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Retromer and TBC1D5 maintain late endosomal RAB7
domains to enable amino acid-induced mTORC1
signaling

Arunas Kvainickas!, Heike Nagele!, Wenjing Qi?, Ladislav Dokladal?, Ana Jimenez-Orgaz?, Luca Stehl!, Dipak Gangurde?, Qian Zhao?®, Zehan Hu?,
Jorn Dengjel3®, Claudio De Virgilio®®, Ralf Baumeister?, and Florian Steinberg'®

Retromer is an evolutionarily conserved multiprotein complex that orchestrates the endocytic recycling of integral membrane
proteins. Here, we demonstrate that retromer is also required to maintain lysosomal amino acid signaling through mTORC1
across species. Without retromer, amino acids no longer stimulate mTORC1 translocation to the lysosomal membrane, which
leads to a loss of mTORC1 activity and increased induction of autophagy. Mechanistically, we show that its effect on mTORC1
activity is not linked to retromer’s role in the recycling of transmembrane proteins. Instead, retromer cooperates with the
RAB7-GAP TBCIDS5 to restrict late endosomal RAB7 into microdomains that are spatially separated from the amino
acid-sensing domains. Upon loss of retromer, RAB7 expands into the ragulator-decorated amino acid-sensing domains and
interferes with RAG-GTPase and mTORC1 recruitment. Depletion of retromer in Caenorhabditis elegans reduces mTORC1
signaling and extends the lifespan of the worms, confirming an evolutionarily conserved and unexpected role for retromer in

the regulation of mTORC1 activity and longevity.

Introduction

The retromer complex

The evolutionarily conserved retromer complex is a mul-
tiprotein complex consisting of the subunits VPS26, VPS29,
and VPS35 that resides on the surface of early and late
endosomes (Gallon and Cullen, 2015). While the trimeric
retromer complex has no intrinsic membrane-binding ca-
pabilities, it associates with GTP-bound, activated Rab7 and
various phosphoinositide binding sorting nexins (SNXs),
which tether retromer to the endosomal limiting membrane
(Rojas et al., 2008; Seaman et al., 2009; Harrison et al.,
2014). The retromer subunit VPS35 also recruits the actin
polymerizing WASH (Wiskott-Aldrich syndrome protein
and SCAR homolog) complex onto endosomes to locally
generate branched actin networks (Derivery et al., 2009;
Gomez and Billadeau, 2009; Harbour et al., 2010, 2012;
Helfer et al., 2013). Retromer, acting in concert with the
WASH complex and the retromer-associated SNXs, has been
shown to function as a master regulator of endocytic re-
cycling that transports a vast variety of transmembrane
proteins from endosomes back to the cell surface (Steinberg
et al., 2013) and also to the trans-Golgi network (Arighi

et al., 2004; Seaman, 2004; Burd and Cullen, 2014). Be-
sides its well-documented role in the recycling of integral
membrane proteins, retromer has also been shown to have
noncanonical functions that go beyond endocytic recycling:
retromer can shut down signaling receptors at the endo-
somal level (Feinstein et al., 2011), it has been proposed to
function in transport to and from mitochondria (Braschi
et al., 2010), and it is likely involved in some forms of au-
tophagy (Zavodszky et al., 2014; Jimenez-Orgaz et al., 2018).
In addition, we have recently demonstrated that retromer
and the retromer-bound RAB-GTPase-activating protein
(GAP) protein TBCID5 function as master regulators of the
late endocytic small GTPase RAB7 (Jimenez-Orgaz et al.,
2018). Given these precedents, it is highly likely that ret-
romer has additional, noncanonical functions that remain
to be discovered. Importantly, a point mutation in the ret-
romer subunit VPS35 has been identified to cause heredi-
tary Parkinson’s disease (Vilarifio-Giiell et al., 2011;
Zimprich et al., 2011), which makes a thorough under-
standing of all retromer functions relevant from a medical
perspective.
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Mechanistic (formerly mammalian) target of rapamycin
(mTOR) signaling

mTOR is a serine/threonine kinase that is part of two inde-
pendent protein complexes termed mTORC1 and mTORC2,
which are defined by their distinct subunit composition and
their divergent role in cellular signaling (Saxton and Sabatini,
2017). The core of mTORCI is composed of the mTOR kinase,
RAPTOR (regulatory-associated protein of mTOR), and
mLST8 (Hara et al., 2002; Kim et al., 2002), while mTORC2
contains mTOR and RICTOR (Sarbassov et al., 2004) as well as
mLST8. mTORC2 mainly senses growth factor signaling and
promotes cell survival, whereas mTORCI and its regulatory
network is the central nutrient, energy, and growth signal-
sensing mechanism of the cell (Saxton and Sabatini, 2017).
mTORCI is activated by nutrient and growth factor abun-
dance and deactivated by a lack of nutrients, most notably
amino acids. The presence of amino acids is detected by a
complex machinery that localizes to the cytosolic leaflet of the
late endosomal/lysosomal membrane. There, amino acid
channels, the vesicular proton pump v-ATPase and the pen-
tameric ragulator complex as well as a host of regulatory
factors detect amino acids (Sancak et al., 2010; Zoncu et al.,
2011; Bar-Peled et al., 2012; Wang et al., 2015; Wolfson and
Sabatini, 2017), which leads to activation of RAG GTPase
dimers that directly bind to RAPTOR (Sancak et al., 2008).
This binding serves to recruit mTORC1 to the lysosome, where
it is activated by RHEB (Inoki et al., 2003; Tee et al., 2003;
Sancak et al., 2010), another small GTPase that localizes to
lysosomes (Menon et al., 2014). When nutrients, energy, and
growth factors are abundant, maximally activated mTORCI
phosphorylates substrates such as S6 kinase 1 (S6K1), which
in turn phosphorylates downstream substrates that govern
translation and cellular growth. In the absence of nutrients,
mTORCI is inactive, its substrates are less phosphorylated,
and cellular growth is inhibited. An absence of mTORCI sig-
naling causes the cell to activate the autophagic self-digestion
program to release nutrients from nonessential cellular
components. As a central sensor of nutrients and regulator of
cellular growth, it is not surprising that deregulated mTOR
signaling has been implicated in diseases such as cancer and
diabetes (Saxton and Sabatini, 2017).

Retromer and mTOR

A large-scale genetic screen for genes modulating sensitivity to
the mTORC1 inhibitor rapamycin identified the retromer sub-
unit VPS35 as a modulator of mTORCI activity (Xie et al., 2005).
Loss of VPS35 resulted in increased sensitivity to rapamycin,
suggesting that VPS35 could promote mTORC1 activity. Given
that retromer is intimately involved in lysosomal homeostasis, a
potential connection between retromer and the lysosomally
controlled mTORCI complex appeared conceivable. Here, we
establish retromer as an evolutionarily conserved regulator of
mTORCI activity. Mechanistically, retromer cooperates with the
RAB7-specific GAP protein TBC1D5 to restrict RAB7 localization
and activity to late endosomal microdomains, which enables
amino acid sensing at the late endosome/lysosome to promote
mTORCI activity.
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Results
Since depletion of VPS35 in yeast resulted in rapamycin hy-

persensitivity in a large-scale screen (Xie et al., 2005), we aimed
to confirm this data in a more targeted manner. Indeed, deletion
of each of the essential retromer subunits VPS26, VPS29, and
VPS35 in yeast led to rapamycin-sensitive growth inhibition, on
plates as well as in liquid cultures (Fig. 1, A and B). Amino
acid-induced phosphorylation of the TORCI substrate Sch9 was
also markedly reduced in the VPS35 mutant strain, indicating
that retromer-deficient yeast display mTORCI1 defects. We next
tested whether these defects were conserved in mammalian
cells. To do so, we employed previously described VPS35- and
VPS29-deficient U20S osteosarcoma and HeLa cell lines gener-
ated with transcription activator-like effector nucleases
(TALEN) and CRISPR/Cas9 technology, respectively (Kvainickas
et al., 2017a). These cells display a loss of the core retromer
trimer from endosomes but retain vesicular SNX1 signal (Fig. S1
A), as these subcomplexes of retromer assemble and function
independently (Kvainickas et al., 2017a). The VPS35-deficient
U20S cell lines suffered from growth defects (Fig. S1 B), and
residual growth was hypersensitive to treatment with low
concentrations of the mTORCI inhibitor rapamycin (Fig. S1 C).
Since retromer has been linked to nutrient uptake as well as to
autophagy (Zavodszky et al., 2014; Kvainickas et al., 2017b), we
also analyzed the autophagic state of the retromer-deficient cell
lines. All of the VPS35-deficient cell lines displayed more ve-
sicular GFP-LC3, corresponding to increased levels of lipidated
LC3 (Fig. 1 D). As reported previously for HeLa cells (Zavodszky
et al., 2014; Jimenez-Orgaz et al., 2018), the autophagic flux,
measured through LC3 turnover in starved cells treated with the
lysosome inhibitor bafilomycin, was not perturbed (Fig. 1 E).
This indicated that the increase in lipidated LC3 was caused not
by impaired lysosomal degradation of autophagosomes but in-
stead by increased de novo induction of autophagy. Consistent
with increased rapamycin sensitivity and up-regulated autoph-
agy, the phosphorylation state (T389) of the widely used
mTORCI target S6K and its downstream target ribosomal pro-
tein S6 were much lower in the U20S VPS35 knockout (KO) cell
lines in the presence as well as in the absence of serum (Fig. 1 F).
The VPS29-deficient HeLa cells also displayed a pronounced loss
of phosphorylation across several mTORCI substrates (Fig. S1 D),
confirming the U20S data (Fig. S1 D). We also found that tran-
scription factor EB (TFEB), which is kept in the cytosol by
mTORCl-mediated phosphorylation (Martina et al, 2012;
Roczniak-Ferguson et al., 2012; Settembre et al., 2012), was
nuclear in VPS35 and VPS29 KO cells (Fig. 2 A), whereas it was
cytosolic in parental cells (Fig. 2 A). Taken together, our results
indicate that retromer-deficient eukaryotic cells display im-
paired mTORCI activity, resulting in higher levels of autophagy
induction, TFEB translocation, and proliferation defects.

mTORC1 defects are not caused by generic cell stress, loss of
mTORC], recycling defects, or impaired growth

factor signaling

To identify the cause for the apparent mTORCl defects in
retromer-deficient cells, we first tested whether loss of retromer
caused generic cellular stress, which has been demonstrated to

Journal of Cell Biology
https://doi.org/10.1083/jcb.201812110

620z JequiedeQ 0 uo 3senb Aq 4pd 011218102 al/z1.26094/610€/6/812/4Ppd-8joe/qol/Bi0"sseidnu//:dpy woly papeojumoq

3020


https://doi.org/10.1083/jcb.201812110

A YPD B 16 YPD D
WT [ X 12} I 2l ©
) 2> . j Qb o S S N
vps26A @ @& XN - g = S .b\*q o‘\@ OQQ} oe B o“e
wps20A (@@@ B | 508 WTie g g2 o &P P S
ws35h | @@@D . Vps26A g > 5"1.----- ——
04} Vps29A © s 4 G . Gy e o —
RAP (2.5 ng ml) vps35A © 37'[---—-—1 GAPDH
0.0 Lt L L L
K X X X Hours 0 16 32 48
vps26A | @ '@ B ¥ o 161 RAP (75 " =] g_) 4 LC3-2/GAPDH ratio
Vps29A (7.5 ng mi) o H 1 ] . N
vps35A 12l wT e 8 S 0.8 * *
RAP(50ngml) o vps264 0:6
—————— O 08| yps20n ® 0.4
i 0.2
WT @@ = 04 vps35A @ i p
vps26A | @ T 3 - R U %
by = \ < e ] ) )
vps29A | @ 0ol . ‘ . ‘ . S Q@\B o° O\oo o\oo O\OQ 0\00
vps35a | @ Hours 0 8 16 32 48 S oS
o NS
RAP (7.5 ng ml") WT Vvps35A
WT Gn + - + + + + + - + + + +
261 ;.5 mn ExP5 2 4 8 12ExP 5 2 4 8 12
Vps 737
vps29A | @ 100-|. - ———“- |sch9-pThr 5
© 120
vps3sa | © 100 o o o o || e 0 | ShO 10% FBS 0% FBS =g Wessk  10% FBS
o % £ [esé
o o g9
E F QQ’\) q z@@\“@fﬂ’@\“ QQ,\) q @0@\“@&@@ £S o0 R
< < =
$§&*(}°QC}OQO\OQO\°QQ\°{\ q&b\* (}000000\000\‘)0(}00 5 % zg N B
U20S Clone 2 Clone 14 Clone 22 €3
254-—---- -“--.._._--lpSG o 0
kb Oh 2h 4h Oh 2h 4h Oh 2h 4h Oh 2h 4h i 1 w120
. Rt e pS6K (nigh scan 5 » o7 W
bt L R R ——— 50| D - - - - == <= intensity) <3 0% FBS
TESSSe SRS (oo o £ g5 20 Cdese
80— pS6K (low scan %g 60 %
57 W N e e e e S S e e ¥ | GAPDH 50| - e o e e ’ intensity) $ D 40 PR .
80 B - - —— ——— ——— §§ 20 = ¥ *
100 £
-I‘-\-- VPSS O Ty e —— 2§ o0 L
- o N L RN Y
100 -— VPS35 RGO gy
Q (@) N ] O A0
37— ———— e s e = == | GAPDH b@g (OB OENOENe)

@

Figure 1. Loss of retromer causes mTORC1 activity defects in S. cerevisiae and mammalian cells. (A) WT and retromer complex mutants vps264, vps294,
and vps354 were grown to exponential growth phase, spotted (10-fold serial dilutions) on YPD plates containing no (YPD only) or the indicated concentrations
of rapamycin, and grown for 3 d at 30°C. (B) Strains (as in A) were inoculated in liquid YPD (top panel) or YPD containing 7.5 ng ml-! rapamycin (lower panel),
and growth was monitored using a Bioscreen C reader set at 30°C with readings (ODgg0) taken every 30 min. (C) Strains (as in A) were grown exponentially in
synthetic complete medium (+; EXP), starved for amino acids for 5 min (-; 5 min) and restimulated with 3 mM glutamine for the indicated times (+ Gln; 4-12
min). Phosphorylation of the TORC1 target residue Thr’3” within Sch9 (Urban et al., 2007) was monitored by immunoblot analysis using anti-Sch9-pThr’3” and
anti-Sch9 antibodies. (D) Parental U20S and VPS35 KO cells infected with a lentivirus expressing GFP-LC3 were cultured in full growth medium and fixed in
PFA followed by confocal microscopy of the GFP-tag. The same cells were also lysed, and lipidation of LC3b was tested by Western blotting. The quantification
was done across three independent experiments. (E) Autophagic flux in three VPS35-deficient cell lines and parental U20S cells was analyzed by Western
blotting of GFP-LC3B in lysates from EBSS-starved and Bafilomycin Al-treated cells. (F) Parental U20S cells and the indicated VPS35 KO cell lines were
cultured in the presence (left) and absence (right) of FBS, and mTORC1 activity was assayed by Western blotting of phosphorylated S6K1 (and phospho-S6 as a
further control of S6K1 activity). The quantifications were done across three independent experiments. Error bars = SD. Scale bars represent 10 um; *, P < 0.05
in a two-tailed, unpaired t test between the indicated condition and parental/nontreated control cells.

lead to lysosomal recruitment of the mTORCI deactivating GAP
protein complex TSC1/2 (Demetriades et al., 2016). This complex
is recruited to lysosomes by generic cellular stress, where it
deactivates the mTORCI activating small GTPase RHEB (Garami
et al., 2003), thereby shutting off mTORCI activity. However,
endogenous tuberous sclerosis complex 2 (TSC2) was cytosolic
in the VPS35 KO clones (Fig. 2 B), comparable to the distribution
in parental U20S cells. We also tested whether the early and late
endocytic network remained separated, which is known to be a
requirement for amino acid sensing (Flinn et al., 2010). The
early endosomal markers EEA1 and SNXI1 remained well sepa-
rated from the late endocytic marker LAMPI (Fig. S1 E), indi-
cating that loss of retromer does not cause a merging of the early
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and late endocytic compartment. Since retromer is an endocytic
trafficking complex, we also tested whether the lysosomal ar-
ginine sensor and mTORCI activator SLC38A9 (Jung et al., 2015;
Rebsamen et al., 2015; Wang et al., 2015), an integral membrane
protein, was correctly positioned in retromer-deficient cells.
FLAG-tagged SLC38A9 was correctly positioned relative to
LAMPI-decorated lysosomes (Fig. 2 C) and to the ragulator
complex (Fig. S1 F), with which SLC38A9 interacts to activate
mTORCI on lysosomes (Shen and Sabatini, 2018). We also tested
whether mTORCI was normally present and correctly assembled
in the VPS35 KO cells through precipitation of lentivirally ex-
pressed GFP-MLST8, which is a component of both mTORCI and
mTORC2 (Kim et al., 2003; Jacinto et al., 2004). As shown in
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Figure 2. mTORC1 regulation through growth factors, TSC2, and SLC38A9 localization in retromer-deficient cells. (A) TFEB-GFP was transiently
expressed in parental HelLa cells and in VPS35 and VPS29 KO cells. Parental and clonal VPS35 deficient U20S cells were serum starved overnight and treated
with dialyzed FBS for the indicated time points. Activation of mTORC1 was tested through Western blotting of phosphorylated mTORC1 substrates S6K1 and
S6. (B) Parental U20S and two clonal VPS35 KO cell lines were fixed and stained for endogenous TSC2 (Alexa Fluor 488, green) and LAMP2 (Alexa Fluor 594,
red). (C) FLAG-SLC38A9 (Alexa Fluor 488, green) was lentivirally expressed in parental and VPS29 or VPS35 KO Hela cells and costained with the lysosome
marker LAMP1 (Alexa Fluor 594, red). (D) GFP-mLST8 was lentivirally expressed in WT and VPS35-deficient cells and precipitated through GFP-trap beads. The
precipitates were analyzed for mTORC1 assembly by Western blotting for endogenous RAPTOR and mTOR. (E) Parental and VPS35 KO U20S cells were serum
starved overnight and stimulated with dialyzed FBS for the indicated times. mTORC1 substrate phosphorylation was assessed through Western blotting.

Quantifications were done across three independent experiments. Scale bars represent 10 pm. Error bars = SD.

Fig. 2 D, GFP-mLST8 precipitated endogenous mTOR and
RAPTOR normally from VPS35 KOs, indicating unperturbed
formation of mTORC]1 in the absence of retromer. Collectively,
these data argued for a more specific defect in mTORC1
activation.

As mTORCI can be activated by growth factor signaling as
well as by nutrient and energy availability, we next sought to
determine which of these mTORCI stimuli might be affected by
loss of VPS35. The decrease of mTORCI substrate phosphoryla-
tion in serum-starved cells (Fig. 1 F) argued against a defect in
growth factor signaling as the underlying cause. Indeed, ex-
tensive serum (growth factor) stimulation experiments with
dialyzed FBS (to avoid changes in amino acid composition of the
medium) revealed that growth factor signaling was almost un-
perturbed in cells treated with a highly efficient siRNA against
VPS35 as well as in the KO clones (Figs. 2 E and S2, A and B).
Similarly, EGF normally activated mTORC1 substrate phospho-
rylation in the VPS29-deficient HeLa cell line (Fig. S2 C). In-
terestingly, activation of AKT (S473), an mTORC2 target site
(Sarbassov et al., 2005), was strongly increased in knockdown
and KO cells, while activation of ERK1/2 was unperturbed
compared with control cells (Figs. 2 E and S2, A-C). These data
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argued that growth factor-mediated activation of mTORCI is not
negatively affected by loss of retromer.

Amino acids signaling is perturbed upon loss of retromer

In stark contrast, acute stimulation of nutrient-starved cells
with amino acids revealed dramatically reduced phosphoryla-
tion of the mTORC1 substrates S6K and Sé6 in all tested U20S
VPS35 KO cell lines compared with parental cells (Fig. 3 A).
Readdition of amino acids for 45 min after 3 h of starvation also
led to reduced mTORCI substrate phosphorylation in U20S cells
treated with siRNA against VPS35 (Fig. 3 B). Time course ex-
periments with amino acid reexposure from 5 to 60 min (Fig. 3,
Cand D) and up to 3 h (Fig. S2 D) with VPS35 knockdown and KO
cells revealed lower mTORCI substrate phosphorylation across
all time intervals. mTORC1 is known to change its subcellular
localization in an activity-dependent manner: in nutrient de-
prived cells, inactive mTORC] is mainly cytosolic but relocalizes
to lysosomes in response to nutrient (amino acid) availability
(Sancak et al., 2010). Dual imaging of lysosomes and of the en-
dogenous mTOR kinase revealed that mTOR failed to relocalize
to lysosomes in response to amino acid stimulation in VPS35 KO
(Fig. 3 E) and VPS35 knockdown (Fig. S2 E) cell lines, thereby

Journal of Cell Biology
https://doi.org/10.1083/jcb.201812110

620z JequiedeQ 0 uo 3senb Aq 4pd 011218102 al/z1.26094/610€/6/812/4Ppd-8joe/qol/Bi0"sseidnu//:dpy woly papeojumoq

3022


https://doi.org/10.1083/jcb.201812110

A "

c 3 »
IV

B SiRNA
o

+AA (45min) e 12 [ pSEK F o X oo
—_— & 5 & & . N
& & i 2.0 - SRR S6K phosphorylation ~ S6 phosphorylation
A A R A A =8 o . |p-S6 (120 5.2
ST R (@ (@@ (8 2 O g 25 23 100 > 9100
ko S OO0COO Fooo lre] 80 — 2E 4 3 S0 %
)=t o9 Q
sl[mmmsas [ yppp— G £ 60 sode . e =a|PSEK 28 x# gSe ]
- C 80 < © 40 £ Oy40
80 L= £ Sa SGK B8R 20 8820
- — —  |p-SEK o 100 ® T @ T
0 = 25, == jwss declU L %
8 - . B o o o 8 y & “
S  EERERn ERRRRE 37 =] actin s & & &
100—= = VPS35 AA
37 |capoH N
6\@"’
§ D scrambled siRNA VPS35 siRNA . B X i
wildtype U20S VPS35 KO Clone 2 pS6K intensity pS6 intensity \p 05 15304560 0 5 15304560 min.AA pS6K intensity pS6 intensity
KD 0 515304560 0 5 15304560 mMin.AA 5000 r08 T 1800, U208 WT [ ——— ———— ps6 % u2oswr 4o00] U208 WT
25J----- “]p-s6 2500| KO Clone 16091 o clone 8o 3000 vPS35 KD 3500 VPS35 KD
80 — . 2000 1200 1 mee S6K 2500 3000
i i p-SBK 1500 1000) 50 T —— — = == —|P- 2000 ;ggg
50 o 800 —
e e , D emmEE Dommmm <
SBK 500 — 400 . 50— - - 1000( 5
50 ¥ 7 2000 4t 100 500 > 500 | &
= o Le=—s goTYereyeT— VPS35 o |
37 il | GAPDH 0 5 15 30 45 60 0 5 15 30 45 60 37 EABDE L N T
1
100—1____,_,_, |VPS35 min AA stimulation ‘min AA stimulation min AA stimuiation ¥rin AA Sirulation
E smpty, HAVRS3S empty HA-VPS35
Virus Virus . y
—_ e Ty Virus Virus
kD O 30 60 0 30 60 min.AA kD O 30 60 0 30 60 min. AA
P s p-S6 25| ==~ emwm|pSe
80 = 80 _ —|p-seK
c - o | P-SBK N - P
§ 0. MTOR-LAMP1 x| .| - A gpo—=————=
o 877 colocalization o oA S6K % - - - | SOK
- | 100
o 5 0.5 S 1100 ———]oHA (VPS35) 5] — — —]| «HA (VPS35)
S g o |100 — — —|VPs35 100 B \/PS35
2 0.4+ X 150 37— ————] GAPDH
s & | e e S
£0.3 @ |1 {= s = e LK
g Dﬂ_) 0.2 % 174w W M| p4EBP1 (S65) pS6K intensity pS6 intensity
2 o 4000, Knockout 900, Knockout
9 E % 17 W W o4EBP1 (T37/38) a500| VPS35rescue | 800| VPS35 rescue
¢ £ 0.4 [ ——— 2 B
2500 / /|
> 8 %0 )
2 0. 37 GAPDH 2000 / 200 I/
= o O 1500 N N
O X 1000 Y ggg yd
S g 500 / 100 E’/{'/'
[2] 0 T T T 0 T ™ T
g 0 30 60 0 30 60

min AA stimulation min AA stimulation

Figure 3. Loss of VPS35 perturbs amino acid signaling and mTOR recruitment in U20S osteosarcoma cells. (A) Parental U20S cells and five clonal
VPS35 KO cell lines were starved in EBSS supplemented with glucose and stimulated with amino acids (serum-free DMEM) for 45 min. mTORC1 activation was
assessed by Western blotting of phosphorylated mTORCI substrates S6K1 and S6. The quantification was performed across three independent experiments.
(B) The experiment described in A was performed with cells that had been treated with siRNA against VPS35. The quantification was done over three in-
dependent experiments. (C) Parental U20S cells and a clonal VPS35 KO cell line were starved in EBSS and stimulated with serum-free DMEM for the indicated
time points. mTORC1 activation was assayed by Western blotting of phosphorylated mTORC1 substrates S6K1 and S6. The quantification was done over three
independent experiments. (D) The experiment described in C was performed in cells treated with siRNA against VPS35 (n = 3). (E) Parental U20S cells and a
clonal VPS35 KO cell line were starved in EBSS and stimulated with serum free DMEM for 45 min. The cells were fixed in cold PFA and stained for endogenous
mTOR (Alexa Fluor 594, red) and LAMP1 (Alexa Fluor 488, green) and DNA (DAPI, blue). The quantification was done across 20 images from two independent
experiments. (F) Two clonal VPS35 KO cell lines were infected with a lentivirus encoding only puromycin resistance (empty control virus expressing puromycin
resistance only) and with a lentivirus encoding HA-VPS35. These cells were then starved in EBSS and stimulated with serum-free DMEM for the indicated
times. mTORC1 activation was assessed by Western blotting of phosphorylated mTORC1 substrates. The quantifications were done over three independent
experiments. Error bars = SD. Scale bars represent 10 um; *, P < 0.05 in a two-tailed, unpaired t test between the indicated condition and parental/nontreated

control cells.

demonstrating that the amino acid stimulation failed to recruit
mTOR to the lysosomal membrane in VPS35-deficient cell lines.
To exclude clonal or siRNA artifacts, we also used lentiviral
reexpression of HA-VPS35 to revert the observed phenotypes.
As shown in Fig. 3 F, the loss of mTORCI substrate phospho-
rylation in amino acid-stimulated cells could be reverted by
reexpression of VPS35 in all clonal U20S KO cells tested. We also
obtained similar results with siRNA-resistant HA-VPS35 in
siRNA-treated cells (Fig. S3 A).

To substantiate our data on retromer- and mTORC1-mediated
amino acid signaling, we also stimulated retromer-deficient
HeLla cells with amino acids. Four independent VPS35 KO
clones, described previously (Kvainickas et al., 2017a), displayed
lower levels of mTORCI1 substrate phosphorylation in full
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growth medium (Fig. 4 A). We also detected far lower pS6K and
pS6 levels in a clonal VPS29 KO cell line, which could be reverted
by lentiviral reexpression of VPS29 (Fig. 4, B and C). Acute
stimulation with amino acids across several time points also
failed to activate mTORCI substrate phosphorylation in VPS29
KO cells (Fig. 4 D). We also tested individual amino acids and
found that only a combination of leucine and glutamine, as had
been reported previously for HeLa cells (Nicklin et al., 2009),
efficiently activated mTORCI. The leucine/glutamine-mediated
activation of mTORC1 was strongly reduced in the VPS29 KO
cells (Fig. 4 E). As had been recently reported for VPS35-
deficient HeLa cells (Cui et al., 2019), endogenous mTOR failed
to relocalize to LAMP2-decorated lysosomes in amino acid-
stimulated VPS29 KO HelLa cells (Fig. 4 F). We could not observe

Journal of Cell Biology
https://doi.org/10.1083/jcb.201812110

620z JequiedeQ 0 uo 3senb Aq 4pd 011218102 al/z1.26094/610€/6/812/4Ppd-8joe/qol/Bi0"sseidnu//:dpy woly papeojumoq

3023


https://doi.org/10.1083/jcb.201812110

RS S o
e N ¥
PV & AQ% oy 120, O pS6K
7 £ F L 2 x2
kD (o] 4_0 = 9 100 M pS6
et ) £ 0
25 P & & TS 80
80+ kg X ¢ N g,d
50 —| m—w— prS0K 50 e — p-S6K B E 60 g
)
80 = s = —seK 25_| - amm| D-S6 %_*E 40 |
5O | S —— — — 25 " [ 3ke)
10072 VPS35 ~ ®wese 88w
50T e | At &0 gl
37 | — — e — . GAPDH clin > o x O
&P TP
U Fo T
C o ™ D ol
FM  _starve *AAs 1600,
@] ©]
E < E ™ E 2 Hela VPS29 KO %‘ 14004
i A KD 0 15 30 60 0 15 30 60 AAstim (min) 2 1200|
38l 38 20 TR €%
KO rT>T>1T> 50 - - — pS6K = 5 10001
80— r—1 - o 2 28001
- - | P T ———— —— 25 J
50— o a8 | SOK £ e co0
 E—— Sl sex 50 & & 4004
500 e & 25_] e —— - —l p-S6 f 200 1
e e Ny
37 GAPDH 57| s s s s e ] GAPDH t0 t15 30 60
amino acid stimuation (min)
Pearson’s
E F mTOR (488) LAMP2 (594) mere+DNA correlation
+GIn  +GIn B 5 P 5 7y q
stave +GIn +Leu +Arg +Arg +Leu 5 1
L OLOLORLOLOwL O S§ 0.78+/-0.05
< Xz X 4 < 4 [} .78+/-0.
c2%838:3833%% = n=20
$£383¢83¢323¢
w tS52525 252828
80 =
SO:I &= sk
L T Y T T X
. - - | SOK )
0= SHpDE 10 0.46+/-0.07
374 e % n=20
G steady state starvation period in EBSS + Glucose amino acid stimulation
full growth
MEM 15min EBSS 30min EBSS 1h EBSS 2h EBSS 3h ESS 5min DMEM 15min DMEM
1)
T B
o
©
-
9]
o
©
o
>
2
2
i
©
(8]
5
<]
X
[$]
o
c
X
]
N
(7]
o
> B

Figure 4. Amino acid signaling and mTOR recruitment to lysosomes are defective in VPS29-deficient Hela cells. (A) Parental Hela and four VPS35 KO
cell lines generated with CRISPR/Cas9 were starved in serum-free DMEM without amino acids and stimulated with a mixture of amino acids (MEM recipe) and
glutamine for 45 min. mTORC1 activation was assessed by Western blotting of phosphorylated mTORC1 substrates S6K1and S6. (B) Parental HelLa cells, VPS29
KO cells, and VPS29 KO cells with lentivirally reexpressed VPS29-myc were starved in serum- and amino acid-free medium and stimulated with amino acids for
45 min. The quantification was done over three independent experiments. (C) Parental HeLa cells and clonal VPS29 KO cells were cultured in either full growth
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medium (FM) or serum- and amino acid-free DMEM (AA starve) or were acutely stimulated with amino acids after 1 h of starvation. mTORC1 activation was
assessed by Western blotting of phosphorylated mTORC1 substrates S6K1. (D) Parental Hela cells and VPS29 KO cells were starved in serum- and amino
acid-free DMEM and stimulated with amino acids for the indicated time points. mTORCI activation was assessed by Western blotting of phosphorylated
mTORC1 substrates S6K1and S6. The quantification was done over three independent experiments. (E) Parental HeLa cells and VPS29 KO cells were starved in
serum- and amino acid-free DMEM and stimulated with the indicated individual amino acids. mTORCI activation was assessed by Western blotting of
phosphorylated mTORC1 substrate S6K1. (F) Parental HeLa cells and clonal VPS29 KO cells were starved in serum- and amino acid-free DMEM for 3 h and
stimulated with amino acids for 45 min. Following stimulation, cells were fixed and stained for endogenous mTOR (Alexa Fluor 488, green) and endogenous
LAMP2 (Alexa Fluor 594, red) and DNA (DAPI, blue). The colocalization between mTOR and LAMP2 was quantified across 20 images from two independent
experiments. (G) Parental HeLa cells (top panel) and VPS29 KO cells (bottom panel) were starved in EBSS for the indicated time points and stimulated with
amino acids for 5 and 15 min. The cells were then fixed in PFA and stained for endogenous mTOR (lower row) and endogenous LAMP2 (upper row). Error bars =

SD. Scale bars represent 10 um; *, P < 0.05 in a two-tailed, unpaired t test between the indicated condition and parental/nontreated control cells.

meaningful changes in TSC2 localization in amino acid-starved
and stimulated conditions between parental HeLa cells and
clonal VPS29 KO cells (Fig. S3 B). Interestingly, we also observed
lysosome positioning defects in these cells, as the LAMP2-
decorated vesicles failed to cluster in a juxtanuclear area in
the KO cells (Fig. 4 F). To substantiate this, we starved these cells
for several time points up to 3 h, followed by amino acid stim-
ulation for 5 and 15 min. In parental HeLa cells, lysosomes first
moved to the cell periphery upon starvation, followed by pre-
viously observed (Korolchuk et al., 2011) progressive clustering
in the vicinity of the nucleus. As has been reported previously
(Yu et al,, 2010), prolonged starvation led to mTOR recruitment
to the clustered lysosomes starting at 1 h of starvation (Fig. 4 G).
In contrast, lysosomes remained evenly distributed throughout
the cytosol at all time points in the VPS29 KO cell line, and mTOR
failed to localize to lysosomes during prolonged starvation and
also in the amino acid-stimulated cells. In the HeLa cells, we also
tested whether the effect on amino acid signaling was specific
for retromer. Deletion of the retromer cargo adapter SNX27
(Temkin et al., 2011) and also of the retromer-related retriever
complex and SNX17 (McNally et al., 2017) did not result in a
reduction of amino acid-mediated mTORCI activation (Fig. S3 C),
suggesting that it is not endocytic recycling in general that is
required for mTORCI activation. We concluded that lysosomal
recruitment and activation of mTOR by amino acids was severely
perturbed in retromer-deficient cells. This defect appeared to be
accompanied by changes in lysosome positioning.

Since mTORCI is activated by the lysosomal ragulator com-
plex, which acts as a GEF for the RAPTOR binding RAG GTPases
(Sancak et al., 2010; Bar-Peled et al., 2012), we next aimed to
investigate RAG localization in retromer-deficient cells. The
presence of amino acids activates the small GTPases RAGA and
RAGB (resulting in RAGA/B-GTP in dimers with inactive RAGC/
D-GDP) through a complex regulatory network consisting of
the pentameric ragulator complex, amino acid channels, the
v-ATPase proton pump, and the GATOR complexes with GAP
activity toward the RAGs (Saxton and Sabatini, 2017). Activated
RAGA directly binds the mTORC1 subunit Raptor, which is
needed for the lysosomal recruitment of mTORCI and its acti-
vation (Sancak et al., 2008, 2010). In agreement with a defect in
amino acid signaling, we observed a pronounced loss of the in-
teraction between GFP-RAGA or GFP-RAGB with the endoge-
nous mTORCI subunit RAPTOR (Fig. 5 A). We also detected a loss
of lysosome-localized endogenous RAGC (Fig. 5, B and C) and
RAGA (Fig. S3 D) in retromer-deficient HeLa cells, in fed as well
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as in starved cells. In agreement with these localization defects,
less RAGA and RAGC precipitated with lentivirally expressed
LAMTORI-GFP under fed and starved conditions from VPS35-
deficient cells (Fig. 5 D). As reported previously, amino acid
stimulation led to a dispersal of the RAGs into the cytosol
and weakened the RAG-ragulator interaction (Lawrence et al.,
2018). These changes were not caused by ragulator assembly
defects, as LAMTORI-GFP precipitated endogenous LAMTOR2
and LAMTOR4 normally (Fig. 5 D). Precipitation of endogenous
LAMTORI also coprecipitated similar amounts of endogenous
LAMTOR4 from VPS35 KO cells (Fig. 5 E). Furthermore, LAM-
TORI-GFP and endogenous LAMTOR4 localized normally to
LAMPI-decorated lysosomes (Fig. S3, E and F), indicating un-
perturbed ragulator assembly and localization. RAG dimeriza-
tion also appeared to be intact, as isolation of GFP-RAGC from
retromer-deficient cells precipitated similar amounts of endog-
enous RAGA to WT cells (Fig. S3 G). Lentiviral expression of
constitutively active RAGA mutants in the retromer-deficient
HeLa and U20S cell lines did not rescue the amino acid signal-
ing defects (Fig. 5, F and G; and Fig. S3 H), suggesting that it is
not only RAG activation that is perturbed upon loss of retromer.
In agreement with this, KO of the RAG-deactivating GATORI
GAP complex components NPRL2 and DEPDC5 (Bar-Peled et al.,
2013) only modestly increased amino acid-mediated mTORC1
substrate phosphorylation. Overall, our data indicated that RAG
recruitment to lysosomes was perturbed upon loss of retromer.

Retromer indirectly regulates mTORC1

Next, we aimed to investigate the mechanistic basis of the ap-
parent role of retromer in the maintenance of amino acid sig-
naling. Since retromer is involved in the recycling of potentially
hundreds of different cell surface proteins, we first investigated
whether retromer is needed to maintain the cell surface levels of
one or several of the critical amino acid transporters that
transport the amino acids needed for mTORC]1 activation. To this
end, we labeled U20S cells in stable isotope labeling with amino
acids in cell culture (SILAC) medium, depleted VPS35 by siRNA,
and isolated the cell surface proteome through biotinylation
with a cell-impermeable biotin tag. Following streptavidin-
based isolation of the biotinylated cell surface proteins, sam-
ples from control and VPS35-depleted cells were combined and
quantified by liquid chromatography/tandem mass spectrome-
try (LC-MS/MS; Fig. 6 A). This analysis revealed that all detected
amino acid transporters with reported functions in mTOR acti-
vation (Nicklin et al., 2009; Heublein et al., 2010; Karunakaran
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Figure 5. Loss of retromer perturbs lysosomal recruitment of RAG GTPases. (A) GFP-RAGA and GFP-RAGB were lentivirally expressed in parental and
VPS35-deficient U20S cells and precipitated with GFP-trap beads. The precipitates were then analyzed for the presence of endogenous Raptor to assess the
extent of RAG-Raptor binding (n = 3). (B) Endogenous RAGC (Alexa Fluor 488, green) and endogenous LAMP1 (Alexa Fluor 594, red) were costained in parental
and in retromer-deficient HeLa cells, and colocalization was analyzed across 20 images from two independent experiments. (C) Endogenous RAGC (Alexa Fluor
488, green) and endogenous LAMP1 (Alexa Fluor 594, red) were costained in fed, starved, and amino acid-stimulated (30 min) Hela cells, and colocalization
was analyzed across 20 images from two independent experiments. (D) LAMTOR1-GFP was lentivirally expressed in the indicated cell lines, the cells were
starved and stimulated, and LAMTOR1-GFP was precipitated by GFP-Trap. Precipitates were analyzed for the presence of RAGs and ragulator components.
(E) Endogenous LAMTOR1 was precipitated from the indicated HeLa cell lines, and the precipitates were analyzed for the presence of LAMTORA4. (F and G) The
indicated U20S and HelLa cells were infected with lentiviruses encoding constitutively active GFP-RAGA-Q66L or myc-tagged RAGA-Q66L, starved in amino
acid-free DMEM, and stimulated with amino acids followed by assessment of mTORC1 substrate phosphorylation (H) Parental HeLa cells, VPS29 KO cells, and
VPS29/NPRL2 or VPS29/DEPDC5 double-KO cells were starved and stimulated with amino acids, and mTORC1 substrate phosphorylation was assessed.
Phosphorylated S6K1 signal was quantified across four independent experiments. Error bars = SD. Scale bars represent 10 um; *, P < 0.05 in a two-tailed,
unpaired t test between the indicated condition and parental/nontreated control cells.

et al., 2011; f)gmundsdéttir et al., 2012; Kobayashi et al., 2014; with RAPTOR, mLST8, RICTOR, and mTOR. The retromer-

Rebsamen et al., 2015; Broer et al., 2016; Chan et al., 2016; Dong
et al., 2018) were still present at normal levels (Fig. 6 B), sug-
gesting that it is likely not the influx of amino acids that is
perturbed in the retromer-deficient U20S cells. By costaining of
the retromer component SNX1 and endogenous mTOR, we also
analyzed whether retromer and mTOR colocalize on endosomal
compartments. While confocal analysis of SNX1 and mTOR
suggested some colocalization on vesicular compartments (Fig. 6 C),
a 3D reconstruction of several Z-planes revealed that SNX1 and
mTOR are largely separated on endocytic compartments
(Fig. 6 D), indicative of an indirect role for retromer in mTORCI
activation. In agreement with the lack of colocalization, we
failed to detect binding of overexpressed retromer subunits
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associated protein SNX27 precipitated RICTOR and some
RAPTOR (Fig. 6 E), but, unlike reported previously (Yang et al.,
2018), knockdown of SNX27 did not result in any loss of
mTORCI signaling upon amino acid stimulation (Fig. 6 F),
confirming our KO data (Fig. S3 C) that retromer does not
regulate mTORCI through SNX27. We concluded that retromer
likely regulates mTORCI in an indirect manner.

mTORC1 signaling requires regulation of RAB7 activity
through retromer/TBC1D5

To investigate the mechanism through which retromer pro-
motes amino acid sensing and mTORCI signaling, we next per-
formed a CRISPR/Cas9 screen of retromer-associated proteins
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Figure 6. Retromer does not interact with mTORC1 and does not maintain surface levels of critical amino acid transporters. (A) Schematic repre-
sentation of the SILAC work flow to quantify the cell surface proteome of VPS35-depleted U20S cells by LC-MS/MS. Western blotting was used to confirm the
efficient depletion of VPS35 in the SILAC-labeled cells. (B) Venn diagram showing the overlap between detected amino acid transporters that have been
implicated in mTORCI activation and transmembrane proteins that were lost >1.4-fold (average of two experiments) from the surface of VPS35-depleted cells.
(C) U20S cells were starved in EBSS for 3 h and stimulated with amino acids for the indicated times, followed by fixation and staining of endogenous mTOR
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(Alexa Fluor 488, green) and the retromer component SNX1 (Alexa Fluor 594, red). Confocal microscopy was used to analyze potential colocalization between
retromer and mTOR. (D) 3D reconstruction of a z-stack of endogenous SNX1 (red) and endogenous mTOR (green). (E) GFP-tagged retromer components and
retromer-associated proteins were transfected into HEK293 cells and precipitated by GFP-trap, and precipitates were analyzed for the presence of the in-
dicated mTORC1/2 components. (F) The indicated retromer components and retromer-associated proteins were depleted with siRNA in U20S cells, and
mTORC1 activity after 45 min of amino acid stimulation was tested through Western blotting of S6K1 and S6 phosphorylation in three independent ex-
periments. Error bars = SD. Scale bars represent 10 pm; *, P < 0.05 in a two-tailed, unpaired t test between the indicated condition and parental/nontreated

control cells.

and tested whether genomic deletion of any of them phe-
nocopied the loss of amino acid-mediated mTORCI substrate
phosphorylation. To do so, three plasmids expressing distinct
gRNAs targeting different exons of the respective gene were
pooled together with a puromycin selection marker. Following
puromycin selection of transfected cells and 5-d recovery, cells
were starved in medium without serum and amino acids and
acutely stimulated with a mixture of amino acids. We included
the HOPS (homotypic fusion and protein sorting) complex
component VPS39, the loss of which has been shown to disrupt
amino acid signaling (Flinn et al., 2010), as a positive control.
Besides loss of VPS39 and loss of core retromer component
VPS29, only KO of TBC1D5 resulted in a comparable reduction in
mTORCI substrate phosphorylation to loss of VPS29 (Fig. 7 A).
TBCID5 is a retromer-associated RAB7 GAP protein that controls
retromer activity and has roles in autophagy (Seaman et al.,
2009; Popovic and Dikic, 2014; Roy et al., 2017). Western blot-
ting confirmed the loss of TBC1D5 from the CRISPR-treated cells.
We next aimed to investigate the role of TBCID5 in mTORC1
activation in more detail. Acute KO of TBCID5 from HelLa cells
broadly reduced mTORCl substrate phosphorylation upon
stimulation with amino acids (Fig. 7 B). This was specific for
TBC1D5, as KO of TBC1D2 and TBC1D15, two other proteins with
reported RAB7 GAP activity (Zhang et al., 2005; Frasa et al.,
2010), did not cause comparable mTORCI activation defects
(Fig. 7 C). TBCID5 requires the direct binding to the retromer
component VPS29 for its endosomal localization and for its GAP
activity (Jia et al., 2016; Jimenez-Orgaz et al., 2018). Therefore,
we next tested whether TBC1D5 needs to bind to retromer to
regulate mTORCI activation. Indeed, mTORCI substrate phos-
phorylation could be rescued through lentiviral reexpression of
WT GFP-TBCID5, whereas reexpression of a retromer binding-
deficient TBCID5 mutant (Jia et al., 2016) failed to rescue
(Fig. 7 D), indicating that TBCID5 needs to engage retromer to
enable mTORCI activation. Conversely, a VPS29 mutant (VPS29-
L152E) that cannot bind TBCID5 (Harbour et al., 2010; Hesketh
et al., 2014; Jia et al., 2016) failed to rescue mTORCI activation
and lysosomal recruitment in amino acid-stimulated cells,
whereas WT VPS29 did so efficiently (Fig. 7, E and F; and Fig. S4 B).
Taken together, these data suggested that retromer engages
TBCI1D5 to regulate mTORCI activation through amino acids.

Hyperactivated RAB7a blocks mTORC1 activation

We and others have recently shown that retromer, together with
TBCID5, acts as a master regulator of RAB7 activity and locali-
zation (Jimenez-Orgaz et al., 2018; Seaman et al., 2018). In the
absence of retromer or TBCID5, RABY is essentially locked into
its active state and accumulates on the lysosomal membrane due
to decreased nucleotide cycling and membrane turnover. Based
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on this, we hypothesized that hyperactivated RAB7 may be the
cause of the apparent mTORCI1 activation defects. In agreement
with this notion, a constitutively active RAB7 variant has pre-
viously been reported to be a potent inhibitor of amino acid-
mediated mTORCI activation (Li et al., 2010). We confirmed this
data and found that low-level overexpression (roughly the same
level as endogenous RABY7) of constitutively active RAB7-Q67L
disrupted amino acid-mediated mTORCI substrate phosphoryl-
ation (Fig. S4 A). If hyperactive RAB7 caused the mTORCI phe-
notype in retromer-deficient cells, down-regulation of RAB7
activity should at least partially restore mTORCI activity. To test
this, we next infected the VPS29 KO cells with a lentivirus en-
coding dominant-negative RAB7 (GFP-RAB7-T22N), which
should down-regulate or block endogenous RAB7 activity. In-
deed, expression of RAB7-T22N, but not WT GFP-RABY, effi-
ciently restored amino acid-mediated phosphorylation of the
mTORCL substrate S6K (Fig. 8 A), confirming that it is indeed
hyperactivated RAB7 that perturbs mTORCI signaling upon loss
of retromer. CRISPR/Cas9-mediated targeting of endogenous
CCZ1, which, together with MON], is the main RAB7-activating
protein (Nordmann et al., 2010; Gerondopoulos et al., 2012), also
restored mTORCI activity in a VPS29 KO background (Fig. 8 B).
KO as well as knockdown of endogenous RAB7a partially rescued
mTORCI signaling in VPS29 KOs (Fig. 8, C and D), thereby
demonstrating that the hyperactivated, endogenous RAB7a is
responsible for a large part of the mTORCI defects observed
upon loss of retromer.

RAB?7 aberrantly enters the mTORC1 domain in the absence

of retromer

Since RAB proteins establish functional microdomains on en-
dosomal membranes (Pfeffer, 2013), we hypothesized that the
hyperactivation of RAB7 may lead to an expansion of this GTPase
into the lysosomal domain that senses amino acids, thereby
impairing its function. Indeed, a colocalization analysis of GFP-
RAB7, expressed at very low levels, and endogenous mTOR
indicated that RAB7 and mTOR partially reside on the same
endolysosome but localize to largely distinct subdomains (Fig.
S4, C and D). A substantial fraction of vesicular mTOR also re-
sided on RAB7-negative vesicular entities in the cell periphery
(Fig. S4 C), which have been shown to be the most active sites of
mTORC] signaling (Korolchuk et al., 2011). Constitutively active
GFP-RAB7-Q67L was much more vesicular and appeared to
displace mTOR from late endosomes/lysosomes, as mTOR did
not reside on RAB7-Q67L-decorated vesicles (Fig. S4 D). In
contrast, dominant-negative RAB7-T22N did not localize to ly-
sosomes but resulted in increased vesicular localization of mTOR
(Fig. S4 D). Costaining of endogenous RAB7 and the lysosome
marker LAMP2 in parental and VPS35 KO HeLa cells revealed
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Figure 7. CRISPR/Cas9 screening identifies TBC1D5 as the retromer component that maintains amino acid signaling. (A) HeLa cells were transfected
with Cas9, a pool of three gRNAs targeting the indicated retromer component, and a puromycin resistance construct. Transfectants were selected with
puromycin and incubated for 5 d, followed by starvation in serum- and amino acid-free medium for 3 h and acute (45-min) stimulation with a mixture of amino
acids (MEM recipe and glutamine). mTORC1 activity upon amino acid stimulation was assessed by Western blotting of pS6K1 and pS6. The quantification was
done across six independent experiments. (B) HeLa cells were transfected with a pool of gRNAs targeting the TBC1D5 gene, starved in serum-free DMEM, and
stimulated with a mixture of amino acids. mTORCI substrate phosphorylation was assessed by Western blotting. (C) HeLa cells were transfected with a mix of
gRNAs targeting the indicated RAB7 GAP proteins. The cells were then starved in serum-free DMEM and stimulated with amino acids for 45 min, and mTORC1
substrate phosphorylation was analyzed by Western blotting. (D) HeLa cells were transfected with a mix of gRNAs targeting TBC1D5. 5 d after transfection, the
KO cells were infected with a lentivirus encoding GFP-tagged TBC1D5 and the retromer-binding mutant TBC1D5-L142E. The cells were then starved in serum-
free DMEM and stimulated with amino acids for 45 min, and mTORC1 substrate phosphorylation was analyzed by Western blotting (n = 4). (E) Clonal VPS29 KO
cells were infected with a lentivirus encoding WT and TBC1D5 binding deficient VPS29-L152E, starved in amino acid-free DMEM, and stimulated with amino
acids. mTORC1 substrate phosphorylation was assessed by Western blotting in three independent experiments. (F) The cells were treated as in E, fixed, and
stained for endogenous mTOR (Alexa Fluor 488, green) and LAMP2 (Alexa Fluor 594, red). Colocalization was quantified across 12 images from two inde-
pendent experiments. Error bars = SD. Scale bars represent 10 um; P values stem from a two-tailed, unpaired t test between the indicated conditions.

that the partial and punctate localization of endogenous RAB7
to lysosomes was dramatically altered in the retromer-
deficient cells, as RAB7 fully covered the entire LAMP2-
decorated domain (Figs. 8 E and S4 E). We observed similar
changes for GFP-RAB?7, which partially localized to lysosomes
in WT cells but fully covered all lysosomes in VPS35-deficient
cells (Fig. S4 F). Enhanced-resolution confocal imaging (Air-
yscan technology) of endogenous LAMTORI and GFP-RAB7
expressed at low levels revealed that ragulator and RAB7 re-
sided on well-separated microdomains on LAMP1-stained ly-
sosomes (Fig. 8 F). This separation was reduced markedly in
VPS29- and VPS35-deficient cells under the same imaging
conditions (Fig. 9 A). The colocalization between GFP-RAB7
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and endogenous LAMTOR1 was significantly increased in
VPS29- and VPS35-KO cells (Fig. 9 B). This was particularly
evident on peripheral lysosomes, which were often LAMTOR1
positive but RAB7 negative (Fig. 9 B). Strikingly, the merg-
ing of the RAB7 and Ragulator signal could be reverted by
reexpression of WT VPS29, whereas the TBCID5 binding-
deficient VPS29-L152E failed to restore the separation be-
tween RAB7 and ragulator (Fig. 9 B). RAB7 did not interact
with ragulator, RAGs, or mTORCI components (Fig. S5, A-C),
indicating that RAB7 does not directly block RAG-ragulator
interactions but instead interferes with RAG-ragulator dy-
namics indirectly. Based on these data, we propose that ret-
romer prevents “leakage” of activated RAB7 into the amino
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Figure 8. Hyperactivated RAB7 disrupts amino acid signaling. (A) Parental Hela cells, VPS29 KO cells, and VPS29 KOs infected with a lentivirus encoding
GFP-RAB7 and dominant-negative GFP-RAB7-T22N were starved in amino acid-free DMEM and stimulated with amino acids for 45 min. The level of
phosphorylated S6K1 was then determined and quantified by Western blotting over three independent experiments. (B) Parental HeLa cells, VPS29 KO cells,
and VPS29 KO cells transfected with Cas9 and a pool of three gRNAs against the RAB7-activating GEF protein CCZ1 were starved in amino acid-free DMEM and
stimulated with amino acids for 45 min. The level of phosphorylated S6K1 was then determined and quantified by Western blotting over three independent
experiments. (C) Parental HeLa cells, VPS29 KO cells, and VPS29/RAB7a double-KO cells were starved in amino acid-free DMEM and stimulated with amino
acids for 45 min. The level of phosphorylated S6K1 was then determined and quantified by Western blotting over three independent experiments. (D) Parental
Hela cells, VPS29 KO cells, and VPS29 KOs treated with siRNA against endogenous RAB7 were starved in amino acid-free DMEM and stimulated with amino
acids for 45 min. The level of phosphorylated S6K1 was then determined and quantified by Western blotting over three independent experiments. (E) Parental
HeLa cells and VPS35 KO cells were fixed and stained for endogenous RAB7 (Alexa Fluor 488, green) and endogenous LAMP2 (Alexa Fluor 594, red). Images
were acquired by confocal microscopy. (F) HeLa WT cells were infected with a lentivirus expressing GFP-RAB7a at low levels. The cells were then fixed in PFA
and stained for endogenous LAMTORL (Alexa Fluor 594, red) and LAMP1 (Alexa Fluor 405, blue). Z-stacked images were acquired on a Zeiss confocal mi-
croscope equipped with Airyscan detectors to achieve higher resolution. The images display a 3D reconstruction after Airyscan processing. Scale bars represent
1 um (F). Error bars = SD; P values stem from a two-tailed, unpaired t test between the indicated conditions.

acid-sensing domain by deactivating this small GTPase on
maturing endosomes.

Finally, we aimed to investigate whether loss of retromer
would affect mTORCI activity in a more physiologically rele-
vant setting. For this, we tested whether RNAi-mediated de-
pletion of VPS29 or VPS35 in Caenorhabditis elegans would
increase the lifespan of worms, as would be expected with
reduced mTORCI activity (Templeman and Murphy, 2018).
Western blotting of an exogenous reporter construct based on
the human mTORCl substrate 4E-BP1 confirmed that
mTORCl-mediated phosphorylation of this reporter was re-
duced in VPS29- and VPS35-suppressed worms (Fig. 9 C),
indicating a loss of mTORCI1 signaling. Strikingly, knockdown
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of VPS29 or VPS35 increased the lifespan of the worms,
similar to the increase observed with knockdown of mTORC1
component daf-15 (RAPTOR homologue), suggesting that ret-
romer also regulates mTORCI in living nematodes (Fig. 9 D).
This increase in lifespan was most likely due to reduced
mTORCI activity, as the GFP tagged TFEB homologue hlh-30,
which is maintained in the cytosol through mTORCI activity
(Lapierre et al., 2013), robustly translocated to the nucleus of
intestinal cells in worms treated with VPS29 or VPS35 RNAi
(Fig. 9 E). Finally, we asked whether RAB7 may also be a
regulator of mTORCI signaling independently of retromer.
Indeed, knockdown of RAB7 resulted in a measurable increase
in amino acid-mediated mTORC1 activation, as indicated
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Figure 9. Loss of retromer causes expansion of RAB7a into the ragulator domain and increases lifespan in C. elegans. (A) The indicated HeLa cell lines
expressing lentiviral GFP-RAB7a were stained for endogenous LAMTOR1 (Alexa Fluor 594, red). Z-stacks were acquired on a confocal microscope with Airyscan
detector technology. The images show 3D reconstructions of the Z-stacks following Airyscan processing. (B) Parental Hela cells, VPS35 KO cells, VPS29 KO
cells, and VPS29 KO cells with lentiviral reexpression of VPS29 and the TBC1D5 binding-deficient VPS29-L152E were infected with a lentivirus encoding GFP-
RAB7. The cells were fixed and costained for the ragulator component LAMTORL (Alexa Fluor 594, red). The colocalization between GFP-RAB7 and LAMTOR1
was then analyzed by confocal microscopy and quantified across 20 images per condition acquired in two independent experiments. (C) C. elegans worms were
treated with RNAi to suppress the RAPTOR homologue daf-15 and the retromer components vps-35 and vps-29 and tested for mTORCI activity with an
exogenous reporter construct based on phosphorylation of human 4E-BP1 (Western blot panel). (D) The RNAi-treated worms described in C were assessed for
their lifespan. The number of worms quantified were 134 (control), 106 (vps-35 RNAi), 97 (vps-29 RNA), and 130 (daf-15). (E) C. elegans worms expressing the
TFEB homologue GFP-hlh-30 were treated with RNAI to suppress the retromer components vps-35 and vps-29, and the nuclear localization of GFP-hlh-30 in
intestinal cells was assessed by microscopy. *, P < 0.001 by two-way ANOVA. The quantification was done across a total of 60 worms in three independent
experiments. (F) Hela cells were transfected with siRNA against RAB7a, and mTORCI activity was assessed by Western blotting of phosphorylated S6K1
protein. The quantification was done across four independent experiments. Error bars = SD. Scale bars represent 1 um (A) or 5 um (B); P values represent the
results of an unpaired, two-tailed t test (Excel) between the indicated conditions. *, P < 0.05 in a two-tailed, unpaired t test between the indicated condition
and parental/nontreated control cells. All P values are from the same type of t test.

by increased S6K phosphorylation (Fig. 9 G), suggesting
that RAB7 may be an endogenous regulator of mTORC1
signaling.

Discussion

Here, we demonstrate that retromer-mediated control of RAB7
domain architecture is required for late endosomal/lysosomal
amino acid sensing and mTORCI recruitment and signaling.
According to our data, retromer promotes mTORC1 signaling in
yeast, worms, and mammalian cells. Thus, we propose that
retromer should be considered an evolutionarily conserved
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upstream component or regulator of the cellular amino acid
signaling machinery.

Mechanistically, our data suggest that retromer does not
control the cell surface level of critical amino acid transporters
in U20S cells, loss of which from the cell surface could also
explain some of the observed defects in amino acid-mediated
mTORCI activation. However, since we have not directly tested
amino acid influx into the cells, we cannot rule out that a frac-
tion of the mTORC1 activation defects in retromer null cells is
caused by reduced cellular uptake of certain amino acids. Our
rescue experiments with the VPS29-L152E mutant that cannot
engage TBCID5 argues that impaired recycling of surface
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transporters is unlikely to be the main cause of mTORC1 defects.
This mutant fully restores retromer-mediated recycling of cell
surface transporters (Jimenez-Orgaz et al., 2018) but completely
failed to restore mTORCI signaling. Thus, we propose that it is
not retromer-dependent recycling of cell surface transporters
that is required for mTORC1 activity. This also applies to the
glucose transporter GLUT1, which we have shown to shuttle
glucose into cells in a retromer-dependent manner (Steinberg
et al., 2013). The VPS29-L152E mutant fully restores recycling of
this critical glucose transporter (Jimenez-Orgaz et al., 2018), so a
loss of glucose uptake is unlikely to explain the observed defects
in mTORCI activation.

Instead, our data indicate that the hyperactivated RAB7
GTPase (Jimenez-Orgaz et al.,, 2018; Seaman et al., 2018) is
responsible for a large proportion of the mTORCI activation de-
fects upon loss of retromer. We have shown previously (Jimenez-
Orgaz et al., 2018) and in this study that RAB7 displays a tightly
controlled localization to a subset of late endosomes and
lysosomes, where it forms discrete patches or microdomains
on larger late endosomes. This domain architecture is main-
tained by retromer and the VPS29-bound TBCID5, which act
cooperatively to deactivate RAB7 on maturing endosomes
(Jimenez-Orgaz et al., 2018; Seaman et al., 2018). In the absence
of either TBCID5 or retromer, RAB7 becomes grossly hyper-
activated and fully covers the entire late endocytic network.
This could be due to either a loss of domain restriction for this
small GTPase or simply increased levels of active, membrane-
associated RAB7 on late endosomes. We found that endogenous
mTOR and the ragulator component LAMTORI localize to RAB7-
negative late endosomes in the cell periphery as well as to RAB7-
positive late endosomes, on which mTOR and RAB7 remain
spatially separated. This separation as well as the RAB7-negative
lysosome population appear to be completely lost in retromer-
deficient cells, so the RAB7 and the ragulator-decorated domain
are largely merged. Small GTPases such as the RAB proteins are
known to function through microdomains that need to be spa-
tially separated to fulfill their specialized functions (Pfeffer,
2013). Therefore, we propose that the massive presence of
RAB?7 in the RAG-ragulator domain of retromer-null cells in-
terferes with this functional specification so that ragulator
function, and thus amino acid signaling, is impaired. According
to recent data (Lawrence et al., 2018), the RAG-ragulator in-
teraction is highly dynamic, and rapid RAG cycling between
cytosol and ragulator-decorated domains is required for efficient
mTORCI activation. We propose that the presence of another
small GTPase in the ragulator domain interferes with these
dynamics, which manifests itself as a loss of the RAG-ragulator
interaction, decreased lysosomal RAG levels, and impaired
mTORCI recruitment. Since we could not detect any interaction
between RAB7 and RAG, ragulator, or mTORCI components, we
hypothesize that this interference is indirect, probably through
a host of effectors that the hyperactivated RAB7 aberrantly re-
cruits to the ragulator domain. The apparent defects in lysosome
positioning in our retromer-deficient cells also indicate im-
paired ragulator function, as ragulator antagonizes the periph-
eral movement of lysosomes through the recently discovered
BORC (biogenesis of lysosome-related organelles complex
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1-related complex) and ARLSb (Filipek et al., 2017; Pu et al,,
2017). The defect in mTORCI activation cannot be solely due
to impaired RAG activation through the ragulator, as consti-
tutively active RAGA-Q66L did not rescue the defects. It is
therefore rather a defect in correct RAG positioning and not
necessarily only a defect in RAG activation. Given that the
amino acid sensing and mTORCI recruitment machinery within
and on the lysosomal membrane is highly complex and involves
correct interplay between the vesicular v-ATPase (Zoncu et al.,
2011), the ragulator complex (Sancak et al., 2010), and amino
acid channels such as SLC38A9 (Jung et al., 2015; Rebsamen
et al., 2015; Wang et al., 2015), it is not entirely surprising
that a shift in lysosomal domain architecture would disrupt
such a complex functional assembly.

It should be noted here that there must be a redundant or
backup mechanism for TBC1D5 in the control of RAB7 activity, as
the TBCID5 KO cells very quickly lost the mTORCI activation
phenotype, within days after CRISPR treatment. Therefore, in
this study we used only cells that had been acutely treated with
Cas9 and TBCID5 gRNAs. In contrast, KO of the core retromer
resulted in lasting effects that we observed over several months
of culture. Thus, the cells can quickly overcome the loss of
TBCID5 but cannot compensate for the loss of retromer. Future
studies are required to identify this redundant pathway and also
to integrate the role for TBCID5 in autophagy (Popovic and
Dikic, 2014; Roy et al., 2017) with its function in the mTORCI1
pathway. TBC1D5 was reported to bind to LC3 and to mediate
ATGYa trafficking in a retromer-independent way, thereby
promoting autophagy (Popovic and Dikic, 2014). Popovic and
Dikic (2014) used shRNA-mediated, stable suppression of
TBCID5, so the mTOR phenotype was likely already compen-
sated. However, they also found a marked increase of lipidated
LC3 in stable VPS29-knockdown U208 cells, supporting our data
on enhanced autophagy induction in the absence of retromer.

The block of amino acid signaling through the hyperactivated
RAB?7 also raises the question of whether RAB7 is also a physi-
ological regulator of mTORCl1 signaling. Our data on RAB7
knockdowns in WT cells, which increased mTORC1 output,
suggest that RAB7 may indeed be a negative regulator of
mTORCI activity. This intuitively makes sense, as RAB7 is a
main mediator of degradative and autophagic processes (Guerra
and Bucci, 2016), whereas mTORCI promotes anabolic processes.
Thus, mTORC]1 signaling and RAB?7 activity could be negatively
correlated to maintain homeostasis between degradative and
anabolic processes.

Our data establish that retromer is not only a recycling coat
complex but instead also serves as a critical regulator of the
interface between the early and late endocytic network through
tight control of RAB7 localization and activity. Without retro-
mer, late endosomal domain architecture is disrupted, and
specialized domains containing the amino acid-sensing ma-
chinery are no longer fully operational. Our data on the changes
in lysosomal positioning upon starvation in the retromer-
deficient cells argue that mTORCI signaling is not the only late
endosomal function that is disrupted upon loss of retromer.
It remains to be determined how retromer regulates late endo-
some/lysosome positioning and thereby parts of the functionality
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of the late endocytic network. Due to its role in the recycling of
lysosomal hydrolase receptors, retromer has historically been
linked to lysosomal biogenesis and function, and changes in ly-
sosomal appearance and function have therefore been attributed
to a loss of hydrolase delivery (Arighi et al., 2004). Given that the
mTORCI1-TFEB pathway is an absolutely critical regulator of ly-
sosomal biogenesis (Settembre et al., 2012), our data on the
mTORCI defects in retromer-deficient cells likely warrant a re-
appraisal of these observations.

Overall, our data identify a critical role for retromer in late
endosomal domain architecture and amino acid signaling
through mTORC], thereby establishing a functional link be-
tween these two highly conserved complexes. Since mutant
retromer causes hereditary Parkinson’s disease (Vilarifio-Giiell
et al., 2011; Zimprich et al., 2011), a potential contributing role
for deregulated mTORCI signaling in afflicted neurons remains
to be investigated.

Materials and methods

Antibodies

Antibodies used in this study were as follows: from Cell Sig-
naling Technologies, rabbit anti-Akt (9272), rabbit p-Akt (4060),
rabbit S6K (2708), rabbit p-S6K (Thr389; 9234), rabbit p-S6
(4858), rabbit Erkl/2 (4695), rabbit p-Erkl/2 (4370), rabbit
LAMTORI (8975), rabbit Raptor (2280), rabbit Rictor (2114),
rabbit mTOR (2983), rabbit TSC2 (4308), rabbit RAGA (4357),
rabbit RAGC (5466), rabbit LAMTOR2 (8145), rabbit LAMTOR3
(8168), rabbit LAMTOR4 (13140), rabbit 4EBP1 (9644), rabbit
P4EBP1-S65 (9451), rabbit p4EBP1-T37/46 (2855), rabbit p-ULK-
S757 (14202), and rabbit NPRL2 (D8K3X); from Abcam, rabbit
anti-VPS35 (ab157220), rabbit Rab7 (ab137029), and mouse anti-
VPS35 (ab57632); from BD Transduction Laboratories, mouse
anti-SNX1 (611482); from Chromotek, rat anti-GFP (3h9); from
DSHB, mouse anti-Lamp2 (H4B4-b); from ProteinTech, mouse
anti-GAPDH (60004-I-AP) and rabbit anti-TBCID5 (17078-1-AP);
from Sigma-Aldrich, mouse anti-actin (A2228), mouse anti-
tubulin (T9026), mouse anti-HA (H9658), and mouse anti-Myc
(M4339); from Sigma Prestige, rabbit anti-CCZ1 (HPA045114)
and mouse anti-FLAG M2 (F3165); and from Thermo Fisher
Scientific, goat anti-VPS29 (PA5-18244).

Western blotting

All the Western blots in this study except the VPS29 blots were
acquired with a LI-COR Odyssey SA system to detect fluo-
rescently labeled secondary antibodies (Invitrogen). The re-
spective band intensities were measured using the automatic
background subtraction (average top and bottom setting) of the
Odyssey software. All quantifications were done across at least
three independent experiments as detailed in the figure legends.
For the detection of VPS29, a LAS-4000 mini-system (Fujifilm)
was used to detect HRP-coupled secondary antibodies.

Yeast strains and growth conditions

Saccharomyces cerevisiae strains used in this study were all de-
rived from BY4741 (MATa his3Al, leu2A0, ura3A0, metl5A0
[Brachmann et al., 1998]) and originated from the yeast KO
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collection (Euroscarf). Yeast strains were made prototrophic by
complementing auxotrophic markers with empty vector plas-
mids and were pregrown in synthetic dropout medium (0.17%
yeast nitrogen base, 0.5% ammonium sulfate, 0.2% dropout mix
[USBiological], and 2% glucose) to maintain plasmids, centri-
fuged, and resuspended in synthetic complete medium (syn-
thetic dropout medium with all amino acids, but without
ammonium sulfate), starved for amino acids, and then re-
stimulated with 3 mM glutamine.

In vivo TORC1 activity assays

TORCI activity was assessed as the ratio between the phospho-
rylation on Thr”’ of full-length Sch9 (or GFP-Sch9) compared
with the total abundance of Sch9 (or GFP-Sch9) using phos-
phospecific anti-pThr’®’-Sch9 produced by GenScript and anti-
Sch9 antibodies (Péli-Gulli et al., 2015).

DNA constructs and mutagenesis

All constructs used in this study were cloned from HeLa cell
cDNA and prepared with the Superscript-1II kit (Invitrogen),
using Kapa HiFi DNA polymerase (KAPABIOSYSTEMS). All site-
directed mutagenesis was performed using the Quikchange
method (Promega) of fully overlapping primers combined with
KAPA HiFi polymerase. The Flag-tagged SLC38A9 was con-
structed by David Sabatini (Whitehead Institute, Cambridge,
MA; Wang et al., 2015). All primer sequences that were used in
this study are listed in Table S1.

SILAC-based surface proteomics

For the quantification of the cell surface proteome of VPS35-
depleted U20S cells, the cells were cultured in heavy (Arginine
10 and Lysine 8) and medium-heavy (Arginine 6 and Lysine 4)
DMEM for 2 wk. VPS35 was then depleted with siRNA against
VPS35 using Dharmafect 1 (Dharmacon). 72 h after transfection,
the cells were starved in Earle’s balanced salt solution (EBSS) for
3 h to replicate the starvation/stimulation conditions in which
we had observed the most pronounced mTORCI defects (Fig. 3,
for example). Following starvation, the cell surface was bio-
tinylated with cleavable sulfosuccinimidyl-20(biotinamido)eth-
yl-1,3-dithiopropionate (Apex Biotechnology) according to the
instructions of the Pierce cell surface biotinylation kit (Thermo
Fisher Scientific). After biotinylation, the cells were lysed in TBS,
2% Triton X-100, and Complete Protease Inhibitor cocktail
(Roche). Biotinylated proteins were then isolated with Strepta-
vidin Sepharose (GE Healthcare), boiled in mercaptoethanol
containing 2x sample buffer, and loaded onto precast SDS-PAGE
gels (Invitrogen). The surface proteins were then subjected to in-
gel digestion with modified Trypsin (Promega) and quantified by
LC-MS/MS on an Orbitrap XL mass spectrometer (Thermo Fisher
Scientific). The experiment was repeated once with swapped
SILAC labels. Surface proteins that were at least 1.4-fold reduced
(average of the two experiments) were regarded as down-
regulated from the cell surface.

TALEN-mediated VPS35 deletion
The generation of the clones and the respective sequencing to
confirm full KOs have been reported previously (Kvainickas
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et al., 2017a). Briefly, TALEN constructs targeting exon 4 of the
human VPS35 gene were purchased from the University of Seoul
(Kim et al., 2013) and transfected into U20S cells using Lip-
ofectamine 2000 (Invitrogen), and clonal cells were isolated
using limited dilution. The clones were screened for the loss of
VPS35 by Western blotting. Selected clones were then subjected
to genomic sequencing of exon 4 and the surrounding region to
confirm frame-shifting InDels.

CRISPR/Cas9

To genomically delete protein expression, the px330 plasmid
was modified with gene-specific gRNA targeting sequences ac-
cording to the Zhang laboratory protocol (Cong et al., 2013). The
gRNA and Cas9 encoding px330 plasmids were cotransfected
with a plasmid encoding N-terminally EGFP-tagged puromycin
resistance using Fugene HD (Promega). 24 h after transfection,
cells were selected with 3 pug/ml puromycin for 24 h, followed by
incubation for 3 d. 5 d after transfection, the cells were used for
further experiments or seeded out in 96-well plates (200 pl/
well) for clonal selection. The cells were then screened for loss of
the respective protein by Western blotting. All targeting se-
quences were designed with the sgRNA designer of the Broad
Institute (http://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design). All gRNA sequences are listed in Table S1.
For VPS35 and VPS29, clonal cells were isolated. These clones
were characterized in detail in a previous study (Kvainickas
et al., 2017a).

Cell culture and transfection

HEK-293, U20S, and Hela cells were grown in high-glucose
DMEM (Gibco) supplemented with 10% (vol/vol) FCS (Sigma-
Aldrich) and penicillin-streptomycin (Gibco) and maintained
in an incubator at 37°C and 5% CO,. Cell lines were regularly
tested for mycoplasma contamination. For siRNA transfection,
Dharmafect-3 (Dharmacon) was used for U20S cells, while
Lipofectamine 2000 (Life Technologies) was used for HeLa cells.
All siRNAs were made by Dharmacon or MWG. For DNA
transfection, Fugene 6 and Fugene HD (Promega) were used
according to the manufacturers’ guidelines.

Transduction

To establish stable cell lines, the target DNA was subcloned into
the lentiviral vectors pXLG3 or pLVX-puro. The lentiviral con-
structs, together with psPAX2 (packaging) and pMD2.G (enve-
lope) plasmids (ratio 4:2:1, respectively) were transfected into
HEK293 cells using poly-ethylene-imine (Polysciences) in a 1:3
(mg/ug) ratio. 48 h after transfection, the medium containing
lentivirus was collected, filtered, and used to infect target cells. If
needed, transduced cells were selected with puromycin (3 pg/
ml) 24 h after infection. Target protein expression was verified
by immunoblotting.

Cell proliferation assay

The cell proliferation rate was assessed by seeding 500 cells in
each well of a 96-well plate (Millipore 96 Flat Bottom Trans-
parent Barex), followed by daily measurement of cell numbers
with a hexosaminidase-based colorimetric assay (Landegren,
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1984). 45 min after adding the hexosaminidase substrate, p-ni-
trophenol-N-acetyl-fl-p-glucosaminide, to the cells, the amounts
of converted substrate were measured using a Tecan Infinite
200 PRO plate reader.

Autophagic flux

U20S cells stably expressing GFP-LC3 were starved for nutrients
in EBSS medium with addition of Bafilomycin Al (100 nM).
Samples were collected at appropriate time points, processed,
and analyzed according to standard Western blotting protocol.

Immunoprecipitations by GFP-Trap

The immunoprecipitations with GFP-Trap beads (Chromotek)
were performed with both HEK293 and HelLa cells. For HEK293
cells, 20 pg of plasmid DNA containing GFP-tagged bait was
transfected into 15-cm dishes using poly-ethylene-imine in a 1:3
(ug/ug) ratio. HeLa cells been transduced with appropriate
lentiviral vectors. 48 h after transfection/transduction, cells
were lysed in 20 mM Tris-HCl, 50 mM NacCl, 5 mM MgCl,, 0.5%
NP-40, and Roche EDTA-free protease inhibitor cocktail. After
removing the cell debris, the lysates were incubated for 1h with
GFP trap beads followed by 2x washing in lysis buffer and
Western blot-based detection of proteins.

Starvation and stimulation

Hela cells grown in DMEM (Gibco) were washed twice with PBS
and incubated in high-glucose (4 g/ml) serum-free DMEM
lacking amino acids (USBiological; D9800-13). U20S cells were
incubated in EBSS medium. After starvation, the amino acid mix
(MEM recipe, PAN-Biotech), individual amino acids, or growth
factors were added to activate mTOR signaling pathway. The
final concentration of amino acids was equivalent to the amino
acid concentration in standard DMEM. Cells were harvested
after appropriate times and lysed in phosphatase inhibitors
(Sigma-Aldrich) containing buffer. The lysates were processed
according to standard Western blotting protocol.

Immunofluorescence and confocal microscope

image acquisition

For immunofluorescence, cells were fixed with 4% PFA solution
in PBS, permeabilized with 0.1% saponin, and blocked with 1%
BSA in PBS before applying indicated primary antibodies and
corresponding fluorescently labeled secondary antibodies. The
fluorochromes used in this study were DAPI and Alexa Fluor
405, 488, and 594 (all from Invitrogen) as indicated in the fig-
ures. All microscopy samples were embedded in Mowiol
mounting medium. All microscopy images besides the Airyscan
enhanced-resolution images were acquired on a Leica SP8 LSM
equipped with stimulated emission depletion lasers. The images
were acquired at room temperature with a 63x oil-immersion
objective (HC PL APO 63x/1.40 Oil CS2, NA 1.4) using the
standard Leica Software (LaX) that comes with the microscope.
The .LIF files were then opened with Volocity (PerkinElmer),
brightness was adjusted evenly across all images and conditions,
and the images were exported as bitmap files from Volocity and
transferred into Adobe Illustrator via cut and paste from Adobe
Photoshop. Where necessary for visibility in the final llustrator
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file, brightness was increased uniformly across the entire
image and across all conditions shown using Photoshop.
Pearson’s correlation between the respective channels was
quantified with the colocalization tool of Volocity after setting
of uniform thresholds across conditions. The colocalization
coefficient corresponds to the Mander’s coefficient M2 cal-
culated by Volocity after applying uniform thresholds across
conditions.

Airyscan enhanced-resolution imaging

The indicated HeLa cells were fixed and stained as described
above. Images were acquired on a Zeiss LSM880 confocal mi-
croscope equipped with Airyscan detectors at room tempera-
ture. The objective was plan-Apochromat, 63x, NA 14, oil
immersion. Z-stacks were acquired after optimal Airyscan set-
tings had been established for each channel. After acquisition,
the stacks were processed by the Airyscan processing feature in
Zeiss Zen software. The processed stacks were then opened in
Volocity, and 3D images were reconstructed by Volocity. TIFF
files were then exported with the view as TIFF feature. For the
zoomed images, the zoom tool in Volocity was used, and the
zoomed files were again exported as TIFFs and incorporated into
the illustrator files.

C. elegans lifespan assay

WT Bristol N2 strain was used for the lifespan assay. As both
retromer complex and mTORCI play important roles in larval
development, daf-15, vps-29, and vps-35 RNAi knockdown was
initiated at day 1 of adult stage via feeding RNAi-expressing
HTI115 bacteria. The lifespan assay was performed at 20°C, and
animals were transferred every day onto new plates during the
reproductive period. Animals that died due to bagging of larvae
and extrusion of the intestine were censored.

Examination of h4E-BP phosphorylation in C. elegans

20 Is[Pges-1::Flag-h4E-BP1] transgene (ENH441) day 1 adults
were collected in Laemmli buffer containing 2% SDS, 10%
glycerol, 5% 2-mercaptoethanol, 0.002% bromophenol blue, and
0.063 M Tris HCI, pH ~6.8, and dissolved by incubation at 95°C
for 5 min. The whole lysate was subjected to the following
Western blot analysis using anti-FLAG antibody (Sigma-Aldrich)
and anti-phospho-4E-BP1 antibody (Cell Signaling).

GFP-hlh-30 localization in C. elegans

Strains

The MAH604 sqlsl9[Phlh-30:.hlh-30::gfp;rol-6] strain was kindly
provided by Malene Hansen (Sanford Burnham Prebys Medical
Discovery Institute, La Jolla, CA).

In vivo RNAi experiments

To inactivate vps-29 and vps-35 by RNAi, the HT115 (DE3) E. coli
cells were transformed with the L4440-plasmid, carrying the
respective gene fragment. The production of double-strand RNA
was induced by adding 1 mM IPTG in the nematode growth
medium plates containing carbenicillin. L4 animals were
transferred to these RNAi-containing nematode growth medium
plates and allowed to produce progeny at 20°C. The second
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generation of the progeny grown on RNAi plates were scored for
a phenotype.

Microscopy

For analysis of nuclear localization of HLH-30::GFP, animals
were mounted on 2% agarose pads in M9 buffer containing
2 mM levamisole and examined using either differential inter-
ference contrast or fluorescence microscopy. Images were taken
using a Zeiss Axiolmager.Z1 Microscope, an AxioCam MRm
camera, and AxioVision software Rel.4.6.

Statistical analysis

Statistics were analyzed using Prism 7 (GraphPad). Results are
presented as a percentage of worms with cytoplasmic and nu-
clear localization from the analysis of 220 worms, performed in
triplicate. Two-way ANOVA was applied to calculate statistical
differences. Differences with P < 0.05 were accepted as statis-
tically significant. Asterisks denote the degree of statistical sig-
nificance: *, P < 0.05; **, P < 0.01; and ***, P < 0.0001.

Statistical analysis

The results from quantitative Western blotting and quantitative
colocalization analysis were analyzed for statistical significance
with the Excel t test tool (two-tailed, unpaired, two-sample,
unequal variance settings). Data distribution was assumed to be
normal, but this was not formally tested. The number of sam-
ples, images, or experiments is indicated in the respective figure
legends.

Online supplemental material

Fig. S1 shows additional data on the clonal retromer-deficient
cell lines. Fig. S2 shows analysis of growth factor and amino acid
signaling in retromer-deficient cells. Fig. S3 shows additional
data on amino acid signaling in retromer-deficient cells. Fig. S4
shows that hyperactivated RAB7a antagonizes lysosomal mTORC1
recruitment and signaling. Fig. S5 shows that RAB7 does not in-
teract with ragulator, RAGs, or mTORCI. Table S1 lists all gRNA,
primer, and RNAi sequences.
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