 h. Cells were briefly washed once with starvation medium before 

incubation. After starvation, the medium was replaced with new medium containing the 
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corresponding nutrients for different periods. Cells were lysed in lithium dodecyl sulfate 

(LDS) sample buffer, and analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence Microscopy and Live-Cell Imaging—Cells for 

immunofluorescence microscopy were grown on glass coverslips coated with 5 μg/ml 

fibronectin for 24 h prior to the experiment. Cells were fixed in 4 % paraformaldehyde 

(PFA) and permeabilized in 0.2 % Triton X-100 in PBS. Cells were incubated with primary 

antibody for 1 h at 37°C, washed three times with 0.2 % Triton X-100 in PBS, incubated for 

30 min at 37°C with Alexa Fluor Secondary Antibodies (ThermoFisher), washed and 

mounted with DAPI-Fluoromount-G (Electron Microscopy Sciences). Live-cell imaging was 

performed in 4-well Nunc Lab-Tek Chambered Coverglasses coated with fibronectin as 

above. Fluorescence was visualized on a Zeiss LSM780 confocal microscope (Carl Zeiss). 

Image analysis was performed with ImageJ.

Subcellular Fractionation—Cells were scraped in culture medium and pelleted by 

centrifugation at 1,000 g for 5 min at 4°C. The cell pellets were washed twice with ice-cold 

PBS and re-suspended in 1 ml ice-cold homogenization buffer (20 mM tricine, 250 mM 

sucrose, adjusted to pH 7.8 with KOH) with freshly added protease inhibitor cocktail. Cells 

were mechanically disrupted by 40 passages through a 25G needle. The homogenates were 

centrifuged at 1,000 g for 2 min at 4°C, yielding a post-nuclear supernatant (PNS). The PNS 

was centrifuged at 100,000 g for 1 h at 4°C to separate the supernatant (cytosol) and pellet 

(membrane) fractions. The membrane fraction was resuspended in homogenization buffer. 

PNS, cytosol and membrane fractions were subsequently analyzed by SDS-PAGE and 

immunoblotting.

Lysosome Immunoisolation—Lysosome immunoisolation was carried out using 

magnetic beads as previously described (Abu-Remaileh et al., 2017). Briefly, WT HeLa or 

myrlysin-KO HeLa cells transiently expressing TMEM192-FLAG were mechanically 

homogenized in KPBS (136 mM KCl, 10 mM KH2PO4, adjusted to pH 7.25 with KOH). 

PNS fractions were incubated with anti-FLAG magnetic beads with rotation at 4°C for 2 h. 

Beads were washed three times with KPBS. Bound lysosomes were eluted by incubation 

with 3xFLAG peptide in homogenization buffer and subjected to SDS-PAGE and 

immunoblotting.

Flow Cytofluorometry—After starvation and refeeding, WT or myrlysin-KO HeLa cells 

were detached from the culture dishes with 5 mM EDTA on ice, pelleted and washed twice 

with ice-cold FACS buffer (PBS with 1 % BSA). Cell surface insulin receptor was stained 

with PE-conjugated anti-insulin receptor antibody in FACS buffer for 1 h on ice. The cells 

were washed twice with FACS buffer prior to fixation in 1 % PFA in PBS. Fluorescence 

intensities of the cells were measured on an LSRFortessa™ Flow Cytometer (BD 

Biosciences) and analyzed with Flow-jo.

Genome Editing by CRISPR/Cas9—Myrlysin-KO, lyspersin-KO, MEF2BNB-KO, 

diaskedin-KO, KIF1B-KIF5B-KO and ARL8B-KO HeLa cells, generated by CRISPR/Cas9, 

were described previously (Pu et al., 2015, Guardia et al., 2016, Jia et al., 2017).
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Quantification and Statistical Analysis

All graphs report the mean ± SEM, and represent data from three independent experiments. 

Unless otherwise indicated, statistical comparisons were made using two-way analysis of 

variance (two-way ANOVA) with Tukey’s multiple comparisons test provided by Prism 7 

software. The statistical significance is denoted as follows: ***p < 0.0001, **p < 0.001, *p < 

0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Central clustering of lysosomes delays mTORC1 reactivation by serum but 

not amino acids

• Central clustering of lysosomes also delays mTORC2 and AKT reactivation 

by serum

• Subpopulations of mTORC2 and AKT exist in association with lysosomes

• Not only mTORC1 but also mTORC2 and AKT activity depend on lysosome 

positioning
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Figure 1. Juxtanuclear clustering of lysosomes does not affect basal mTORC1 activity
(A) Schematic representation of the PI3K-mTORC2-AKT-mTORC1 signaling pathway for 

the insulin receptor. Only selected components of this pathway are shown; for additional 

details see Saxton and Sabatini, 2017. mTORC1 is shown to function at the lysosomal 

membrane, according to Sancak et al., 2010. mTORC2 and AKT, on the other hand, are 

shown to act at both the plasma membrane (1) and lysosomes (2), the latter as revealed by 

our results. Ragulator is shown to connect mTORC1 activation with BORC-regulated 

lysosome movement (Pu et al., 2017, Filipek et al., 2017). The dashed line represents the 

spatial gap between signaling modules at the plasma membrane and lysosomes, which varies 

with lysosome positioning. (B) Confocal microscopy of WT, myrlysin-KO, ARL8B-KO and 

KIF1B-KIF5B-KO HeLa cells immunostained for LAMP1 and nuclear DNA (DAPI, blue). 
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Scale bar: 10 μm. (C) Confocal microscopy of WT and myrlysin-KO HeLa cells 

immunostained with antibodies to EEA1 and APPL1. Scale bar: 10 μm. (D) Lysates of WT, 

myrlysin-KO, ARL8B-KO and KIF1B-KIF5B-KO HeLa cells were analyzed by 

immunoblotting for phosphorylated S6K (p-S6K), total S6K (t-S6K), phosphorylated 4E-BP 

(p-4E-BP), total 4E-BP (t-4E-BP), phosphorylated ULK1 (p-ULK1) and total ULK1 (t-

ULK1). The positions of molecular mass markers (in kDa) are indicated on the left.
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Figure 2. KO of BORC subunits, ARL8B or KIF1B-KIF5B delays reactivation of mTORC1 upon 
serum refeeding
(A) WT and myrlysin-KO HeLa cells were incubated in medium depleted of the indicated 

nutrients (highlighted in red) for 30 min [combined amino acids (AAs) and serum 

starvation] or 1 h (either AAs or serum starvation), and then refed with the corresponding 

nutrients (highlighted in green) for the indicated periods. Cells were subsequently lysed with 

LDS loading buffer and subjected to SDS-PAGE and immunoblotting for phosphorylated 

S6K (p-S6K) and total S6K (t-S6K). (B) WT, myrlysin-KO, myrlysin-rescue, lyspersin-KO, 

MEF2BNB-KO, diaskedin-KO, KIF1B-KIF5B-KO and ARL8B-KO HeLa cells were 

starved for 30 min in medium depleted of both amino acids and serum, or 1 h in serum-

depleted medium, followed by supplementation with the corresponding nutrients for the 

indicated periods. Cells were analyzed as in A. (C) Quantification of p-S6K relative to t-S6K 
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in combined amino-acids and serum starvation-refeeding conditions. (D) Quantification of 

p-S6K relative to t-S6K in serum starvation-refeeding conditions. In C and D, values are the 

mean ± SEM from three independent experiments such as that shown in B. ***p < 0.0001 

(WT vs. myrlysin KO) using two-way ANOVA with Tukey’s multiple comparisons test. (E) 

HEK293T cells were transfected with control and myrlysin-targeting siRNAs (KD), and 

then subjected to serum starvation and refeeding. Cells were analyzed as in A. In A, B and 

E, the positions of molecular mass markers (in kDa) are indicated on the left.
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Figure 3. Myrlysin KO delays reactivation of mTORC2 and AKT
(A) WT and myrlysin-KO HeLa cells were incubated in serum-free medium for 1 h, and 

then serum was added for different periods. The cell surface expression of insulin receptor 

was measured by immunostaining of intact cells with antibody to the insulin receptor 

followed by flow cytofluorometric analysis. Values are the mean ± SEM from three 

independent experiments. (B) WT and myrlysin-KO HeLa cells were starved for 1 h in 

serum-free medium and then refed with serum for the indicated periods. Cell lysates were 

subjected to SDS-PAGE and immunoblotting with antibodies to phosphorylated insulin 

receptor (p-IR), total insulin receptor (t-IR), phosphorylated PDK1 (p-PDK1), total PDK1 

(t-PDK1), T308-phosphorylated AKT [p-AKT (T308)], S473-phosphorylated AKT [p-AKT 

(S473)], total AKT (t-AKT), phosphorylated TSC2 (p-TSC2), and total TSC2 (t-TSC2). The 
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positions of molecular mass markers (in kDa) are indicated on the left. Arrowheads indicate 

the specific t-PDK1 and p-TSC2 bands. (C) Quantification of the ratio of p-AKT (S473) to t-

AKT. (D) Quantification of the ratio of p-TSC2 to t-TSC2. In C and D, values are the mean 

± SEM from three independent experiments such as that shown in B. **p<0.001, 

***p<0.0001 (WT vs. myrlysin KO) using two-way ANOVA with Tukey’s multiple 

comparisons test.
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Figure 4. KO of BORC subunits or KIF1B-KIF5B delays reactivation of mTORC2
(A) WT, myrlysin-KO, myrlysin-rescue (myrlysin-KO transfected with myrlysin cDNA), 

diaskedin-KO, lyspersin-KO and KIF1B-KIF5B-KO HeLa cells were incubated in medium 

depleted of both amino acids and serum for 30 min, or depleted of serum for 1 h, and then 

refed with the corresponding nutrients for the indicated periods. Cell lysates were subjected 

to SDS-PAGE and immunoblotting with antibodies to S473-phosphorylated AKT [p-AKT 

(S473)] and total AKT (t-AKT). (B) Quantification of the ratio of p-AKT (S473) to t-AKT 

upon combined amino-acid and serum depletion-refeeding. (C) Quantification of the ratio of 

p-AKT (S473) to t-AKT upon serum depletion-refeeding. The line graphs for WT and 

myrlysin-KO cells are the same shown in Fig. 3C. In B and C, values are the mean ± SEM 

from three independent experiments such as that shown in A. ***p<0.0001 (WT vs. 
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myrlysin KO) using two-way ANOVA with Tukey’s multiple comparisons test. (D,E) WT, 

myrlysin-KO and KIF1B-KIF5-KO HeLa cells were incubated in medium depleted of serum 

for 1 h, refed with serum for shorter periods, and analyzed as in A-C. Values in E are the 

mean ± SEM from three independent experiments. * p<0.01, ***p<0.0001 (WT vs. 

myrlysin KO) using two-way ANOVA with Tukey’s multiple comparisons test. (F) WT 

HeLa cells were subjected to serum depletion and refeeding in the presence of 50 nM 

rapamycin or 200 nM torin1. Cell lysates were subjected to SDS-PAGE and immunoblotting 

with antibodies to S473-phosphorylated AKT [p-AKT (S473)], total AKT (t-AKT), 

phosphorylated S6K (p-S6K) and total S6K (t-S6K). In A, D and F, the positions of 

molecular mass markers (in kDa) are indicated on the left.
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Figure 5. KO of BORC subunits or KIF1B-KIF5B delays reactivation of AKT
(A) WT, myrlysin-KO, myrlysin-rescue (myrlysin-KO transfected with myrlysin cDNA), 

diaskedin-KO, lyspersin-KO and KIF1B-KIF5B-KO HeLa cells were incubated in medium 

depleted of both amino acids and serum for 30 min, or serum for 1 h, and then refed with the 

corresponding nutrients for the indicated periods. Cell lysates were subjected to SDS-PAGE 

and immunoblotting with antibodies to phosphorylated TSC2 (p-TSC2), and total TSC2 (t-

TSC2). Arrowheads indicate the specific p-TSC2 bands. (B) Quantification of the ratio of p-

TSC2 to t-TSC2 upon combined amino-acid and serum depletion-refeeding. (C) 

Quantification of the ratio of p-TSC2 to t-TSC2 upon serum depletion-refeeding. The line 

graphs for WT and myrlysin-KO cells are the same shown in Fig. 3D. In B and C, values are 

the mean ± SEM from three independent experiments such as that shown in A. *p<0.01, 

**p<0.001, ***p<0.0001 (WT vs. myrlysin KO), two-way ANOVA with Tukey’s multiple 

comparisons test. (D) WT and myrlysin-KO HeLa cells were subjected to serum starvation 

and refeeding. Cell lysates were analyzed as in A for phosphorylated p-TSC2, t-TSC2, 

phosphorylated FoxO3 (p-FoxO3), total FoxO3 (t-FoxO3), phosphorylated AS160 (p-

AS160), total AS160 (t-AS160), phosphorylated GSK-3β (p- GSK-3β), total GSK-β3 (p-
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GSK-3β), S473-phosphorylated AKT [p-AKT (S473)] and total AKT (t-AKT). In A and E, 

the positions of molecular mass markers (in kDa) are indicated on the left.

Jia and Bonifacino Page 27

Mol Cell. Author manuscript; available in PMC 2020 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. A population of mTORC2 associated with lysosomes
(A) WT and myrlysin-KO HeLa cells were homogenized and fractionated into post-nuclear 

supernatant (PNS), cytosol and membrane fractions. Samples were analyzed by SDS-PAGE 

and immunoblotting for the RICTOR and mSIN1 subunits of mTORC2, AKT, LAMP1 

(lysosomes), calnexin (ER) and β-tubulin (cytosol). Loading of membrane fractions was 2.5-

fold that of the cytosolic fractions. The recovery of the different proteins in the membrane 

fraction relative to the PNS was 20–21% for RICTOR, 23–24% for mSIN1, 4–5% for AKT 

and 69–73% for LAMP1 in both WT and myrlysin-KO cells. (B) WT and myrlysin-KO 

HeLa cells were transiently transfected with a plasmid encoding TMEM192-FLAG. After 48 

h, cells were homogenized and lysosomes isolated from a PNS fraction with an antibody to 

the FLAG epitope (LysoIP). PNS and LysoIP fractions were analyzed by SDS-PAGE and 
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immunoblotting for the proteins indicated on the right. GM130 is a Golgi marker. Loading 

of LysoIP fractions was 20-fold that of PNS fractions. The recovery of the different proteins 

in the LysoIP fraction relative to the PNS was 0.6–0.7% for mTOR, 0.5–0.6% for mSIN1, 

0.8–1-1% for RICTOR, 0.2–0.3% for AKT, 3.6–4.3% for TMEM192-FLAG and 0.7–0.8% 

for LAMP1 in both WT and myrlysin-KO cells. In both A and B, the positions of molecular 

mass markers (in kDa) are indicated on the left. (C) Confocal microscopy of WT and 

myrlysin-KO HeLa cells transiently transfected with a plasmid coding GFP-mSIN1. Cells 

were fixed, permeabilized and immunostained with antibody to LAMP1. Scale bar: 10 μm. 

Insets show enlargements of the boxed areas. (D) The percentages of cells with lysosomal 

mSIN1 were quantified in 100 cells from 3 independent experiments in each group. Values 

are the mean ± SEM. (E) The distribution of GFP-mSIN1 vesicles was quantified in the cells 

indicated in panel C (n = 50 cells from three independent experiments). The distance 

between GFP-mSIN1 vesicles and the microtubule-organizing center (MTOC) was 

normalized to the longest distance between the cell periphery and the MTOC. Values are the 

mean ± SEM. Probabilities: ***p<0.0001, *p<0.05, calculated by two-way ANOVA with 

Tukey’s multiple comparisons test. (F) WT HeLa cells were transfected with plasmids 

encoding GFP-mSIN1 and LAMP1-mCherry and analyzed by live-cell imaging. Kymograph 

shows mSIN1 moving together with LAMP1 vesicles along the trajectory shown in the 

upper row. Scale bar: 10 μm. (G) siRNA-mediated KD of RICTOR was performed in HeLa 

cells. RICTOR in control and RICTOR-KD cells was detected by immunoblotting. The 

positions of molecular mass markers (in kDa) are indicated on the left. (H) Control or 

RICTOR-KD cells were transfected with a plasmid encoding GFP-mSIN1. Cells were 

immunostained with antibody to LAMP1. Scale bar: 10 μm. Insets show enlargements of the 

boxed areas. (I) The percentages of cells with lysosomal GFP-mSIN1 were quantified in 100 

cells from 3 independent experiments in each group. Values are the mean ± SEM. *p<0.01 

using unpaired Student’s t test.
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Figure 7. Delayed mTORC2 reactivation by insulin in myrlysin-KO cells
(A) WT and myrlysin-KO HeLa cells were incubated for 1 h in serum-free medium, and 

further incubated with 10 % FBS, 4 mg/ml BSA, 6 ng/ml insulin or 0.5 ng/ml EGF for 5 

min. Cells were then lysed and analyzed by SDS-PAGE and immunoblotting for S473-

phosphorylated AKT [p-AKT (S473)] and total AKT (t-AKT). (B) WT and myrlysin-KO 

HeLa cells were serum-depleted as above and incubated with varying concentrations of EGF 

(0.2–0.5 ng/ml) for 5 min. Cell lysates were analyzed by SDS-PAGE and immunoblotting as 

above. The positions of molecular mass markers (in kDa) are indicated on the left.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

LAMP1 Developmental Studies Hybridoma 
Bank

H4A3

Phospho-p70 S6 Kinase (Thr389) Cell Signaling Technology 9234

p70 S6 Kinase Cell Signaling Technology 2708

Phospho-4E-BP1 (Thr37/46) Cell Signaling Technology 2855

4E-BP1 Cell Signaling Technology 9452

Phospho-ULK1 (Ser757) Cell Signaling Technology 14202

ULK1 Cell Signaling Technology 8054

Insulin Receptor β (Tyr1150/1151) Cell Signaling Technology 3024

Insulin Receptor β Cell Signaling Technology 3025

Phospho-PDK1 (Ser241) Cell Signaling Technology 3061

PDK1 Cell Signaling Technology 3062

Phospho-AKT (Thr308) Cell Signaling Technology 13038

Phospho-AKT (Ser473) Cell Signaling Technology 4060

AKT Cell Signaling Technology 4691

Phospho-TSC2 (Thr1462) Cell Signaling Technology 3617

TSC2 Cell Signaling Technology 4308

Phospho-FoxO3a (Ser253) Cell Signaling Technology 13129

FoxO3a Cell Signaling Technology 12829

Phospho-AS160 (Ser318) Cell Signaling Technology 8619

AS160 Cell Signaling Technology 2670

Phospho-GSK-3β (Ser9) Cell Signaling Technology 5558

GSK-3β Cell Signaling Technology 12456

Phospho-PKCα/β II (Thr638/641) Cell Signaling Technology 9375

PKCα Cell Signaling Technology 59754

RICTOR Cell Signaling Technology 2140

mSIN1 EMD Millipore 05-1044

β-Tubulin Cell Signaling Technology 2146

Calnexin EMD Millipore MAB3126

FLAG Sigma-Aldrich F1804

mTOR Cell Signaling Technology 2983

PE-conjugated anti-insulin receptor 
antibody

BD Biosciences 559955

Chemicals, Peptides, and Recombinant Proteins

Rapamycin Sigma-Aldrich R0395

Torin1 Cell Signaling Technology 14379

Insulin solution Sigma-Aldrich I9278
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REAGENT or RESOURCE SOURCE IDENTIFIER

EGF recombinant human protein ThermoFisher Scientific 10605-HNAE-5

Fibronectin human plasma Sigma-Aldrich F2006

Paraformaldehyde Electron Microscopy Sciences 15714

Triton X-100 Sigma-Aldrich T8787

Protease inhibitor cocktail Roche 11697498001

3xFLAG peptide Sigma-Aldrich F4799

Methionine methyl ester Sigma-Aldrich 860409

Experimental Models: Cell Lines

HeLa ATCC CCL-2

HEK293T ATCC CRL-11268

Oligonucleotides

siRNA targeting myrlysin Dharmacon J-018197-20

siRNA targeting RICTOR Cell Signaling Technology 8649

Non-targeting siRNA Eurofins UGGUUUACAUGUCGACUAAUU

Recombinant DNA

GFP-mSIN1.2 Addgene 72908

LAMP1-mCherry Jia et al., 2017 N/A

Software and Algorithms

Microsoft Excel Microsoft https://products.office.com/en-us/excel

Flow-jo Flow-jo https://www.flowjo.com/

Prism 7 GraphPad software https://www.graphpad.com/scientific-software/
prism/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Other

Dulbecco’s Modified Eagle Medium Corning 15-013-CV

Fetal bovine serum Corning 35-011-CV

L-glutamine Corning 25-005-CI

DMEM without amino acids MyBioSource MBS653087

Fetal bovine serum, dialyzed ThermoFisher Scientific A3382001

Oligofectamine transfection reagent ThermoFisher Scientific 12252011

Lipofectamine 2000 transfection reagent ThermoFisher Scientific 11668019

Anti-FLAG magnetic beads Sigma-Aldrich M8823
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