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ABSTRACT

LARP1 is a key repressor of TOP mRNA translation. It
binds the m?Gppp cap moiety and the adjacent 5 TOP
motif of TOP mRNAs, thus impeding the assembly
of the elF4F complex on these transcripts. mnMTORC1
controls TOP mRNA translation via LARP1, but the
details of the mechanism are unclear. Herein we elu-
cidate the mechanism by which mTORC1 controls
LARP1’s translation repression activity. We demon-
strate that mTORC1 phosphorylates LARP1 in vitro
and in vivo, activities that are efficiently inhibited
by rapamycin and torin1. We uncover 26 rapamycin-
sensitive phospho-serine and -threonine residues on
LARP1 that are distributed in 7 clusters. Our data
show that phosphorylation of a cluster of residues
located proximally to the m’Gppp cap-binding DM15
region is particularly sensitive to rapamycin and reg-
ulates both the RNA-binding and the translation in-
hibitory activities of LARP1. Our results unravel a
new model of translation control in which the La
module (LaMod) and DM15 region of LARP1, both

of which can directly interact with TOP mRNA, are
differentially regulated: the LaMod remains constitu-
tively bound to PABP (irrespective of the activation
status of mTORC1), while the C-terminal DM15 ‘pen-
dular hook’ engages the TOP mRNA 5’-end to repress
translation, but only in conditions of mTORC1 inhibi-
tion.

INTRODUCTION

mTORCI plays a fundamental role in the control of mRNA
translation (1-5), particularly for the class of transcripts
known as TOP mRNAs, which bear a 5'terminal oligopy-
rimidine sequence immediately downstream of the N’-
methyl guanosine triphosphate cap (6-8). The study of
TOP mRNA translation is particularly interesting from a
biochemical perspective because TOP mRNAs code for
many of the protein components of the translation ma-
chinery, namely: all of the ribosomal proteins, many trans-
lation factors, in addition to some RNA-binding proteins
(reviewed in (1,8)). Notably, while mTORCI1 is known
to regulate the translation other transcripts, TOP mR-
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NAs comprise the class of transcripts that is most sensi-
tive to translation repression by mTORCI inhibitors (9-
12). The translation of TOP mRNAs is exquisitely sen-
sitive to mTORCI inhibition achieved by pharmacologi-
cal agents (13-15) and by deprivation of specific nutrients,
including: amino acids (13-17), growth factors (18), hor-
mones (19) and oxygen (20). Each of these nutrients acti-
vate distinct cellular signalling pathways; importantly, all
of them converge on mTORCI. Chief among these path-
ways is the PI3K/ATK1/TSC/RHEB cascade that acti-
vates mMTORC1 which, in turn, engages TOP mRNA trans-
lation (14,17,18,18-20). Interestingly, neither mTORCI nor
any of the components of the PI3K/ATK1/TSC/RHEB
pathway physically interact with TOP transcripts. This ob-
servation led to the idea that an unidentified “missing pro-
tein or regulatory RNA component” physically interacted
with both mTORC1 and TOP mRNAs thereby linking
mTORCI to the control of TOP mRNA translation (1,8).
Compelling in vitro translation studies further suggested
that this “missing link™ likely functioned as a repressor (and
not as an activator) of TOP mRNA translation (25). While
the existence of a repressor of TOP mRNA translation has
been recognized since 1999, the identity of said repressor
and the precise mechanism by which mTORCI1 controls
its activity remained unclear until recently (8). The recent
identification of LARPI as a novel downstream target of
mTORCI (21,26) revealed the long-sought mechanism by
which mTORCI controls TOP mRNA translation (8).

The La-related protein 1 (LARP1) was recently identi-
fied by our group (21-23) (and subsequently confirmed by
others (24)) as the elusive repressor of TOP mRNA transla-
tion downstream of mMTORCI1. Our data first revealed that:
(i) La-related protein 1 (LARP1), an RNA-binding protein,
is a translation repressor of TOP mRNAs that (ii) physi-
cally interacts with mTORCI, (iii) functions downstream
of this complex and (iv) associates with TOP mRNAs in
an mTORCI1-dependent manner that is diametrically op-
posed to that of eIF4G1, whose (v) binding to TOP mR-
NAs is affected by altered levels of LARPI in the cell (21).
This led us to propose that mTORCI controls TOP mRNA
translation via LARP1 and that the latter represses TOP
mRNA translation by competing with the elF4F complex
for binding to TOP mRNAs (21). The precise mechanism by
which this occurs remained incompletely understood. Re-
cent structural (23,27,28) and biochemical (24) data shed
important new light into this process: LARP1 interacts with
the m’Gppp cap and the adjacent 5’ TOP motif via its con-
served carboxy-terminal DM15 domain (23). In doing so,
LARPI effectively displaces eIF4E from the m’ Gppp cap of
TOP mRNAs and precludes the association of eIF4G1 with
TOP mRNAs (21,23), thus blocking TOP mRNA transla-
tion (21,24).

How does mTORCI dictate the inhibitory activity of
LARP1? Typically, mTORC1 modulates the activity of its
downstream targets through multisite phosphorylation of
key serine and threonine residues. For instance, mMTORCI1
catalyzes the phosphorylation of multiple residues on ribo-
somal protein S6 kinases (S6Ks) (29-34), eukaryotic ini-
tiation factor 4E-binding proteins (4E-BPs) (35-46) and
proline-rich AKT1 substrate 40kDa (PRAS40) (47-49), a
less well-characterized substrate of mTORCI1. 4E-BPs (of
which there are three homologs in mammals: 4E-BP1, 4E-

BP2 and 4E-BP3) and S6Ks (S6K 1 and S6K2) are the most
intensively studied direct mTORCI substrates; accordingly,
these targets are frequently referred to as the most im-
portant effectors of mMTORC1 in mRNA translation (50).
Two authoritative phosphoproteome studies (51,52) cou-
pled the use of mTOR-specific pharmacological agents (ra-
pamycin and torinl/Ku-0063794) to the power of liquid
chromatography tandem mass spectrometry (LC-MS/MS)
to reveal that, in addition to the well-characterized 4E-BPs
and S6Ks, the mTORCI1 pathway modulates the phospho-
rylation (either directly or indirectly by way of activation of
downstream kinases) of thousands of presently uncharac-
terized mTORCI] substrates. LARP1 was identified as one
such new mTORCI substrate (51,52). mTORCI1 directly
catalyzes the phosphorylation of LARPI in vitro (53,54),
but the significance of this is presently unknown.

In this study, we demonstrate that mTORCTI catalyzes the
phosphorylation of multiple serine and threonine residues
in LARPI1 both in vitro and in vivo. Specifically, we show
that rapamycin alters the phosphorylation status of up-
wards of 26 serine and threonine LARPI residues that
are broadly distributed into 7 clusters. We observe that
phosphorylation of different clusters has distinct func-
tional consequences. For example, phosphorylation of key
residues within clusters 4 and 5 (located in the mid-region
of LARP1) enhances mTORC1 association with LARPI,
while phosphorylation of key residues within cluster 6,
which is proximal to the C-terminal DM15 region, im-
pairs the RNA-binding and translation inhibitory activi-
ties of LARPI. Specifically, phosphorylation of cluster 6
residues hinders the binding of the DMI15 region to the
S'UTR of RPS6 TOP mRNA. Consistent with this find-
ing, we observe that phosphorylation of these residues abro-
gates the inhibitory effect of LARP1 on TOP mRNA trans-
lation. We observe herein that phosphorylation of clus-
ter 6 is particularly sensitive to the mTORCT inhibitor ra-
pamycin. Rapamycin efficiently inhibits TOP mRNA trans-
lation (13-15) but, as shown here, does so only in the pres-
ence of a functional copy of the LARPI gene. Genetic
CRISPR /Cas9 deletion of LARP1 renders TOP mRNA al-
most completely insensitive to rapamycin, indicating that
mTORCI1 promotes TOP mRNA translation primarily
through inactivation of the LARP1 TOP mRNA transla-
tion repressor. We show that re-expression of the wildtype
DM15 fragment of LARPI restores TOP mRNA transla-
tion repression to LARP1XO cells, while a phosphomimetic
mutant bearing ten mutations for each of the phospho-
residues within cluster 6 fails to do so. Collectively, these
findings provide the first evidence for a functional regula-
tory role for mTORC1-mediated LARP1 phosphorylation
on TOP mRNA binding and translation de-repression. Fur-
ther, we present a refined version of our original repression
model, herein referred to as the ‘pendular hook’ repression
model.

MATERIALS AND METHODS

Mammalian cell culture, transfection and lysis

HEK 293T cells were used in every experiment shown
herein. Cells were cultured/treated in 10-cm tissue culture-
treated polystyrene dishes (Corning, catalogue no. 430167)
at 37°C in a humidified incubator at 5% (v/v) CO,.



Dulbecco’s modified Eagle’s media (DMEM) High Glu-
cose (HyClone GE Healthcare, catalogue no. SH30022.01)
supplemented with 10% (v/v) fetal bovine serum (Mil-
lipore Sigma, catalogue no. F1051) and 100 units/ml
penicillin/streptomycin (HyClone GE Healthcare, cata-
logue no. SV30010)—designated here for ease as complete
growth media—was used for cell propagation and treat-
ments. For experiments requiring activation of mTORCI1
cells were propagated to near-confluency (~80%) in com-
plete growth media, at which point the media was aspi-
rated and replenished with fresh complete growth media
for 3 h. Where indicated cells were simultaneously treated
(3 h) with 100 nM rapamycin (LC laboratories, catalogue
no. R-5000), 300 nM torinl (Tocris, catalogue no. 4247),
10 pM PF-4708671 (Tocris, catalogue no. 4032), 10 pM
MK-2206 (Cayman Chemicals, catalogue no. 11593) or 30
pM LY294002 (LC laboratories, catalogue #L-7962) or
0.1% (v/v) dimethyl sulfoxide (DMSO) (Millipore Sigma,
catalogue no. D1435). DMSO was used as the solvent in
the resuspension of every chemical listed above. Where
indicated cells were transiently transfected with plasmid
DNA for mammalian expression using lipofectamine 2000
reagent (Invitrogen by Thermo Fisher Scientific, catalogue
no. 11668-019) as per manufacturer’s instructions. Typi-
cally, 4-8 g of plasmid DNA were used to transfect a 10-
cm petri dish of near-confluent HEK 293T cells. Cells were
transfected by incubating the plasmid DNA /lipofectamine
2000 mix in Opti-MEM 1 (Invitrogen by Thermo Fischer
Scientific, catalogue no. 22600-050) for 3-4 h at 37°C in a
5% (v/v) CO, humidified incubator. Transfected cells were
then incubated in complete growth media for 24 h followed
by another media change for 3 h in complete growth me-
dia to activate mTORCI. After mTORCI stimulation by
media change, cells were washed in 5 ml sterile ice-cold
phosphate buffered saline (PBS) (important to incline the
plate and aspirate all the PBS such that it does not di-
lute out the lysis buffer) and subsequently lysed in 1 ml
of extraction buffer (40 mM HEPES (pH 7.5, room tem-
perature), 0.3% (w/v) CHAPS zwitterionic detergent, 120
mM NaCl, ImM EDTA, 10 mM sodium pyrophosphate,
10 mM B-glycerophosphate, 50 mM sodium fluoride, 1.5
mM sodium orthovanadate, 1 mM dithiothreitol (DTT)
and cOmplete™ Mini EDTA-free protease inhibitor cock-
tail tablets (Millipore Sigma, catalogue no. 04693159001)
and 1-100 pg/ml RNase A (Millipore Sigma, catalogue no.
10109169001) for 1 h at 4°C. RNase A was reconstituted
in 10 mM Tris—HCI (pH 7.5), 15 mM NaCl and 50% (v/v)
glycerol to a final concentration of 10 mg/ml and heated at
96°C for 15 min to inactivate contaminating DNases, then
cooled down slowly to room temperature. A range of RNase
A concentrations (0.4-4 pg/ml) can be used in the extrac-
tion buffer to digest RNA and enhance the interaction be-
tween endogenous LARP1 and RAPTOR proteins (Fig-
ure 5SA). A final concentration of at least 0.4 pg/ml RNase
A in the extraction buffer is recommended for optimal in-
teraction of RAPTOR with LARP1. RNase A was omit-
ted from the extraction buffer for RNA immunoprecipita-
tion experiments. CHAPS detergent is considerably weaker
than most other detergents and, as such, cells must be incu-
bated with extraction buffer for at least 1h before scraping
for efficient lysis. Cells were scraped and lysates pre-cleared
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by centrifugation at 16 000 x g for 10 min at 4°C. Super-
natant was collected onto a fresh microfuge tube. Lysate
samples destined for SDS-PAGE.western blot analysis were
prepared by adding 50 wl of 4x sample buffer to 150 wl of
lysate.

RNA- and protein-immunoprecipitation

HEK 293T cell lysates were prepared as described above.
One important difference between RNA- and protein-1Ps
is that RNase A was omitted from the extraction buffer for
RNA immunoprecipitation but not for protein immunopre-
cipitation. In addition, 750 pl of lysate was used for RNA
immunoprecipitation and 500 wl of lysate was used for pro-
tein immunoprecipitation. RNA and protein immunopre-
cipitation were carried out as follows: 5 ul of LARPI anti-
body (AbCam, catalog no. 86359) were added to lysates and
incubated for 1 h 30 min rotating end-over-end at 4°C. Then
added 35 .l of pre-washed protein G-conjugated magnetic
Dynabeads (Life Technologies by Thermo Fisher Scientific,
catalogue no. 10003D) were added to the antibody/lysate
mixture and incubated for 1 h rotating end-over-end at 4°C.
Following the 1 h incubation, the beads were pelleted by
centrifugation at 1000 x g for 5 min on a tabletop centrifuge
at 4°C, the supernatant aspirated and collected for analy-
sis of unbound material. The beads were then washed twice
with 1 ml of extraction buffer. After washing, 500 .l of Tri-
zol reagent (Life Technologies by Thermo Fisher Scientific,
catalog no. 15596018) was added—followed by vortexing
for 5 s. We then added an identical volume (500 pl ) of
extraction buffer to the mix, such that the volume of Tri-
zol to aqueous phase was 1:1 (adding Trizol reagent to the
beads prior to adding extraction buffer allows for maximal
recovery of RNA from beads) and vortexed samples for an
additional 5 s. Samples were stored overnight at —80°C.

RNA extraction, cDNA synthesis and reverse transcription-
digital droplet PCR (RT-ddPCR)

Samples were thawed from —80°C at room temperature, 50
w1 of chloroform was added and then vortexed for 15 s fol-
lowed by incubation for 15 min at room temperature. Then
subjected to centrifugation at 21 000 x g for 15 min at
4°C. The aqueous phase was collected, and an equal vol-
ume of 100% isopropanol was added (to precipitate to-
tal RNA) and samples vortexed for 15 s. Samples were fi-
nally incubated at —20°C to enhance precipitation. We next
thawed the samples from —20°C and centrifuged them at
21 000 x g for 15 min at 4°C. Supernatants were subse-
quently discarded, and pellet washed gently with 1 ml 75%
(v/v)ice-cold ethanol. The centrifugation step was repeated
(21 000 x g for 5 min at 4°C) and the supernatants dis-
carded. RNA pellets were air-dried overnight at room tem-
perature and suspended in 100 pl RNase-free water (Mil-
lipore Sigma, catalogue no. W4502-1L) for inputs and 10
.l for immunoprecipitates. The reverse-transcription reac-
tion was carried out using the iScript Select cDNA synthe-
sis kit (BioRad, catalogue no. 170-8897) as per manufac-
turer’s protocol with modifications. Briefly, 4 pl of 5x Select
reaction mix were added to 1 pl iScript reverse transcrip-
tase, 2 wl Oligo(dT)20 and 10 wl RNA supplemented with
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RNase-free water (Millipore Sigma, catalogue no. W4502-
1L) to a final volume of 20 wl. The reaction mix was in-
cubated at 42°C for 1 h, followed by 85°C for 5 min. The
cDNA reaction product was then diluted 500x in RNase-
free water (Millipore Sigma, catalogue no. W4502-1L) prior
to analysis by digital droplet PCR (ddPCR). Each ddPCR
reaction was carried by adding 10 w1 QX200™ ddPCR Eva-
Green Supermix (BioRad, catalogue no. 186-4034), 0.2 wl
of each primer at a stock concentration of 10 wM, 8 .l of di-
luted cDNA and 1.6 wl RNase-free water (Millipore Sigma,
catalogue no. W4502-1L) to a final reaction volume of 20
pl. The reaction mixtures were transferred to DG8™ Car-
tridges for QX100™/QX200™ Droplet Generator (BioRad,
catalogue no. 186-4008) and 70 wl Droplet Generation Oil
for EvaGreen (BioRad, catalogue no. 186-4006). Samples
were emulsified on the Droplet Generator and subsequently
transferred to a 96-well ddPCR plate. The plate was sealed
with aluminum foil and the thermal cycling step ran us-
ing the following conditions: 95°C for 5 min, 95°C for 30 s,
ramp down 2°C/s till it reached 62°C, then ramp up to 95°C
and repeat this cycle 45 times. Lastly, samples were cooled
down to 4°C for 5 min, heated up to 95°C for 5 min and
held at 12°C indefinitely. Samples were analyzed on Biorad
QX200™ Droplet Plate Reader.

Sucrose gradient ultracentrifugation—polysome profiling
analysis

Sucrose gradients (10-50%) were prepared in 20 mM
HEPES/KOH (pH 7.6) at room temperature also contain-
ing 100 mM KCI, 5 mM MgCl,, 100 pg/ml cycloheximide
(prepared fresh), EDTA-free protease inhibitors cocktail
tablets (catalogue no. 04693 132 001, Roche Applied Sci-
ences) and 200 units/ml RNasin® ribonuclease inhibitor
(catalogue no. N2515, Promega). Isolation of polysomes
was carried out as follows: HEK 293T cells were cul-
tured to sub-confluency (~70%) (in 15 cm tissue-culture
treated dishes) at which point cells were re-fed by replac-
ing exhausted media with fresh complete growth media
(DMEM supplemented with 10% (v/v) fetal bovine serum,
100 units/ml penicillin G, and 100 pg/ml streptomycin sul-
fate at 37°C and 5% (v/v) CO, humidified incubator) for 3
h in the presence of 0.1% (v/v) DMSO (vehicle), 100 nM
rapamycin or 300 nM torinl. In the last 5 min of treatment,
freshly prepared cycloheximide was added to the cells to a
final concentration of 100 wg/ml. Treatment with cyclohex-
imide locks the ribosome onto the mRNA thus minimizing
ribosome run-off. Cells were washed once in ice-cold phos-
phate buffered saline (PBS) supplemented with 100 pg/ml
cycloheximide and then scraped gently with a cell scraper
in 14 ml of ice-cold PBS containing 100 pg/ml cyclohex-
imide. Cells were centrifuged at 200 x g for Sminat4°Cona
tabletop centrifuge and resuspended in 900 .1 of hypotonic
buffer composed of 5 mM Tris (pH 7.5 at room tempera-
ture), 2.5 mM MgCl,, 1.5 mM KCI, EDTA-free protease
inhibitors cocktail tablets (catalogue no. 04693 132 001,
Roche Applied Science), 100 p.g/ml RNasin, 0.5% (v/v) Tri-
ton X-100 and 0.5% (w/v) sodium deoxycholate) and vor-
texed for 5 s. Lysates were pre-cleared by centrifugation at
21 000 x g for S min at 4°C. Supernatant was collected and
transferred onto a fresh microfuge tube. Absorbance at 260

nm (A260 nm) Was determined for each sample. Five hundred
micrograms of total RNA were typically loaded onto each
gradient. Gradients were subjected to ultracentrifugation at
36 000 x g for 2 h at 4°C on a SW4I1Ti rotor in a Beckman
Coulter (Optima L80 XP) ultracentrifuge. Brake was set
at 5. Centrifuged samples were subjected to fractionation
into 14 fractions (750 wl each) using a Teledyne ISCO frac-
tionation system. Absorbance 254 nm (A3s54 ) Was moni-
tored with an UV-visible detector (Brandel). Data were an-
alyzed with WinDAQ software. To each fraction was added
an equal volume of Trizol, vortexed for 30 s and frozen at
—80°C until further analysis. Total RNA was extracted from
each fraction as detailed above.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot

Total protein levels and phosphorylation were monitored
by SDS-PAGE /western blot. Lysates were resolved in 10%
(w/v) acrylamide (Millipore Sigma, catalogue no. A3553-
500G) gels (1.5 mm thickness) containing 0.1% (w/v)
bis N,N'-methylene bisacrylamide (BioRad, catalogue no.
161-0201) at a ratio of 100:1 of acrylamide to bis N,N'-
methylene bisacrylamide. Proteins were then transferred
onto an 0.2 wm nitrocellulose membrane (BioRad, cata-
logue no. 1620112) for 1 h 30 min at constant 100 V by
wet (immersion) transfer in a modified Towbin 1 x transfer
buffer (25 mM Tris, 192 mM glycine at pH 8.3) (55) con-
taining low (10% (v/v)) methanol and 0.1% (w/v) sodium
dodecyl sulfate (SDS) for easier transfer of larger molec-
ular weight proteins. The membrane was then blocked in
5% (w/v) non-fat milk suspended in Tris buffer saline (1x
TBS, 150 mM NaCl, 2.7 mM KCI and 24.7 mM Tris base
at pH 7.6) containing 0.02% (v/v) Tween20 (TBS-T) for
I h at room temperature followed by incubation with pri-
mary antibodies in 5% bovine serum albumin (BSA heat
shock fraction) (Millipore Sigma, catalogue no. A7906) in
TBS-T overnight at 4°C on an orbital shaker. Membranes
were then washed twice for 5 min each time in TBS-T and
incubated with HRP-conjugated secondary antibodies for
45 min at room temperature on an orbital shaker. Un-
bound antibody was washed by rinsing membranes thrice
in TBS-T for 5 min each time. Protein was detected by en-
hanced chemiluminescence (ECL) using the western light-
ning plus-ECL reagent (Perkin Elmer Inc., catalogue no.
NELI105001EA). ECL signal was detected by autoradiog-
raphy using HyBlot CL film (Denville Scientific Inc., cata-
logue no. E3018). All proteins were analyzed as aforemen-
tioned with exception to 4E-BPs; the latter were resolved on
13.5% (w/v) acrylamide gels (1.5 mm thickness) containing
0.36% (w/v) bis N,N'-methylene bisacrylamide (BioRad,
catalogue no. 161-0201) at a ratio of 37.5:1 of acrylamide
to bis-N,N'-methylene bisacrylamide). Proteins were then
transferred onto an 0.2 wm nitrocellulose membrane (Bio-
Rad, catalogue no. 1620112) for 1h at constant 100 V by
wet (immersion) transfer in a modified Towbin 1x transfer
buffer (25 mM Tris, 192 mM glycine at pH 8.3) (55) contain-
ing high (20% (v/v)) methanol and 0.1% (w/v) sodium do-
decyl sulfate (SDS). Higher methanol percentage is used to
avoid over-transfer of low molecular weight proteins (such
as 4E-BP1). To enhance the retention of 4E-BP1 protein on



the membrane, the proteins were crosslinked to the mem-
brane by incubating the membrane for 30 min with 0.05%
(v/v) glutaraldehyde solution (Bio Basic Canada Inc., cat-
alogue no. GC3870) prepared in phosphate buffered saline
(1x PBS: 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOy, 2
mM KH,POy at pH 7.4) on an orbital shaker. Membranes
were rinsed twice with deionized water and subsequently
blocked with non-fat milk, probed with primary/secondary
antibodies and developed as described above.

Antibody sources

Anti-human LARPI rabbit polyclonal antibody (catalogue
no. ab86359) and anti-human PABP rabbit polyclonal an-
tibody (catalogue no. ab21060) were purchased from Ab-
cam. Anti-FLAG M2 mouse monoclonal antibody (cata-
logue no. F1804) and anti-rabbit horseradish peroxidase
(HRP)-conjugated IgG (catalogue no. A0545) were pur-
chased from Millipore Sigma. Anti-human RAPTOR rab-
bit polyclonal antibody (catalogue no. A300-553A) was
purchased from Bethyl Laboratories. Anti-human RPS6
(C-8) mouse monoclonal IgG antibody (catalogue no. sc-
74459) and anti-human S6K 1 (C-18) rabbit polyclonal IgG
antibody were purchased from Santa Cruz Biotechnol-
ogy. Anti-rabbit eIF4E1 mouse IgG antibody (catalogue
no. 610269) was purchased from BD Transduction Lab-
oratories. Anti-human mTOR rabbit monoclonal (7C10)
antibody (catalogue no. 2983), anti-phospho S473 human
AKTTI rabbit polyclonal antibody (catalogue no. 9271S),
anti-human AKT1 pan rabbit monoclonal (C67E7) anti-
body (catalogue no. 4691S), anti-hemagglutinin (HA) rab-
bit monoclonal (C29F4) antibody (catalogue no. 3724),
anti-human eIF4G1 rabbit monoclonal (C45A4) antibody
(catalogue no. 2469S), anti-phospho T389 human S6K1
rabbit monoclonal (108D2) antibody (catalogue no. 9234),
anti-human S6K1, anti-phospho T37/T46 human 4E-BP1
rabbit monoclonal (236B4) antibody (catalogue no. 2855),
anti-phospho S240/S244 human RPS6 rabbit polyclonal
antibody (catalogue no. 2215S), anti-human 4E-BP1 rab-
bit monoclonal (53H11) antibody (catalogue no. 9644S)
and anti-mouse horseradish peroxidase (HRP)-conjugated
IgG (catalogue no. 7076S) antibody were purchased from
Cell Signalling Technology. Primary antibodies were used
at 1:1000 dilution, while secondary antibodies were used at
1:10 000.

Generation of plasmid DNAs

pCMVo6-entry human wildtype LARPI transcript vari-
ant 1 (accession number NM_0153315) myc/FLAG-tagged
(originally described in (21)) (catalogue no. RC200935) was
purchased from Origene. pPCMV6-human wildtype LARP2
transcript variant 1 (accession number NM _018078) (cat-
alogue no. RC213675) and transcript variant 3 (accession
no. NM_032239) (catalogue no. RC219586) myc/FLAG-
tagged were also purchased from Origene. pPCMV2 FLAG-
tagged human wildtype La (56), pCMV2 FLAG-tagged
human wildtype LARP4 (56), pCMV2 FLAG-tagged hu-
man wildtype LARPS (56), human wildtype LARP6 (56)
and human wildtype LARP7 were kindly gifted to us by
Dr Richard J. Maraia (NIHCHD, Bethesda, MD, USA).
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pCMV6-entry human LARP1 R840E/Y883A double mu-
tant has been previously generated and described (23).

Generation of LARP1 CRISPR/Cas9 Kknockout

(LARP1KO) HEK 293T cell lines

To create plasmids for expression of LARP1-specific gR-
NAs, sense (5-CACCGAGACACATACCTGCCAATCG
-3’) and antisense (5-AAACCGATTGGCAGGTATGTG
TCTC-3’) oligonucleotides were annealed and cloned into
Esp3I-digested LentiCRISPRv2, resulting in a vector des-
ignated LentiCRISPR-LARP1gRNA. HEK 293T cells
were maintained in DMEM medium (Gibco/Invitrogen by
Thermo Fisher Scientific) supplemented with 10% fetal calf
serum (Gibco/Invitrogen by Thermo Fisher Scientific) and
100 units/ml penicillin/streptomycin (Gibco/Invitrogen by
Thermo Fisher Scientific, catalogue no. 15140122). All cells
were cultured at 37°C in 5% (v/v) CO;. One day prior
to transfection, HEK 293T cells were seceded at a density
of 3 x 10° cells/well in six-well plates. Transfections were
carried out using 1 g LentiCRISPR-LARPIgRNA and
Lipofectamine 2000 Transfection Reagent (Invitrogen by
Thermo Fisher Scientific, catalogue no. 11668-019) accord-
ing to the manufacturer’s protocol. Two days after trans-
fection, the cells were reseeded at a density of 0.2 cells/well
in 96-well plates. After expansion of single cells, genomic
DNA was purified using the GenElute Mammalian Ge-
nomic DNA Miniprep Kits (Millipore Sigma-Aldrich, cat-
alogue no. GIN10) according to the manufacturer’s pro-
tocol. CRISPR /Cas9 LARPIXC was verified by PCR on
genomic DNA using the primers 5-GGGAAAGGGAT
CTGCCCAAG-3 and 5-CACCAGCCCCATCACTCTT
C-3" and a Pfu Ultra II DNA polymerase (Agilent Tech-
nologies) according to the manufacturer’s protocol followed
by Sanger sequencing of the resulting PCR-product (GATC
Biotech) using the primer 5'-GGGAAAGGGATCTGCCC
AAG-3.

Site-directed mutagenesis and oligonucleotides

Phosphorylation and RNA-binding mutants of human
LARPI1 were generated by site-directed mutagenesis using
Pfu Ultra HF DNA polymerase (Agilent Technologies, cat-
alogue no. 600380-51) as described in the manufacturer’s
protocol. Oligonucleotides were designed using the Primer-
Genesis software tool for automated oligonucleotide de-
sign (http://molecular-biology.primergen.group/). See Sup-
plemental Table S1 for list of oligonucleotides employed on
site-directed mutagenesis and sequence of human LARPI.
See Supplemental Table S2 for list of oligonucleotides used
to sequence human LARP1. See Supplemental Table S3 for
list of oligonucleotides used on the analysis of human RPS6,
RPL32, LDHA and B-actin mRNA levels by RT-ddPCR.

Isoelectric focusing

Briefly, isoelectric focusing was performed as described
in the manufacturer’s manual. In detail, HEK 293T cells
were stimulated with complete growth media (as described
above) for 3h in the presence of 0.1% (v/v) DMSO, 100
nM rapamycin or 300 nM torinl. Lysis: Cells were then
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lysed by incubating in 800 wl rehydration buffer for 1 h at
4°C at which point cells were scraped, lysates pre-cleared
by centrifugation at 16 000 x g for 10 min at 4°C. Sam-
ple cleanup: Samples were then further cleaned by using
the ReadyPrep™ 2D Cleanup Kit: 200 wl of lysate were
transferred into a clean microfuge tube, 600 wl precipita-
tion agent 1 were added to the lysate and the microfuge
tube vortexed. Vortexed sample was incubated for 15 min
on ice. 600 wl of precipitation agent 2 were then added to
the mixture of lysate and precipitation agent 1 and the mi-
crofuge tube vortexed. Samples were then centrifuged at 21
000 x g for 5 min to form a light pellet. Supernatant was
discarded without disturbing the pellet. Residual liquid in
the microfuge tube was collected and discarded following
centrifugation for 30 s at 21 000 x g 40 wl of wash reagent
1 was added on top of the pellet, the tube was vortexed and
centrifuged 21 000 x g for 5 min. The wash was then dis-
carded with a pipette and 25 pl of ReadyPrep proteomic
grade water (BioRad, catalogue no. 163-2091). Tube was
vortexed for 20 s. 1 ml of wash reagent 2 (pre-chilled at —
20°C) and 5 pl of wash 2 additive was added to the tube.
The tube was vortexed for 1 min. Samples in the tube were
then incubated at —20°C for 30 min. Samples were vortexed
once for 30 s midway through the incubation. After the in-
cubation period, samples were centrifuged at 21 000 x g
for 5 min to form a tight pellet. The supernatant was dis-
carded, the tube centrifuged briefly for 30 s to discard any
remaining wash. The pellet was air-dried at room tempera-
ture for ~5 min until it looked translucent. The pellet was
then resuspended in 2D rehydration buffer (see preparation
below), vortexed for ~3 min (or until the pellet was fully re-
suspended). Sample was centrifuged at 21 000 x g for 5 min
at room temperature to clarify the protein sample and the
supernatant used for IEF in IPG strips. Sample application
to IPG strip: the IPG strip (pH 7-10, 11 cm) was thawed
from —20°C and the rehydration/sample buffer lyophilized
powder reconstituted by adding 6.1 ml of nanopure water
supplied with the kit. We applied 185 pl of sample along the
back edge of the channel of the rehydration/equilibration
tray evenly, leaving 1 cm at each end. This step was repeated
for each sample using a different channel. Once the pro-
tein samples were loaded into the rehydration tray, forceps
were used to peel the coversheet from the thawed ReadyS-
trip IPG strip and the strip was placed over the sample in
the rehydration/equilibration tray with the gel side facing
down onto the sample. Air bubbles trapped underneath the
strip were carefully removed by gently lifting the strip up
and down with the forceps, or as a last resort, gently press-
ing down the strip. Each strip was then overlaid with 2 ml
of mineral oil (BioRad, catalogue no. 163-2129) to prevent
evaporation during the rehydration process. Mineral oil was
added slowly to the plastic backing of the strips while mov-
ing the pipet along the length of the strip to avoid mineral
oil seeping beneath the strip. The rehydration/equilibration
tray was covered with the plastic lid provided and the tray
left sitting on a level bench overnight (11-16 h) at room
temperature to rehydrate the IPG strips and load the pro-
tein sample. Isoelectric focusing: Using forceps, paper wicks
were placed at both ends of the Protean IEF focusing tray
covering the wire electrodes. 8§ pl of nanopure water (pro-
vided with kit) were added onto each wick. IPG strips were

picked up from the rehydration/equilibration tray using for-
ceps and held vertically for 10 s over filter paper to allow
the mineral oil to drain. Draining the oil is important to re-
move the unabsorbed protein which would otherwise cause
horizontal streaking. IPG strips were then transferred to
the corresponding channel in the Protean IEF tray with the
gel side facing down. Once placed in the focusing tray the
strips were again covered with 2 ml of fresh mineral oil. Any
trapped air bubbles were removed as described above. The
focusing tray was covered with the lid and placed on the
Protean IEF cell and the cover closed. Strips were resolved
using the following 3-step protocol. Step 1: 250 V for 20
min and linear ramp; Step 2: 8000 V for 2 h 30 min and
linear ramp; Step 3: 8000 V for an undefined time until it
reached 20 000 V h with rapid ramping. This protocol takes
an approximate time of 6 h and accumulated voltage of ~30
000 V. A default cell temperature of 20°C with a maximum
current of 50 wA /strip and no rehydration parameters were
used. Equilibration of IPG strips: following completion of
the electrophoresis step, the mineral oil was drained from
IPG strips by holding them vertically using forceps for 10
s over filter paper and the strips were then transferred onto
a clean/dry disposable rehydration/equilibration tray with
the gel side facing up. Equilibration buffers 1 (containing 6
M urea, 2% (w/v) sodium dodecyl sulfate in 50 mM Tris—
HCI buffer, pH 8.8 and 10 mg/ml dithiothreitol) was pre-
pared by adding 13.35 ml of 30% (v/v) glycerol solution,
supplied in the kit, to the buffer. Equilibration buffer 2 (con-
taining 6 M urea, 2% (w/v) sodium dodecyl sulfate in 50
mM Tris—HCl buffer, pH 8.8) was prepared by was prepared
by adding 13.35 ml of 30% (v/v) glycerol solution, supplied
in the kit, to the buffer, along with 40 mg/ml of iodoac-
etamide (alkylating agent). lodoacetamide was added to the
equilibration buffer 2 to prevent sulfhydryl bond formation
between free thiol groups of cysteine residues which inter-
fere with the 2D electrophoresis step. Contents were mixed
at room temperature using a stir plate until all solids were
fully dissolved. 4 ml of equilibration buffer 1 was added to
each rehydration/equilibration tray channel containing an
IPG strip. The tray was placed on an orbital shaker and gen-
tly shaken for 10 min at room temperature. A slow shaker
speed was used to prevent the buffer from sloshing out of
the tray. At the end of the 10 min incubation, equilibra-
tion buffer 1 was discarded by tipping the liquid gently from
the tray. Once most of the liquid was decanted the tray was
flicked to remove the last drops of equilibration buffer 1.
Four milliliters of equilibration buffer 2 were then added to
each channel of the rehydration/equilibration tray contain-
ing an IPG strip and incubated for 10 min at room tempera-
ture with shaking (on an orbital shaker). Second-dimension
(2-D): the second-dimension step (2D sodium dodecyl sul-
fate polyacrylamide gel electrophoresis) was performed in
4-15% Criterion™ TGX"™ Precast Midi SDS-PAGE gels (11
cm [PG/prep + 1 well) (BioRad, catalogue no. 5671081).
Briefly, the IPG strip was rinsed in a graduated cylinder con-
taining 100 ml of 1x Tris/glycine/SDS running buffer. The
4-15% Criterion™ TGX™ Precast Midi SDS-PAGE gel well
was rinsed with nanopure water and the excess water blot-
ted using Whatman 3MM paper. The IPG strip was laid gel
side onto the back plate of the SDS-PAGE gel. Holding the
SDS-PAGE vertically, ReadyPrep Overlay agarose solution



(BioRad, catalogue no. 163-2111) was added gently to the
well using a Pasteur pipet. Using forceps, the IPG strip was
carefully mounted/pushed onto the well, avoiding air bub-
bles underneath the strip, and the agarose left to solidify for
5 min at room temperature. SDS Proteins were eluted from
the strip by adding isoelectric focusing (IEF) gel sample
buffer (supplied with the kit) containing 50% (v/v) glycerol
(BioRad, catalogue no. 161-0763) and Coomassie blue R-
250 stain for sample visualization. Proteins were resolved by
electrophoresis in 1 x Tris/glycine/SDS running buffer con-
taining (25 mM Tris, 192 mM glycine, 0.1% (w/v) sodium
dodecyl sulfate (SDS) at pH 8.3) at 150 V constant for ~1 h
30 min to 2 h. Proteins were then transferred onto a 0.2 pm
nitrocellulose membrane (BioRad, catalogue no. 1620112)
for 1 h 30 min at 100 V constant by wet (immersion) trans-
fer in a modified Towbin 1x transfer buffer (25 mM Tris,
192 mM glycine at pH 8.3) (55) containing low (10% (v/v))
methanol and 0.1% (w/v) sodium dodecyl sulfate (SDS) for
easier transfer of larger molecular weight proteins. Mem-
brane was blocked in 5% (w/v) skimmed milk in TBS-T for
1 h at room temperature on an orbital shaker, followed by
incubation overnight at 4°C on an orbital shaker with pri-
mary anti-human LARP1 antibody (Abcam, catalogue no.
86359) at 1:1000 dilution in 5% (w/v) bovine serum albumin
(BSA, heat shock fraction) (Millipore Sigma, catalogue no.
A7906) in TBS-T. Unbound primary antibody was washed
by incubating membranes twice for 5 min each time in TBS-
T. The membrane was subsequently incubated with anti-
rabbit horseradish peroxidase (HRP)-conjugated I1gG (Mil-
lipore Sigma, catalogue no. A0545) for 1 h at room tem-
perature on an orbital shaker, at which point the unbound
secondary antibody was washed three times in TBS-T (5
min each time). Protein was detected by enhanced chemilu-
minescence (ECL) using the Western Lightning Plus-ECL
reagent (Perkin Elmer Inc., catalogue no. NEL105001EA).
ECL signal was detected by autoradiography using HyBlot
CL film (Denville Scientific Inc., catalogue no. E3018).

Orthophosphate labeling

HEK 293T cells were propagated to near-confluency
(~80%) in 10 cm tissue culture-treated polystyrene dishes
(Corning, catalogue no. 430167) at 37°C in a humidified
incubator at 5% (v/v) CO; in phosphate-containing com-
plete growth media (DMEM) High Glucose (HyClone
GE Healthcare, catalogue no. SH30022.01) supplemented
with 10% (v/v) fetal bovine serum (Millipore Sigma, cat-
alogue no. F1051) and 1% (v/v) penicillin/streptomycin
(HyClone GE Healthcare, catalogue no. SV30010)). Once
cells reached ~80% confluency, the complete growth me-
dia was aspirated and replaced with 5 ml of fresh com-
plete growth media containing phosphorus 32 (**P) or-
thophosphoric acid (Perkin Elmer, NEX053005MC) (~1
mCi were used per 10 cm dish) in the presence of 0.1% (v/v)
DMSO (vehicle), 100 nM rapamycin or 300 nM torinl.
Cells were incubated with vehicle/drugs for 3 h at 37°C
in a humidified incubator at 5% (v/v) CO,. Washed once
in ice-cold phosphate buffered saline (PBS) and lysed in
1 ml radio-immunoprecipitation assay (RIPA) extraction
buffer containing 50 mM Tris—-HCI (pH 8 at room tem-
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perature), 150 mM sodium chloride, 1% (v/v) Igepal CA-
630 (Nonidep P40, NP40), 0.5% (w/v) sodium deoxycholate
and 0.1% (w/v) sodium dodecyl sulfate (SDS), S0 mM
sodium fluoride, 1.5 mM sodium orthovanadate, 1 wg/ml
RNase A (Millipore Sigma, catalogue no. 10109169001), 1
mM dithiothreitol (DTT) and cOmplete™ Mini EDTA-free
protease inhibitor cocktail tablets (Millipore Sigma, cata-
logue no. 04693159001). Cells were scraped and lysates pre-
cleared by centrifugation at 16 000 g for 10 min at 4°C.
Supernatants were transferred into a fresh microfuge tube
and used for radio-immunoprecitation as follows: 900 wl
lysate were incubated with 9 wl of anti-human LARPI rab-
bit polyclonal antibody (AbCam, catalogue no. ab86359)
for 1 h 30 min rotating end-over-end at 4°C. Then added
35 pl of pre-washed protein G-conjugated magnetic Dyn-
abeads (Life Technologies by Thermo Fisher Scientific, cat-
alogue no. 10003D) to the antibody/lysate mixture and in-
cubate for 1 h rotating end-over-end at 4°C. Following the
1 h incubation, the beads were pelleted by centrifugation at
1000 x g for 5 min on a tabletop centrifuge at 4°C, the su-
pernatant aspirated and collected for analysis of unbound
material. The beads were then washed thrice with 1 ml of
RIPA extraction buffer followed by resuspension in 50 wl
4x SDS-PAGE sample buffer and boiling for 5 min at 95°C.
Beads were then pelleted and stored at —20°C until further
analysis by SDS-PAGE /western blot/*’P-autoradiography.
10 pl of immunoprecipitate was used to monitor the phos-
phorylation of endogenous LARP1 by SDS-PAGE /western
blot/*P-autoradiography. SDS-PAGE/western blot was
performed as described above (up until the blocking step).
Following blocking the nitrocellulose membrane was en-
veloped in cling film and exposed for 2-48 h to autora-
diography HyBlot CL film (Denville Scientific Inc., cata-
logue no. E3018) at —80°C and developed using the Kon-
ica Minolta Medical and Graphic film processor (Model
SRX-101A). The membrane was subsequently rehydrated
in TBS-T and used for western blot analysis. Specifically,
the membrane was probed with anti-human LARP1 rab-
bit polyclonal antibody (Abcam, catalogue no. ab86359) in
TBS-T for 1 h at room temperature on an orbital shaker,
washed twice (5 min each time) with TBS-T and incubated
with anti-rabbit horseradish peroxidase (HRP)-conjugated
IgG (Millipore Sigma, catalogue no. A0545) for 1 h at
room temperature on an orbital shaker, at which point
the unbound secondary antibody was washed three times
in TBS-T (5 min each time). Protein was detected by en-
hanced chemiluminescence (ECL) using the western light-
ning plus-ECL reagent (Perkin Elmer Inc., catalogue no.
NELI105001EA). ECL signal was detected by autoradiog-
raphy using HyBlot CL film (Denville Scientific Inc., cat-
alogue no. E3018). Samples of lysates (5 pl) were also
analyzed by SDS-PAGE/western blot for mTORCI acti-
vation using phospho-specific antibodies against T389 on
S6K1 and T37/T46 on 4E-BP1 as described in the SDS-
PAGE /western blot materials and methods section.

mTORC1 In Vitro kinase assays

HEK 293T CRISPR/Cas9 LARPIXO cells were trans-
fected with 10 pg pRKS empty vector or 5 nwg pRKS
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Myc-mTOR and 5 pg pPRKS HA-RAPTOR as described
above. Cells were stimulated with complete growth me-
dia for 3 h before cell lysates were prepared. 800 .l lysate
was added to each protein-IP using 5.5 wl anti-HA an-
tibodies to pull down the mTOR-RAPTOR complex as
described above for protein-IPs. After washing, the im-
munoprecipitated bead-complexes remained in a volume
of 10 pl. Bead-complexes were pretreated for 35 min at
room-temperature with DMSO, rapamycin/GST-FKBP12
or torinl in a total volume of 55 ul of reaction buffer
31.8 mM HEPES pH 7.5, 63.6 mM KCI, 12.7 mM MgCl,
2.5 mM MnCl,, 0.64 mM DTT) supplemented with either
0.64% (v/v) DMSO, 545 nM rapamycin (+500 ng GST-
FKBP12) or torinl (164 nM). Bead-complexes were then
added 15 pl LARP1-mix to a reaction volume of 70 .l con-
taining 5.6 pg Myc/FLAG/6xHis-LARPI protein, 25 mM
HEPES pH 7.5, 50 mM KCI, 10 mM MgCl,, 2 mM MnCl,,
0.5mM DTT, 0.14 mM ATP, 14 nCi y->P-ATP and drugs
at a final concentration of 0.5% (v/v) DMSO, 429 nM ra-
pamycin (+500 ng GST-FKBP12) or 129 nM torinl. The in
vitro kinase reaction was run for 30 min at 30°C and 1400
rpm after which the reaction was stopped by adding 25 .l
5x SDS sample buffer and boiling 7 min at 95°C. Proteins
were separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane. Phosphorylation was monitored by au-
toradiography and total protein levels determined by west-
ern blotting.

Mass spectrometry data handling

The raw data for the rapamycin screen were extracted from
the previous study (52). The raw MS/MS spectra were
searched against a composite database of the mouse IPI
protein database and its reversed complement using the Se-
quest algorithm. Search parameters include a static mod-
ification of 57.02146 Da for Cys, and a dynamic modifi-
cation of phosphorylation (79.96633 Da) on Ser, Thr and
Tyr. Furthermore, a dynamic modification was also consid-
ered for oxidation (15.99491 Da) on Met, and stable isotope
(10.00827 Da) and (8.01420 Da) on Arg and Lys, respec-
tively. Search results were filtered to a 1% false-discovery
rate (FDR) using the linear discriminator function (57).
Phosphorylation site localization was assessed by the Mod-
Score algorithm and peptide quantification was performed
by using the CoreQuant algorithm (57).

RNA-electrophoretic mobility shift assay (RNA-EMSA)

RNA-EMSAs were performed and imaged as reported pre-
viously using the same amount of RNA (<200 pM) regard-
less of labeling efficiency (28). All RNAs were snap-cooled
by heating at 95°C in 1x binding buffer for 1 minute and
immediately transferred to ice for 20 min. 5x protein stocks
were prepared in protein dilution buffer (50 mM Tris—HCI,
pH 7.5, 250 mM NacCl, 25% glycerol, 2 mM DTT). 10 pl
reactions contained 2 pl 5x protein stock, 2 pl 5x RNA
stock at 20 nM, 2 pl 5x binding buffer, resulting in final
concentrations of 20 mM Tris—HCI, pH 8, 150 mM NaCl,
10% glycerol, 1 mM DTT, 0.5 pg tRNA and 1 pg BSA.
Reactions were incubated on ice for 30 min and 8 pl were
loaded on 7-8% polyacrylamide (29:1) native 0.5x TBE gels

at 4°C. Gels were run at 120 V for 40 min, dried, and ex-
posed overnight. Phosphor screens (GE Lifesciences) were
imaged on a Typhoon FLA plate reader (GE Lifesciences)
and quantitated using Imagequant TL (GE Lifesciences).

Protein expression and purification

Plasmids expressing mutants of DM15 were generated us-
ing site-directed mutagenesis and confirmed by Sanger se-
quencing. The LARPI coding sequence (amino acids 796—
946 from LARP1) was cloned by PCR from the full-length
LARPI1 coding sequence into a modified pET28a vec-
tor. The resulting construct expressed DM 15 with an N-
terminal Hisg-MBP tag followed by a tobacco etch protease
cleavage site and glycineg linker. This expression plasmid
was transformed into BL21(DE3) E. coli cells and grown
overnight on LB agar plates supplemented with 30 pg/ml
kanamycin. The His¢-MBP-DM15 fusion protein was ex-
pressed by autoinduction for 3 h at 37°C and at 18°C for
18 h. Cells were collected by centrifugation, flash frozen in
liquid nitrogen, and stored at —80°C until used. 2 g of cells
were resuspended by gentle stirring in NiNTA lysis buffer
(50 mM Tris-HCI, pH 7.5, 400 mM NaCl, 10 mM imi-
dazole, 10% glycerol) for 1 h with protease inhibitor cock-
tail (PMSF, Leupeptin, Bestatin and Aprotinin). Cells were
lysed by homogenization and clarified by centrifugation at
12 000 RPM at 4°C for 30 min. The soluble fraction was nu-
tated with 4 ml HisPur Ni-NTA Resin (ThermoFisher prod-
uct 88221) for 2 h at 4°C. The beads were washed 2 times in
50 ml lysis buffer and 3 times with wash buffer (50 mM Tris—
HCI, pH 7.5, 400 mM NacCl, 35 mM imidazole, 10% glyc-
erol). Hisg-MBP-(665-947) fusion protein was eluted from
beads in 15 ml elution buffer (50 mM Tris, pH 7.5, 400 mM
NaCl, 250 mM imidazole, 10% glycerol). The N-terminal
Hisg-MBP tag was removed by the addition of 2 mg to-
bacco etch protease for cleavage overnight. Cleaved DM 15
protein was further purified of RNA and protein contam-
inants by tandem HiTrap Q and HiTrap SP columns (GE
Lifesciences). DM15 protein free of nucleic acid contami-
nants was eluted from the HiTrap SP column with gradient
from 150 mM NaCl to 1 M NaCl over 50 ml. MBP flowed
through both columns while untagged DM15 eluted at 35%
elution buffer. Remaining uncleaved fusion protein eluted
at 20% elution buffer, allowing for efficient separation of
cleaved DM15. Fractions containing DM15 were pooled
and brought to 1 M ammonium sulfate by the dropwise ad-
dition of 3M ammonium sulfate with gentle swirling. The
protein was diluted to 40 ml in 50 mM Tris-HCIL, pH 7, | M
ammonium sulfate and loaded onto a 5 ml Butyl HP col-
umn (GE Lifesciences) at 0.5 ml/min. The Butyl HP col-
umn was eluted over 5 CV in 50 mM Tris—-HCI, pH 7, 2
mM DTT. The fractions containing DM 15 were collected,
concentrated, and buffer exchanged with a 10K MWCO
Amicon Ultra spin concentrator (Millipore) into 25 mM
Tris—=HCI, pH 7.5, 2 mM DTT, 250 mM NaCl and loaded
on an equilibrated GE HiLoad 16/600 Superdex 75 gel fil-
tration column (GE Lifesciences) run at 1 ml/min. DM15-
containing fractions were pooled and glycerol increased to
20% before being flash frozen in 10 pl aliquots and stored
at —80°C for further use.



Statistical analysis

Data shown within this manuscript were derived from rep-
resentative experiments. Two or more experimental repli-
cates were performed from representative experiments. Er-
ror bars in bar graphs in Figures 1C, 2B, 10C, D, 11C de-
note standard deviations (SD) for three technical replicates
within each experiment. Statistical analyses were performed
using Prism 5 (GraphPad Software, California). One-way
and two-way analysis of variance (ANOVA) with Dunnett’s
post-hoc tests were performed in Figures 10, 11 and Figures
1, 2, respectively. Legend: *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, ‘ns’ denotes non-significant.

RESULTS
mTORCI1 controls TOP mRNA translation via LARP1

Recently, we (21) and others (26) used RNA interference
(RNAI) technology to demonstrate that mMTORCI1 controls
TOP mRNA translation through LARPI1. RNAI leads to
incomplete depletion of LARP1 and as a technology is lim-
ited in its scope. To fully grasp the contribution of LARP1
to the control of TOP mRNA translation, we generated
HEK 293T LARP1 knockout (LARP1X9) clonal cell lines
via CRISPR/Cas9 genomic editing (Supplementary Fig-
ure SIA-D) and monitored polysome association of rep-
resentative TOP (ribosomal protein S6 [RPS6] and ribo-
somal protein L32 [RPL32]) and non-TOP (lactate dehy-
drogenase A [LDHA] and B-actin [beta-actin]) transcripts
(Supplementary Figure S2A, B). Specifically, we monitored
polysome distribution for TOP and non-TOP transcripts
(in LARPIVT and LARPIXO cell lines) in conditions of
acute (1) mTORCI activation, (i) mTORCI inactivation
or (ii1) dual mMTORC1/mTORC?2 inactivation. This was ac-
complished by culturing each cell line in complete growth
media for 3 h in the presence of either (i) DMSO (mTORC1
activation), (i) rapamycin (mTORCI inactivation) or (iii)
torin 1 (dual mMTORC1/mTORC?2 inactivation).

Acute stimulation of LARPIWT and LARPI1XO cells
with complete growth media leads to activation of both
mTORCI1 and mTORC?2 in both cell types to identical ex-
tents (Figure 1A; DMSO), indicating that, contrary to an
earlier report (53), the absence of LARP1 does not alter the
activation status of the mTOR complexes in our hands. Ab-
sence of LARP1 also does not alter the sensitivity of other
mTOR targets to rapamycin or torinl (Figure 1A). Cellu-
lar extracts from LARPIWT and LARP1¥? cells in Figure
1A were then subjected to polysome profile analysis (Fig-
ure 1B). Treatment with rapamycin leads to a subtle (but
reproducible) decrease in polysome abundance and a con-
comitant increase in monosome (80S) abundance in both
LARPIVT and LARPI1¥O cells to similar extents. These
data suggest that rapamycin weakly reduces global protein
synthesis to similar extents in both cell lines. Torinl also
inhibits global protein synthesis albeit more strongly than
rapamycin does (Figure 1B), likely reflecting the more po-
tent inhibitory effect of torinl on the mTORCI complex
coupled to its ability to block the activity of both mTORCI1
and mTORC?2 (58). Treatment with torinl leads to a marked
reduction in polysome abundance, an increase in 80S ab-
sorbance, and a slight (but reproducible) decrease in the
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formation of mRNA ribonuclear particles (mRNPs) (Fig-
ure 1B). Importantly, torinl appears to block global protein
synthesis to similar extents in LARPIWT and LARP1¥O
cells (Figure 1B).

We then compared polysome association of TOP and
non-TOP mRNAs in LARPIWT and LARP1¥C cells in
conditions of mMTORC1/mTORC?2 activation/inactivation
(Figure 1C). As expected, we observed that in conditions of
mTORCI activation (DMSO), genetic deletion of LARPI
leads to an accumulation of TOP transcripts in polysomal
fractions: 71% of RPS6 transcript is typically found polyso-
mal fractions (P) in HEK 293T LARPIVT cells; 77% of
this same transcript is found in the P fraction in LARP1X©
cells (P < 0.0001). Genetic deletion of LARPI has an even
more pronounced effect on the polysomal association of
RPL32 mRNA (the percentage of this transcript in the P
fraction is 49% in LARPIWVT cells and 67% in LARP1XO
cells, P < 0.0001) (Figure 1C). By contrast, genetic deletion
of LARPI does not enhance the polysomal association of
LDHA mRNA (P =0.6037, and has only a minor effect on
the polysomal distribution of B-actin mRNA (barely sig-
nificant, P = 0.0078) (Figure 1C). These data suggest that
LARPI preferentially represses the translation of TOP mR-
NAs.

The LARPI status of the cell also influences the sensi-
tivity of the translation of TOP transcripts to mTOR in-
hibitors: we observed that treatment of LARP1WT cells with
mTOR inhibitors causes an accumulation of TOP tran-
scripts in poorly translated subpolysomal (S) fractions (e.g.
71% of RPS6 transcript is found in the P fraction in DMSO-
treated LARPIWT cells compared to 52% in rapamycin-
treated and 47% in torinl treated LARPIWVT cells [P <
0.0001 in both cases]) (Figure 1C). Expectedly, torinl leads
to a stronger inhibitory effect on TOP mRNA translation
than rapamycin does (¢f. for example, 37% of RPL32 tran-
script in the P fraction in rapamycin-treated LARP1IWT
cells compared to 22% in torinl-treated LARPIWVT cells).
By contrast, the translation of non-TOP transcripts in
LARPIWT cells is either largely unaffected by acute treat-
ment (3 h) with mTOR inhibitors (e.g. LDHA) or, as is
the case of B-actin mRNA, enhanced by these drugs (8%
increase in (-actin transcript in the P fraction upon ra-
pamycin treatment) (Figure 1C).

Importantly, genetic deletion of LA RPI markedly alters
the sensitivity of TOP mRNA translation to mTOR in-
hibitors but not that of non-TOP mRNAs (Figure 1C).
For example, rapamycin causes a statistically significant
shift of the RPS6 transcript from polysomal (P) to sub-
polysomal (S) fractions in LARPIVT cells (from 71% to
52%, P < 0.0001) while, the effect of rapamycin on RPS6
translation in LARP1¥O cells is not statistically significant
(from 77% to 71%, P = 0.9972) (Figure 1C, see also the
Statistical Workbook). Similarly, torinl potently represses
TOP mRNA translation in LARPIWT cells and less effi-
ciently so in LARP1XO cells. Similar results were observed
for the RPL32 transcript: while rapamycin markedly re-
duces the association of RPL32 mRNA with polysomes
in LARPIWT cells (as noted by the decrease in transcript
levels in the P fraction [49% to 37%, P = 0.0003]), it
fails do so in LARPIXO cells (transcript levels in P frac-
tion remain the same [49%, p = non-significant]) (Fig-
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Figure 1. Rapamycin and Torinl repress translation of TOP mRNAs via LARP1. (A) HEK293T CRISPR/Cas9 LARP1 wildtype (WT) or knockout
(KO) cells (clone 5, cf. Supplementary Figure S1) were cultured to ~70-80% confluency at which point they were replenished with complete growth
media (containing 10% (v/v) fetal bovine serum) containing either 0.1% (v/v) DMSO (vehicle), 100 nM Rapamycin or 300 nM Torinl, for 3 h. Cells
were lysed in hypotonic buffer in the presence of RNase inhibitors and samples of lysates were analyzed by SDS-PAGE/Western blot for activation of
mTORC1 and mTORC?2 using the indicated antibodies. (B) Samples of lysates were subjected to sucrose gradient ultracentrifugation/polysome profile
analysis as follows: lysates were quantified for total RNA (predominantly rRNA) concentration by monitoring absorbance at 260 nm. Equal amounts
of total RNA were loaded onto each sucrose gradient (total volume adjusted in hypotonic buffer) and subjected to ultracentrifugation as detailed in the
Experimental Procedures section. Polysome profile traces (absorbance 254 nm) are shown. Total RNA was extracted from each polysomal fraction and
pooled into subpolysomal (S) and polysomal (P). cDNA was synthesized by reverse-transcription (RT) and abundance of specific transcripts analyzed by
digital droplet PCR (ddPCR) as described in further detail in the Experimental Procedures section. (C) Bar graph data displaying percentage abundance
of each TOP (RPS6, RPL32) and non-TOP (LDHA, B-actin) transcript in S and P fractions. Error bars denote standard deviation (St. Dev.) for three
technical replicates. Refer to Statistical workbook for raw data and statistical analysis. (D) Diagram depicting the PI3K-AKT-mTORCI-LARPI signalling
pathway and target sites of pharmacological inhibitors.
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ure 1C). Torinl also reduces the amount of RPL32 tran-
script in the P fraction in LARP1XO cells, but it does so
less effectively than in LARPIWVT cells (Figure 1C). Col-
lectively, these data corroborate our original model that
LARPI functions as a repressor of TOP mRNA transla-
tion downstream of mTORCI (21). It is important to note
that deletion of LARPI fails to completely de-repress the
inhibitory effects of both rapamycin and torinl on TOP
mRNA translation (Figure 1C), indicating that additional,
presently unknown, mTORC1/mTORC2-dependent (but
LARPI-independent) mechanisms of TOP mRNA trans-
lation repression likely exist (Figure 1D).

The DM15 region constitutively represses the translation of
TOP mRNAs, even in conditions of full mMTORCT1 activation

We determined that the DM15 region of LARPI1 binds
the m’Gppp and adjacent STOP motif of TOP mRNAs
(23); in doing so, LARPI efficiently displaces eI[F4E and
elF4G1 from TOP mRNAs (21,23). An extended version
of the LARP1 C-terminus containing the DM15 domain
has also been shown to block cap-dependent translation of
TOP transcripts in a reporter assay (24). These observa-
tions raised the intriguing possibility that the DM15 do-
main mediates the translation repression effect of LARP1
on TOP mRNA translation. To test this, we transiently re-
expressed a C-terminal fragment of LARP1 (residues 669—
1019) encompassing the entire C-terminal half of LARP1
that includes the DM15 region in LARP1XO cells, followed
by acute (3 h) exposure to complete growth media and either
DMSO (vehicle) or mTOR inhibitors. Lysates were then
subjected to polysome profiling (Figure 2A). Overexpres-
sion of the C-terminal fragment caused a small (but repro-
ducible, see also Figure 11B) increase in the 40S, 60S and
80S peaks in polysome profiling traces of DMSO-treated
cells, suggesting that overexpression of the DM15 region
causes a reduction in global protein synthesis in growth
conditions. Rapamycin causes similar increases in 40S, 60S
and 80S peaks in a similar manner to overexpression of
the LARP1 (669-1019) fragment (Figure 2A). Torinl treat-
ment recapitulates the effects of LARP1 (669-1019) frag-
ment overexpression, such that the two polysome profile
traces become superimposable (Figure 2A).

Having established that re-expression of the LARPI
(669-1019) fragment likely impacts global protein synthesis,
we then assessed its effect on the translation of TOP tran-
scripts. We performed RT-ddPCR analysis to assess the dis-
tribution of TOP and non-TOP transcripts across the gra-
dient: like in Figure 1C, translation of TOP mRNAs is el-
evated in LARP1XO cells (Figure 2B), and rapamycin and
torin] fail to strongly supress TOP mRNA translation in the
absence of LARP1 (Figure 2B); notably, re-introduction of
the C-terminal fragment of LARP1 restores TOP mRNA
translation inhibition, even in the conditions of growth
stimulation (DMSO, vehicle) (Figure 2B). Re-expression of
the C-terminal fragment of LARP1 leads to a 30% decrease
of RPS6 mRNA in the P fraction of DMSO treated cells
(from 70% to 40%, P < 0.0001) (Figure 2B). A similar in-
hibitory effect was observed for RPL32 mRNA polysomal
distribution: re-expression of the C-terminal fragment of
LARPI resulted in a 17% decrease of RPL32 mRNA in the

P fraction of DMSO-treated cells (from 54% to 37%, P <
0.0001) (Figure 2B). Importantly, the C-terminal fragment
of LARP1 did not repress the translation of non-TOP tran-
scripts (LDHA and B-actin) (Figure 2B). Our observations
that the C-terminal LARP1 fragment represses translation
of TOP mRNAs (but not that of non-TOP transcripts) in
conditions of mMTORCI activation and inactivation demon-
strate that: (i) the C-terminal LARP1 fragment selectively
inhibits the translation of TOP transcripts and (ii) that it
acts as a constitutive TOP mRNA translation repressor ef-
fectively decoupling mTORCI1 from TOP mRNA transla-
tion (Figure 2B,C).

mTORCT1 interacts primarily with LARP1 (among LARP
superfamily members)

We have previously shown that LARPI1 interacts
with mTORCI1 via the scaffolding protein RAPTOR
(short for regulatory associated protein of mTOR),
specifically through contact points with the RNC
(RAPTOR N-terminal conserved) region and the WD40
(tryptophan/aspartate repeats 40 amino acids-long) do-
main (21). Given the high level of sequence conservation
between the human LARP1 and LARP2 (also known
as LARPI1b) proteins (60% identity and 73% similarity
at amino acid level) (Figure 3A and Supplementary Fig-
ure S3), we asked whether LARP2 also interacts with
mTORCI. HEK 293T cells were transiently transfected
with FLAG-tagged human LARP1, human LARP2 or a
variant of human LARP?2 that lacks the C-terminal region
(human LARP2 ACT) (Supplementary Figure S4), cells
were stimulated with complete growth media and lysed
in CHAPS-based buffer that preserves protein-protein
interaction; lysates were subjected to immunoprecipitation
with anti-FLAG tag antibody and probed for endogenous
RAPTOR and endogenous mTOR proteins by western
blot. The resulting data revealed that LARPI (in this par-
ticular case exogenous FLAG-LARP1) interacts strongly
with both RAPTOR and mTOR (Figure 3B). By contrast,
LARP?2 interacts weakly with RAPTOR and mTOR (Fig-
ure 3B). Both FLAG-LARP1 and FLAG-LARP2 interact
with PABP to similar extents (Figure 3B), indicating that
the weak association of LARP2 with mTORCI is not the
result of protein misfolding, as it maintains the capacity
to interact with other proteins. The FLAG-LARP2 ACT
variant which lacks the PAM?2 motif (as well as the RRM 5
and the DMI15 region) exhibits reduced PABP-binding
(Figure 3B), consistent with our earlier observation that the
PAM2 motif in LARP1 mediates binding to PABP (21). We
extended this analysis to other LARP superfamily mem-
bers (Figure 3C). As observed for LARP2: La, LARP4,
LARPS5, LARP6 and LARP7 failed to associate with
RAPTOR (Figure 3C). Collectively, these data show that
LARPI is the sole member of this superfamily of proteins
that is capable of interacting strongly with mTORCI.

LARP1 interacts with mTORCT1 via the carboxy-terminal re-
gion that comprises the DM15 motif

Next, we assessed which regions of LARP1 mediate interac-
tions with mTORCI1. We overexpressed FLAG-tagged full-
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growth media for 3 h and then lysed in CHAPS-based extraction buffer
in the presence of RNase A. Lysates were subjected to immunoprecipita-
tion with anti-FLAG antibody and analysed by SDS-PAGE/Western blot
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length human LARPI or fragments of human LARP1 cov-
ering various regions of the protein. Full-length LARP1 ef-
ficiently co-precipitates endogenous RAPTOR (and PABP
but not eIF4E or elF4G1) (Figure 3D). Fragments 1-205
(comprising the N-terminal region of LARPI) and 205-
509 (comprising the mid-region of LARPI1 that mediates
PABP binding) do not co-precipitate RAPTOR. Only the
C-terminal fragments co-precipitate RAPTOR (and rather
weakly) (Figure 3D), indicating that RAPTOR interacts
with multiple regions of LARPI, but primarily through
the C-terminal region that includes the DM15 motif. The
poor binding of this C-terminal fragment of LARPI to
RAPTOR likely explains why this same fragment retains
its translation inhibitory ability in conditions of mMTORCI
activation, i.e. this fragment interacts rather weakly with
mTORCI and as such is most likely poorly phosphory-
lated by mTORCI. In this case, it would remain bound to
the 5TOP sequence and constitutively repress TOP mRNA
translation even in conditions of mMTORCI activation (Fig-
ure 2B).

In our quest to identify the contact points between
LARPI1 and RAPTOR, we looked further into specific
residues within the DM 15 motif. We have previously shown
that the R840 and Y883 residues plays critical roles in guid-
ing the 5TOP sequence through a positively charged chan-
nel within the DM15 domain and binding the m7Gppp
cap structure, respectively (23). Fortuitously, we observed
that the LARP1 R840E/Y883A double mutant exhibits
markedly reduced binding to RAPTOR compared to wild-
type LARP1 (Figure 4A). We sought to investigate whether
R840, Y883 or both residues are involved in mediating
RAPTOR binding. To this end, we generated single amino
acid substitutions for each of these residues. Single amino
acid analysis revealed that R840 (and not Y883) is the key
residue mediating the association of LARP1 with RAP-
TOR, in that a charge reverse of R840 to a glutamate suf-
fices in reducing RAPTOR binding (Figure 4B). By con-
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Figure 5. Ribonuclease treatment enhances the binding of LARPI to
RAPTOR. Rapamycin but not Torin1 dissociates LARP1 from RAPTOR.
(A) RNase A and RNase I enhance the interaction between endogenous
LARP1 and mTORC1. HEK293T cells were stimulated with complete me-
dia (experimental procedures) for 3 h and then lysed in CHAPS-based ex-
traction buffer in the presence or absence of RNase A or RNase I in various
concentrations. Lysates were subjected to immunoprecipitation with anti-
LARPI antibody and were analyzed by SDS-PAGE/western blot using
the indicated antibodies. Agarose Gel Red Staining was used to monitor
rRNA integrity. (B) HEK293T cells were transfected with FLAG-tagged
LARPI1 or LARP2. Where indicated cells were stimulated with full-growth
media in the presence of 0.1% (v/v) DMSO (vehicle), 100 nM rapamycin
or 300 nM torinl for 3 h. Cells were lysed as described in (A) and lysates
subjected to immunoprecipitation with anti-FLAG antibody.

trast, substitution of Y883 for alanine did not affect RAP-
TOR binding. Amino acid R840 is, however, likely insuffi-
cient for the binding of LARP1 to mTORCI, since R840
is conserved in LARP2 (Supplementary Figure S3) yet this
protein does not interact with mTORC1 (Figure 3B).
Previously, we showed that LARPI interacts with RAP-
TOR in an RNA-sensitive manner: digestion of RNA with
ribonuclease A (RNase A) enhances the binding of LARP1
to RAPTOR (21). Although the mechanism underlying this
effect is presently not known, the observation that RNase A
enhances LARPI-RAPTOR interaction is reproduced sys-
tematically (Figure 5SA) and has been corroborated by oth-
ers research groups (53). Previously, we also showed that, by
contrast, the association of LARP1 with PABP is not influ-
enced by RNase A (21); see also Figure 5A. These data sug-
gest that LARP1 interacts directly with PABP, without the
requirement for an intact poly(A) tail (21). Hong and col-
leagues (53) have challenged the concept that LARPI inter-
acts directly with PABP, claiming that RNase A forms spu-
rious aggregates which lead to non-specific co-precipitation
of LARPI and PABP. We considered it to be important to



verify this claim; to this end, we performed LARP1 im-
munoprecipitation experiments in the presence of an al-
ternative ribonuclease, RNase 1. As observed for RNase
A, digestion of RNA with RNase I enhances the bind-
ing of endogenous LARP1 to endogenous RAPTOR (Fig-
ure 5A). Importantly, as previously observed for RNase
A (21), RNase I does not affect PABP binding, indicating
that the LARP1-PABP interaction does not require an in-
tact poly(A) tail (Figure 5A). The latter result is particu-
larly important because ribonuclease (RNase A) preferen-
tially cleaves pyrimidines-rich sequences and does not digest
adenylate polymers efficiently (59). Collectively, these data
confirm earlier reports and show that LARP1 interacts di-
rectly with PABP (60).

Rapamycin, but not torinl, disrupts the binding of LARP1 to
mTORC1

Next, we tested whether pharmacological inhibition of
mTORCI plays a role in regulating the interaction be-
tween LARP1 and mTORCI. HEK 293T cells were tran-
siently transfected with FLAG-LARP1 or FLAG-LARP2
and then stimulated with growth media in the presence
of DMSO (vehicle), rapamycin and its binding partner
FKBP12 (FK506-binding protein 12), or torinl; lysates
were subjected to immunoprecipitation with anti-FLAG
antibody and immunoprecipitates analyzed by western blot.
As shown in Figure 5B, rapamycin efficiently disrupts the
interaction between LARP1 and RAPTOR (but not that of
LARPI with PABP). In parallel, we also tested the effect of
torinl on the interaction between mTORC1 and LARPI.
Surprisingly, torinl does not affect LARP1 association
with mTORCI (Figure 5B), suggesting that the rapamycin-
mediated disruption of the LARP1-RAPTOR interaction
likely arises from an allosteric effect of rapamycin/FKBP12
on the stability of the mMTORCI complex (61), rather than
from a shut-off of mTOR catalytic activity.

LARP1 is phosphorylated directly by mTORC1 in a
rapamycin- and Torinl1-Dependent manner

Using a number of complementary biochemical assays, next
we investigated whether mTORC1 phosphorylates LARPI1.
We began by investigating the effects of rapamycin and
torinl on the electric charge of endogenous LARP1 by
isoelectric focusing. mTOR inhibitors raise the isoelectric
point (p/) of LARPI, denoting a reduction in negative
charge of LARP1 and possibly reflecting a decrease in phos-
phorylation (Figure 6A). To confirm that the changes in
electric charge reflect changes in phosphorylation (and not
other post-translation modifications), we monitored the ef-
fect of rapamycin and torinl on the phosphorylation of
LARPI by in vivo orthophosphate metabolic labelling (Fig-
ure 6B). Treatment with rapamycin and torinl decreases the
phosphorylation of endogenous LARP1 (Figure 6B) con-
firming that, indeed, mTORCI activity influences LARP1
phosphorylation status.

It remained possible that mTORCI influenced the phos-
phorylation status of LARPI indirectly (i.e. via a down-
stream kinase). To confirm that LARPI is a bona fide
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mTORCI substrate, we performed in vitro mTORCI ki-
nase assays with [y->’P]-ATP label and recombinant puri-
fied myc-6xHis-LARP1 (full-length isoform 1096aa) in the
presence of DMSO (vehicle), rapamycin/GST-FKBP12, or
torinl. As shown in Figure 6C, mTORCI directly phospho-
rylates LARPI in vitro. LARP1 phosphorylation is dimin-
ished by rapamycin, and to a larger extent, by torinl. These
results confirm that LARPI is, indeed, a direct mTORCI
target.

Rapamycin modulates the phosphorylation of 26 serine and
threonine and 3 tyrosine residues broadly distributed into 7
clusters

Having established that mTORC1 phosphorylates LARPI,
we set out to comprehensively identify the rapamycin-
sensitive residues. To this end, we mined publicly avail-
able mMTORC1-sensitive phospho-proteome data (generated
from rapamycin-treated TSC2X° mouse embryonic fibrob-
lasts (52)) for rapamycin-sensitive phospho-LARP1 pep-
tides. These efforts culminated with the identification of
26 serine, threonine and three tyrosine rapamycin-sensitive
phospho-residues in mouse LARP1—all of these phospho-
residues are conserved in the human LARP1 protein (Fig-
ure 7A, B). Interestingly, from both functional and evo-
lutionary standpoints, most of the rapamycin-sensitive
phospho-serine and -threonine residues identified in our
mouse screen are conserved across higher eukaryotes, from
D. rerio to H. sapiens (Supplementary Figure S5). This is
in contrast with the three rapamycin-sensitive phospho-
tyrosines identified, which are not conserved in D. rerio
(Supplementary Figure S5). Although there is precedent
for tyrosine phosphorylation by mTOR (62,63), this ki-
nase is primarily regarded as a serine/threonine kinase
(30,37-39,42.,43). For this reason, we focused our efforts
on understanding the role of rapamycin-sensitive phos-
phorylation of serine and threonine residues on human
LARPI.

We noted that in some instances, rapamycin impairs
the phosphorylation of most of the rapamycin-sensitive
residues identified, while in other cases it appears to en-
hance the phosphorylation of other residues (Figure 7A).
Compare, for example, phosphorylated residues S247 and
S689 within clusters 2 and 5, respectively: rapamycin treat-
ment diminishes phosphorylation of some residues (log,
area [DMSO/rapamycin] value lies above the x axis) (e.g.
S689); while, in other instances, rapamycin may enhance
phosphorylation of others (e.g. S247, for which log, area
[DMSO/rapamycin] lies below the x axis) (Figure 7A,
B). Rapamycin also affects phosphorylation of specific
residues to different extents (Figure 7A, B); the phospho-
rylation of residues in cluster 6 is exquisitely sensitive to
rapamycin, as denoted by the amplitude of the log, area
(DMSO/rapamycin) (Figure 7A, B), while rapamycin has
minor effects on clusters 2 and 3. Collectively, these data
indicate that rapamycin can alters LARP1 bi-directionally
(inhibits the phosphorylation of some residues while en-
hancing that of others) and it does so to distinct stoichio-
metric levels (as denoted by the amplitude of the log; area
[DMSO/rapamycin] ratio).
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Figure 6. mTORC]1 phosphorylates LARP1 in vivo and in vitro in a rapamycin- and Torinl-dependent manner. (A) Isoelectric focusing of endogenous
human LARP1 from HEK293T cells stimulated with complete media for 3 h in the presence of 0.1% (v/v) DMSO (vehicle), 100 nM rapamycin or 300
nM Torinl. (B) Orthophosphate labeling of HEK293T cells stimulated with complete media for 3 h in the presence of 0.1% (v/v) DMSO (vehicle), 100
nM rapamycin or 300 nM Torinl. Cells were lysed and endogenous LARPI immunoprecipitated with anti-LARPI1-specific antibody as described in
the Experimental Procedures section. Immunoprecipitates and lysates were analysed by SDS-PAGE/western blot and autoradiography. (C) mTORCI in
vitro kinase assay. Myc/FLAG/6xHis-tagged human LARPI (isoform 1096aa) was expressed in insect cells and purified as detailed in the Materials and
Methods section and was then incubated with HA-RAPTOR /Myc-mTOR immunoprecipitates in the presence of gamma-32P[ATP] in the presence of
DMSO, rapamycin and GST-FKBP12 or Torinl. 32P-incorporation was monitored by SDS-PAGE/western blot autoradiography. Immunoprecipitates
and lysates were analyzed by SDS-PAGE /western blot with the indicated antibodies.

The amino acid sequences surrounding the rapamycin-
sensitive phospho-residues in LARP1 resemble those of other
mTORCT targets, namely: 4E-BP1’s and PRAS40’s

Having identified the complete set of rapamycin-sensitive
phospho-residues in LARPI1, we set out to identify par-
allels between these phosphorylation events and those of
other mTORCI targets. mTORCI1 directly catalyzes the
phosphorylation of multiple serine and threonine residues
within various proteins; these include: S6Ks (31,32,34), 4E-
BPs (36-39,42,43), PRAS40 (47-49) and Grbl0 (51,52)
(Figure 7C,D). mTORC1 phosphorylates distinct target se-
quences. For example, T389 in S6Ks is found within the
hydrophobic/aromatic motif (LGFT*°YVA, hydrophobic
residues are underlined and aromatic residues shown in

boldface) (Figure 7C). By contrast, the mTORCI1 target
residues (T37, T46, S65, T70, and S83) in 4E-BPs are in-
variably followed by proline at position +1, while the best-
studied mTORC1-target site in PRAS40 (S183) is followed
by a leucine at position +1 and a proline at position +2
(Figure 7C). Considerable divergence is observed between
mTORCI target sequences but a number of characteris-
tics have been previously noted (54): mTORCI1 shows a
preference for a proline, hydrophobic (L,V) or aromatic
residues (F,W,Y) at position +1 and a glycine at position
—1. In addition, we note the preference for a methionine at
+1 and a proline at +2 (Figure 7C). According to MEME
analysis, the mTORCI consensus target sequence can be
loosely defined by the heptapeptide X-X-X-S/T-P/Y/L-



Nucleic Acids Research, 2021, Vol. 49, No. 6 3477

A C
Residue Protein Motif
m?u» @ s371 S6K1L PVDSPDD
5 Py @ 1389 S6K1 LGFTYVA
45 Human LARP1 Residue Number (isoform 1019) L4 @ s411 S6K1 KIRSPRR
= ¢ 8 @ sa18 S6K1 FIGSPRT
5 |35 @ ra21 S6KL SPRTPVS
§ 3 5 e @ 424 S6K1 TPVSPVK
g |25 "# 0o ; @ s370 S6K2 PVDSPDD
g1 2 4 i @ T388 S6K2 LGETYVA
H 1'? 2 ﬂ&% " o o s, @ sa10 S6K2 KLRSPRR
g 05 1 ¥ pam2 @ @ % o .‘- . @ sa17 S6K2 LNSSPRA
sl ol ¥ " RRM " LI } SO @ s423 s6K2 APVSPLK
g 05 100 200 300 400 500 600 700 o $800 1000 @ 137 4E-BP1 YSTTPGG
R La module ° ® " owss @ T46 4E-BP1 FSTTPGG
15 . @ s65 4E-BP1 CRNSPVT
2 @ 170 4E-BP1 VTKTPPR
B @ s83 4E-BPL GVTSPSS
@ 137 4E-BP2 YCTTPGG
@ 146 4E-BP2 FSTTPGG
Isoform: 1019 1096 LARP1 tryptic phospho-peptides Spectral count  Log2 Area (DMSO/Rapamycin) Ratios @ s6s 4E-BP2 RRNSPMA
$148 8225 K. TKSDESGEEKNGDEDCQR 1 -0.1022 @ o 4E-BP2 magTeEC
Cluster 1 | @ s83 4E-BP2 GVTSPGT
$151 S228 K. TKSDESGEEKNGDEDCQR 1 -0.1022
S247 324 K. PEPAWHDQDETSSVKSDGAGGAR 5 -0.244, -0.226, -0.1643, -0.1239, 0.5465 @23 4E-BE3 ¥STTEGG
Cluster 2 | S250  S327 K.PEPAWHDODETSSVKSDGAGGAR 4 -0.0213, 0.042, 0.0975, 0.3122 @32 4B-BE3 YATTEGE
T438  T515 R.QHYQKETESAPGSPRAVTPVPTK 1 0.5243 @ ss1 4E-EP3 CKNSPIA
S440 8517 R.QHYQKETESAPGSPRAVTPVPTK 4 0.1932, 0.3374, 0.5049, 0.6623 CP) 56 4E-BP3 TARTPEC
Cluster3 | s4aa  s521 R.QHYQKETESAPGSPRAVTPVPTK 4 01932, 0.3374, 05049, 0.6623 © s60 4E-BP3 GVITPRT
T449  T526 R.QHYQKETESAPGSPRAVTPVPTK 5 0.2162, 0.2705, 0.2818, 0.3202, 0.4735 @ s183 PRAS40 YAKSLEV
sa71  s548 K.GLSASLPDLDSENWIEVK 3 0.1515, 0.1732, 0.6786 ® 5202/203 PRAS40 EARSSDEE
Cluster 4 $550  S627 K .NTFTAWSDEESDYETIDDRDVNK 7 -0.1624, 0.0028, 0.0572, 0.092, 0.2983, 0.4222, 0.8169 g zii? iiizjg :iiz;gi
S554  S631 K.NTFTAWSDEESDYETDDRDVNK 3 0.0371, 0.4222, 0.6778
se89  S766 R.SLPTTVPESPNYR 3 11264,2.1939,2.2687 @ s150 GRBLO GreSrey
Cluster5 | T692  T769 R.SLPTTVPESPNYR 2 -1.6722,2.1939,
S697  S774 R.SLPTTVPESPNYR 2 -0.7036, 0.3298
S747  S824 R.HSSNPPLESHVGWVMDSR 4 -0.4521,0.1679, 05244, 0.9729
T768  T845 R.TASISSSPSEGTPTVGSYGCTPQSLPK 8 -0.3364, -0.3037, -0.0947, 0.2013, 0.4252, 3.885, 3.9942, 4.9643 D
S770 S847 R.TASISSSPSEGTPTVGSYGCTPQSLPK 4 -0.1759, 3.879, 3.9942, 4.9643 Ly
S772 S849 R.TASISSSPSEGTPTVGSYGCTPQSLPK 8 -0.3087, -0.1759, -0.0947, 0.1227, 0.8062, 0.8919, 2.1257, 2.9693
s774 $851 R.TASISSSPSEGTPTVGSYGCTPOSLPK 3 -0.6859, 0.0327, 1.412 3
Cluster6 | 5776 853 R.TASISSSPSEGTPTVGSYGCTPQSLPK 4 0.7641, 2.1771, 4.3772, 4.4724 -
T779 T856 R.TASISSSPSEGTPTVGSYGCTPQSLPK 2 1.4122, 2.9693 Ez_
S784 S861 R.TASISSSPSEGTPTVGSYGCTPQSLPK 3 0.7641, 3.885, 4.3772 v
T788 T865 R.TASISSSPSEGTPTVGSYGCTPQSLPK 6 0.8062, 1.4122, 3.9942, 4.3772, 4.4724, 4.9643
§791 5868 R.TASISSSPSEGTPTVGSYGCTPQSLPK 8 0.8062, 1.4122, 2.1771, 2.9693, 3.879, 3.9942, 4.4724, 49643 1 éﬁ Rg
Cluater7 | 5970 Stose R.CPSQSSSRPAAMISQPPTPPTGOPVR 4 0.2382, 0.5261, 09664, 1.3019 e
T994  T1071 R.CPSQSSSRPAAMISQPPTPPTGOPVR 1 0.9664 ===

‘Tamtom 1o SSC) 07.08.2020 17.06

Figure 7. Phosphoproteomic analysis of LARPI in MEFs display that LARPI is phosphorylated at upwards of 26 serine and threonine residues, which
are broadly grouped into 7 cluster regions in a rapamycin-sensitive manner. (A) Graphical representation of rapamycin-sensitive human LARP1 phospho-
rylated peptides, which were identified based on phosphorylation of conserved phosphorylation sites in LARPI from M. musculus (47). X axis denotes
residue number of human LARPI (isoform 1019aa). Y axis denotes log2 area (DMSO/rapamycin). (B) Human LARPI phosphorylation sites and cor-
responding tryptic phospho-peptides identified by mass spectrometry on LARP1 from M. musculus with annotations corresponding to human LARPI
isoforms 1019aa, 1096aa and 891aa. (C) Amino acid sequence surrounding for various human mTORC] substrate. mTORC1-dependent phospho-residues
are shown in boldface. (D) TOMTOM analysis of mMTORC]1-targets consensus sequence. Sequences from human S6K 1, 4E-BP1, PRAS40 and Grb10 were

used for this analysis. EIm2018 database was used for this analysis.

V/P/R/G/D-X, where X denotes any amino acid (Figure
7D and reference (64)).

Interestingly, we observe that a number of rapamycin-
sensitive phosphorylation sites in LARP1 align with the
mTORCI consensus sequence. For example, S440, S471,
S689, S747 and S791 (numbering according to the 1019aa
isoform 2 of LARPI) match the SxP sequence, charac-
teristic of S183 in PRAS40 (47-49), while S444, T449,
S697, S774, T779, T788 and T994 match the proline-
directed sites in 4E-BPs (36-39,42,43) and within the
auto-inhibitory loop of S6Ks. Lastly, S784 matches the
hydrophobic/aromatic motif of S6Ks (31,32,34). Other sites
(specifically, S770 and S979) are rapamycin-sensitive but
follow the RxRxxS/T motif, characteristic of AGC kinases.
These sites are therefore, in all likelihood, not direct targets
for mMTORCI, but rather targets for S6Ks (downstream ef-
fectors of mMTORCI) in vivo. Hong and colleagues have pre-

viously shown that both S6K 1 and AKT]1 readily phospho-
rylate S770 and S979 in vitro (53).

Phosphorylation of clusters 4 and 5 in LARP1 regulates its
binding to mTORC1

We sought to understand the biochemical significance of
LARPI1 phosphorylation. Earlier, we mentioned that the
interaction of LARP1 with mTORCI1 is disrupted by ra-
pamycin (Figure 5B). Similarly, depriving cells of amino
acids reduces the association of LARP1 with mTORCI
(21), although not to the extent that rapamycin does. This
raised the intriguing possibility that mTORCI signalling-
mediated phosphorylation of LARP1 regulates the interac-
tion between LARP1 and mTORCI. To test this, we gen-
erated alanine-mutant versions of each rapamycin-sensitive
phosphorylation site for each cluster individually and tested
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their interaction with RAPTOR in HEK 293T cells. Mu-
tation of cluster 4 (comprising phospho-residues S550
and S554) and, especially, cluster 5 (comprising residues
S689, T692, and S697) compromises the binding of ec-
topic LARP1 to endogenous RAPTOR but not its bind-
ing to PABP (Figure 8A). By contrast, mutation of clus-
ters 1, 2 and 3 does not affect LARP1 association with
RAPTOR. Mutation of phospho-residues (within clusters
6 and 7, flanking the DM15 motif) to alanine abrogates
the steady-state expression of LARPI1 (Figure 8B). These
clusters could not, therefore, be tested for RAPTOR bind-
ing in the context of the full-length protein. To validate
these results and overcome our inability to test the role of
the C-terminal phosphorylation sites (clusters 6 and 7) on
RAPTOR binding, we generated LARP1 fragments span-
ning the N-terminal region (amino acids 1-205), the mid-
domain (amino acids 205-509), or the C-terminal region
(amino acids 509-1019) bearing alanine in place of the iden-
tified rapamycin-sensitive phosphorylated residues (Figure
8C). These constructs were successfully transiently overex-
pressed in HEK 293T cells, thus overcoming the limitation
of using full-length LARPI constructs (¢f. Figure 8B and
C). We tested the interaction between endogenous RAP-
TOR with full-length wildtype LARP1 or that of a wild-
type fragment of LARP1 spanning amino acids 509-1019,
and equivalent fragments of LARP1 bearing alanine muta-
tions in clusters 4, 5, 6 and 7. We transiently overexpressed
these constructs in HEK 293T cells deleted for LARPI
by CRISPR/Cas9 (Figure 8D). Use of the CRISPR/Cas9
LARPIXO cells allowed us to avoid the competition be-
tween expressed constructs and endogenous LARPI for
RAPTOR binding; this is particularly important in light of
our earlier observation that the wildtype 509-1019 fragment
binds RAPTOR more weakly than full-length wildtype
LARPI does (Figure 3D). Consistent with the results ob-
tained in Figure 8 A, substitution of the rapamycin-sensitive
phosphorylated-serine and -threonine residues in clusters
4 and 5 by non-phosphorylatable alanine residues impairs
the binding of LARPI to RAPTOR (Figure 8D). S689 and
S697 in cluster 5 are particularly interesting because their
surrounding sequences resemble those of other established
mTORCI targets (Figure 8D). The peptide sequence flank-
ing S689 in LARPI resembles that of S183 in PRAS40
(48,49), a rapamycin-sensitive direct mMTORC1 phosphory-
lation site; while, S697 is followed by a proline, similar to the
proline-directed mTORCT sites in 4E-BP1: T37, T46, S65,
T70and S83 (42,43) (Figure 7C,D). Because S689, T692 and
S697 were mutated to alanine as a group, we are unable to
conclude which of these residues (if not all) is most impor-
tant for the association of LARP1 with RAPTOR. We do
know, however, that this effect is specific to clusters 4 and 5
because substitution of rapamycin-sensitive residues within
clusters 6 and 7 do not affect the LARP1-RAPTOR interac-
tion (Figure 8D). Collectively, these data suggest that phos-
phorylation of key serine/threonine residues within clusters
4 and 5 (and not in clusters 1, 2, 3, 6, and 7) regulate LARP1
binding to RAPTOR.

mTORC1 signalling-mediated phosphorylation of LARP1
controls its TOP mRNA binding activity

We next asked whether cluster 5 phosphoresidues could
play a role in regulating the binding of LARP1 to the Y UTR

of TOP mRNAs. To answer this question, we bacterially-
expressed a fragment of human LARP1 comprising an ex-
tended version of the DM 15 motif (23,28) spanning residues
(665-947) that encompasses S689, T692, and S697. Ver-
sions of this construct that contain a phosphomimetic as-
partate or glutamate in place of these three residues were
used to imitate the charge added by phosphorylation. We
titrated each of these purified recombinant fragments into
a radiolabeled RNA oligonucleotide containing the en-
tire capped SUTR of RPS6 mRNA and analyzed bind-
ing affinity by electrophoretic mobility shift assay, as pre-
viously described (23). As shown in Figure 9A (table) and
Figure 9B, the wildtype LARP1 fragment binds to m’G-
RPS6-UTR with similar affinity (0.153 wM) to that of the
S689D-T692E-S697D triple mutant, suggesting that phos-
phorylation of these residues may not be important for
TOP mRNA binding. Therefore, we also asked whether the
rapamycin-sensitive residues in cluster 6 (S747-T768-S770-
S772-S774-S776-T779-S784-T788-S791) could play a role
in TOP mRNA binding. Simultaneous mutation of each of
these ten residues to a phosphomimetic aspartate or glu-
tamate reduces the binding affinity of the LARP1 frag-
ment for the YSUTR of RPS6 by 4.99-fold (Kp = 2.843
pM) (Figure 9A, table Figure 9B). As expected, partial
mutation of five selected phosphoresidues within cluster 6
(namely: S747-S772-S774-S784-S791) causes an intermedi-
ate decrease in LARPI binding to the SUTR of RPS6 (Kp
=0.902 uM) (Figure 9A, table and Figure 9B). By contrast,
substitution of two phosphoresidues in cluster 7 (S979 and
T994) for an aspartate and glutamate sufficed to enhance
the binding of LARPI fragment (796-1019) to the SYUTR
of RPS6 (Kp = 0.044 pM) (Figure 9C, table). Phospho-
mimetic mutations do not always recapitulate phosphoryla-
tion events, nevertheless these data suggest that mTORCI-
mediated phosphorylation of LARP1 at clusters 6 and 7
regulates the RNA-binding activity of LARPI in an oppos-
ing fashion.

mTORCI1, not S6K1, regulates the binding of LARP1 to
TOP mRNAs

The PI3K/AKT1/TSC/RHEB/mTORCI1 pathway is
widely recognized to play a fundamental role in the control
of TOP mRNA translation (14,17,18,18,19,19,20,65).
To dissect the contribution of each component of the
PI3K/AKT1/TSC/RHEB/mTORC1 pathway and its
downstream substrate S6K1 (see Figure 10A) to the
binding of LARP1 to TOP mRNAs, HEK 293T cells
were acutely treated with mTOR inhibitors (rapamycin or
torinl), an S6K1 inhibitor (PF4708671 (66)), an allosteric
pan-AKT inhibitor (MK2206 (67)) or a low-specificity
PI3K inhibitor (LY294002 (68,69)) and lysates subjected
to protein immunoprecipitation (Figure 10B) and RNA
immunoprecipitation (RNA-IP) (Figure 10C) using an
antibody against endogenous LARPI. The resulting data
show that endogenous LARPI preferentially interacts with
highly abundant TOP mRNAs (e.g RPS6 and RPL32,
tested here) compared to other less abundant non-TOP
mRNAs (e.g. lactate dehydrogenase A (LDHA) and beta-
actin (B-actin) (Figure 10C, Supplemental Figure S2A),
even upon normalization of LARPI1-bound mRNA levels
to their total abundance in the lysate/input (see Statistical
Workbook). Drug treatment has modest, but statistically
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significant, effects on mRNA steady-state levels. Torinl
has the most drastic effect on mRNA steady-state lev-
els; HEK 293T cells treated with 300 nM torinl for as
short as 3 h have significantly (P < 0.0001) decreased
mRNA RPS6, RPL32 and LDHA mRNA association
with LARPI (Figure 10D); this was not evident for B-actin
mRNA (P-value is non-significant) possibly due to its
intrinsic low abundance compared to the other mRNAs.
Importantly, incubation of cells with rapamycin, torinl,
MK2206, and LY294002 enhances the binding of LARPI
to all mRNAs tested including TOP (RPS6 and RPL32)
and non-TOP (LDHA and B-actin) mRNAs (Figure
10C). Rapamycin leads to a 7-fold enrichment of RPS6
mRNA binding to LARP1 and a 4.7-fold enrichment
of RPL32 mRNA (Figure 10C). Similar fold-changes
are observed when LARP1 immunoprecipitation data
is normalized to steady-state input mRNA levels (see
Statistical Workbook). As observed for rapamycin, torinl
also significantly (P < 0.001) enhances the association of
both TOP and non-TOP mRNAs with LARP1 (Figure
10C). Torinl appears to enhance mRNA association with
LARPI1 more efficiently than rapamycin does, consistent
with it inhibiting mTORC1 more strongly than rapamycin
does; this is particularly evident when LARP1 IP data is
normalized to steady-state mRNA input levels: for exam-
ple, rapamycin induces an 8.5-fold enrichment of RPS6
mRNA, while torinl leads to a 20.1-fold enrichment of the
same transcript in LARP1 IPs (see Statistical Workbook
in Supplemental Data). A similar pattern was observed
for the remaining mRNAs tested. It appears, therefore,
as though torinl is more effective than rapamycin is at
enhancing the binding of LARP1 to mRNA. The allosteric
pan-AKT inhibitor (MK2206) and the non-specific PI3K
inhibitor (LY294002) also enhanced the binding of TOP
and non-TOP mRNAs to LARPI protein, albeit less
efficiently than does rapamycin or torinl (Figure 10C).
This is consistent with the fact that PI3K/AKT]1 function
upstream of mTORCI.

It was previously shown that LARP1 associates with
mTORCI (21), and while both rapamycin and torinl en-
hance the association of LARP1 with TOP and non-TOP
mRNAg, it is unclear whether mTORCI does so directly or
indirectly through a downstream kinase. Ribosomal protein
S6 kinases (S6K1 and S6K?2) are positioned downstream
of mTORCI, and S6K1 has been shown to phosphorylate
LARP1 in vitro (53). To determine whether S6K1 plays a
role in the binding of LARP1 to TOP and non-TOP mR-
NAs in cells, we monitored the effects of the specific SOK1
inhibitor PF4708671 (66) on the binding of endogenous
LARPI to TOP and non-TOP mRNAs. In contrast to ra-
pamycin and torinl, PF4708671 has only a minor effect
on LARPI binding to TOP and non-TOP mRNAs (Figure

10C). PF4708671 treatment leads to rather small (1.8-fold
and 1.6-fold), and in some instances statistically insignifi-
cant, increases in LARP1 binding to RPS6 and RPL32 mR-
NAs, respectively (Figure 10C). This observation is consis-
tent with other studies that exclude S6Ks from playing a role
in TOP mRNA translation (8,14,18,70).

Since rapamycin (but not torinl) impairs the binding
of LARP1 to mTORCI1 (Figure 5B), we also performed
protein LARP1 IPs and monitored the effect of these
drugs on the interactions between endogenous LARP1 and
RAPTOR. As observed in Figure 5B, treating cells with
rapamycin disrupts the interaction between LARPI and
RAPTOR while torinl has only a negligible effect on the in-
teraction between these proteins (Figure 10B). Neither the
S6K1 inhibitor (PF4708671) nor the low-specificity PI3K
inhibitor (LY294002) reduce the association of LARPI
with RAPTOR (Figure 10B). By contrast, the allosteric
pan-AKT inhibitor (MK2206) decreases the interaction be-
tween LARP1 and RAPTOR, but not that of LARP1 with
PABP. That rapamycin, torinl, MK2206, and LY 294002 in-
crease the binding of LARP1 to TOP mRNAs (Figure 10C)
but only two of these drugs (rapamycin and MK?2206) visi-
bly impairs LARP1-RAPTOR binding, suggests that dis-
sociation of LARPI from RAPTOR is not required for
LARPI1 to bind TOP mRNAs.

mTORC1-mediated phosphorylation of LARP1 regulates its
TOP mRNA translation inhibitory activity

Having identified the key mTORCI1-dependent phospho-
rylation sites on LARPI1 that regulate its ability to
interact with TOP mRNA, we sought to investigate
whether mTORCI1-mediated phosphorylation of LARP1
de-represses TOP mRNA translation. LARP1WT cells were
transiently transfected with empty vector (EV), while
LARPIKO cells were transiently transfected with EV,
FLAG-LARPI1 C-terminal fragment (669-1019) wildtype
(WT) or an identical fragment that contains aspartate or
glutamate mutations in place of the phospho-serine and
-threonine residues in cluster 6 (Figure 11A); cluster 6
mutants were selected because they display the strongest
effect on TOP mRNA binding (Figure 9A). Transfected
cells were subjected to polysome profiling analysis (Figure
11B). While overexpression of the wildtype or the phos-
phomimetic LARP1 fragments does not noticeably alter
the polysomal profiling traces (Figure 11B), it alters TOP
mRNA distribution (Figure 11C); as observed in earlier
profiles (Figure 1B,C), LARP1XO cells exhibit higher levels
of RPS6 and RPL32 transcripts in the polysome (P) frac-
tion than wildtype cells do. This is evident also in Figure
11C with 53% of total RPS6 transcript found in the (P)
fraction in LARP1¥O cells compared to 39% in LARP1WT

harvested in CHAPS-based extraction buffer and samples were analyzed by SDS-PAGE/western blot using the indicated antibodies. Note that mutations
within cluster 6 and 7 prevents expression of the LARP1 phosphomutants. (B) HEK293T cells were transiently transfected with the same vectors as in (A).
Cells were stimulated with complete media for 3 h and then lysed in CHAPS-based extraction buffer. Lysates were subjected to immunoprecipitation with
anti-FLAG antibody and were analyzed by SDS-PAGE /western blot using the indicated antibodies. (C) HEK293T cells were transiently transfected with
empty vector (EV) or FLAG-tagged wildtype LARPI or various phosphomutants of LARP1-fragments 1-205, 205-509 or 509-1019. Cells were then lysed
and lysates were analyzed as in (A). (D) HEK293 LARP1 KO cells were transiently transfected with empty vector (EV), FLAG-tagged wildtype LARP1 or
LARPI-fragment 509-1019 phosphomutants. Cells were treated and harvested and lysates were analyzed by immunoprecipitation and SDS-PAGE /western

blotting as in (B).
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Figure 9. Phosphorylation of cluster 6 of LARPI reduces its association with the 5"UTR of RPS6 TOP mRNA. (A, C) Quantification of RNA-
electrophoretic mobility shift assays for either WT or mutated versions of two distinct C-terminal fragments of LARP1 spanning residues 665-946 or
796-1019 (numbering according to LARP1 1019aa isoform). (B) Representative electrophoretic mobility shift assays of wildtype LARP1 construct (aa
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Figure 10. Chemical inhibition of the PI3K/AKT1/mTORCI1 pathway enhances the binding of endogenous LARP1 to TOP and non-TOP mRNAs.
(A) Diagram depicting the PI3K/AKT1/mTORCI signalling pathway and pharmacological agents targeting specific kinases within this pathway. (B-E)
HEK293T cells were stimulated with complete media for 3 h in the presence of DMSO (vehicle) or the indicated drugs (see Experimental Procedures section
for concentration details). Cells were lysed in CHAPS-based extraction buffer in the absence of RNase A and lysates were subjected to protein analysis
by SDS-PAGE/Western blot using the indicated antibodies (B) or used for RNA co-immunoprecipitation using anti-LARP1 antibodies and analyzing
RNA pull-downs by RT-ddPCR (C, D). Numbers within or above bars denote fold enrichment over DMSO/LARP1 IP sample. Asterisks reflect statistical
significance: * denotes P-value < 0.05, ** denotes P-value < 0.01, *** denotes P-value < 0.001 and **** denotes P < 0.0001. NS signifies non-significant.
ND signifies non-determinable.
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Figure 11. Phosphorylation of cluster 6 in LARP1 C-terminal fragment of LARP1 (spanning residues 669—-1019) derepresses TOP mRNA translation. (A)
Amino acids sequence and diagrammatic representation of the C-terminal fragment of human LARPI comprising the DM 15 domain proximal context
and key rapamycin-sensitive cluster 6 phosphorylation sites, which were mutated to generate LARP1 DE (669-1019). Although amino acid numbering is
shown according to 1019 isoform, this segment of the protein shows 100% identity at the amino acid level between all known human LARPI isoforms.
(B) HEK293T LARP1 WT and LARP1 KO cells were cultured to near-confluency (~70-80%) at which point cells were replenished with fresh complete
media (containing 10% (v/v) fetal bovine serum) for 4 h. Cells were lysed in hypotonic buffer and samples of lysates were subjected to sucrose gradient
ultracentrifugation/polysome profile analysis. Absorbance (254 nm) profiles are shown. The same EV profile for LARP1 KO cells is shown in every one
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digital PCR (ddPCR). Data shown as percentage abundance on S and P fractions. Error bars denote standard deviation (St. Dev.) for three technical
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cells. The RPL32 transcript is also more abundant in the
(P) fraction of LARP1XO cells than the LARP1VT counter-
part, with 40% of the total amount found in the (P) frac-
tion in LARP1X¥C compared to 30% in LARPIWT cells.
Transient overexpression of the wildtype C-terminal frag-
ment of LARP1 (residues 669-1019) re-establishes trans-
lation repression of RPS6 and RPL32 mRNAs to the
levels observed for wildtype cells. In contrast, the equiv-
alent LARP1 C-terminal fragment that bears phospho-
mimetic mutations fails to repress RPS6 and RPL32 trans-
lation (Figure 11C). Importantly, these data demonstrate
that mTORC1-mediated phosphorylation of key serine and
threonine residues within cluster 6 causes de-repression
of TOP mRNA translation. mTORCI, therefore, controls
TOP mRNA translation via the modification of specific
residues of LARPI1.

DISCUSSION

The PI3K/AKTI1/TSC/RHEB/mTORCI1 pathway is
widely recognized to play a fundamental role in the control
of TOP mRNA translation (14,17,18,18,19,19,20,65), but
the key effector molecule downstream of this pathway that
regulates this process remained a mystery for many decades
(8). Early observations that rapamycin simultaneously
blocks S6K phosphorylation (31,32) and impairs TOP
mRNA translation (13,15) led some (71) to postulate that
mTORCI controls TOP mRNA translation via S6Ks. This
early model — based solely on correlative analyses — was
later disproved by causal experimentation (14,18,72); most
notably, it was observed that genetic deletion of S6K/
and/or S6K2 does not alter the sensitivity of TOP mRNAs
to the inhibitory effects of rapamycin on the translation of
these transcripts (14,18,72). In the years that followed, a
number of other proteins and regulatory RNAs were also
suggested to regulate TOP mRNA translation (reviewed in
(1)) but none of them withstood the rigorous test of time
(8).

Recent data (21,24) suggest that LARP1 functions as the
elusive repressor of TOP mRNA translation downstream
of mTORCT (reviewed in (22)). The mMTORCI1-LARPI sig-
nalling axis was originally discovered independently by two
groups a few years ago now (21,26). Tcherkezian et al.
postulated that LARP1 positively regulates the translation
of TOP transcripts through direct interactions with eI[F4E
and PABP (26). In contrast, we (21) observed that, while
LARPI1 indeed binds PABP as originally reported (73,74),
it does not bind eIF4E nor does it bind eIF4G1 (21). No-
tably, we also concluded, through multiple experimental
lines of evidence, that LARP1 functions, in fact, as a repres-
sor, not as an activator, of TOP mRNA translation (21);
the repressor model has since been corroborated by oth-
ers (24). In this context, the DM15 domain has been re-
cently shown to play a key role in TOP mRNA translation
repression (24). LARPI1 (via its DM15 region) binds the
m’Gppp cap and adjacent 5TOP motif of TOP mRNAs,
thus blocking access of eIF4E to the cap and the assem-
bly of the eIF4F complex on the 5UTR of TOP transcripts
(23). An extended version of the DM15 has been shown
to repress the translation of TOP mRNAs (24). LARP1

effectively inhibits cap-dependent TOP mRNA translation
in living cells (21,24) and in vitro (24). Notably, deple-
tion of LARP1 by RNAIi (21) or genetic deletion (24) ren-
ders cells partially resistant to the inhibitory effects of ra-
pamycin and torinl on TOP mRNA translation, indicat-
ing that LARP1 functions as a translation repressor of TOP
mRNA translation downstream of mTORCI. The present
study substantiates these early findings (that LARPI re-
presses TOP mRNA translation via its DM15 region, Fig-
ures 1 and 2) and reveals new details that significantly ex-
pand our molecular understanding of how mTORC1 con-
trols this process (Figures 3 to 11). Collectively, these new
findings lead us to propose an improved model of LARPI-
mediated repression of TOP mRNA translation depicted in
Figure 12.

Two important proteome-wide phosphoscreens, which
aimed to identify novel signalling pathways downstream
of mTORCI (51,52), were the very first studies to doc-
ument the effects of rapamycin on LARP1 phosphoryla-
tion. A follow up study by Kang er al. (54) aimed at un-
derstanding mTORC1 substrate-specificity and rapamycin-
sensitivity subsequently revealed that mTORCI can directly
catalyze the phosphorylation of two residues on LARP1
in vitro: S766 and S774 (amino acid numbering according
to the 1096 amino acid-long isoform—the corresponding
numbering on the 1019 aa-long isoform used in our study
and hereafter for simplicity are S689 and S697). Phospho-
rylation of S689 and S697 is equally sensitive to torinl, but
exhibited differential sensitivity to rapamycin: S689 is re-
portedly largely resistant while S697 is sensitive to this drug
(54). This conclusion is somewhat surprising because the se-
quence flanking S689 resembles that of S183 on PRAS40
(a rapamycin sensitive site (48,49)) while S697 is a proline-
directed site identical to those found in 4E-BP1 (Figure 8),
whose phosphorylation is largely rapamycin resistant (Dig-
gle et al., 1996). Hong et al. (53) confirmed that LARP1
is, indeed, a direct substrate of mTOR in vitro. Using a
GST-LARPI1 fragment spanning residues 654-731 bear-
ing a double mutation on S689A/T692A, they show that
mTOR-mediated phosphorylation is lost. These data sug-
gest that S689 and/or T692 are the primary mTOR phos-
phorylation sites on this fragment of LARPI (53). To be-
gin addressing the mechanism by which mTORCI con-
trols LARP1 function, we performed in vivo orthophos-
phate labeling experiments in the presence of mTOR in-
hibitors and complemented these findings with mTORCI1
in vitro kinase assays against LARPI1 (Figure 6); we have
also identified 26 rapamycin-sensitive phosphorylation sites
on LARPI: S148, S151, S247, S250, T438, S440, S444,
T449, S471, S550, S554, S689, 1692, S697, S747, T768,
S770, S772, S774, S776, T779, S784, T788, S791, S979 and

T994 (numbering according to the 1019 aa isoform) (Figure
7) that are conserved across the animal kingdom (Supple-
mentary Figure S5). Phospho-residues in clusters 4 and 5
(shown in italics) are important for the LARP1 association
with the mTORCI1 complex (Figure 8), while underlined
phosphoresidues in cluster 6 are important for its asso-
ciation with the SUTR of RPS6 (TOP) mRNA (Figure
9). The phosphoresidues in cluster 6 are also determinant
for LARPI-mediated repression of TOP mRNA transla-
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Figure 12. Diagram depicting putative model for mTORC1-mediated release of LARP1 for the N7-methyl guanosine triphosphate (m’ Gppp) cap structure
and adjacent 5’ terminal oligopyrimidine (5 TOP) motif. mTORCI1 phosphorylates multiple serine and threonine residues. Phosphorylation of cluster 6,
in particular, contributes to the release of LARP1 from the 5UTR of RPS6 mRNA, Thus allowing for the assembly of the eIF4F complex on 5'TOP
mRNAs. Concurrently, mTORCI phosphorylates multiple serine and threonine residues on 4E-BPs, releasing the latter protein from eIF4E and allowing
for the association of eIF4E with eIF4G which together with eIF4A and elF3 recruit the 40S subunit of the ribosome to TOP mRNAs for translation

initiation.

tion (Figure 11). Importantly, although phosphoresidues
S689 and S692 (within cluster 5) are, indeed, phosphory-
lated in a mTORC1-dependent manner as reported by (53),
these residues do not appear to regulate TOP mRNA bind-
ing (Figure 9). Cluster 6, not cluster 5, comprises the key
phosphoresidues that control LARP1’s RNA binding and
translation inhibitory activities (Figure 9). Additional work
will be required to gain a full understanding of the precise
molecular consequences of LARPI phosphorylation. Our
study provides the first piece of direct evidence for a role
for mTORC1-mediated LARP1 phosphorylation on TOP
mRNA binding and translation control.

LARPI1 belongs to the LARP superfamily of proteins
that comprises seven members: LARP1, LARP2 (also
known as LARP1B), La (sometimes referred to as LARP3),
LARP4, LARPS (also known as LARP4B), LARP6 and
LARP7. LARP2 is the closest homolog of LARPI (with
60% amino acid sequence identity and 73% amino acid se-
quence similarity) (Supplementary Figure S3). Despite their
high degree of sequence conservation, here we show that
while both LARP1 and LARP2 bind PABP (through a con-
served La module) only LARPI is capable of strongly inter-
acting with mTORCI1 (Figure 3). In our hands, myc/Flag-
LARP?2 interacts rather weakly with mTORCI. The inter-

action between mTORC1 and LARP2 can, for all accounts
and purposes, be considered negligible (Figure 3). The re-
cent report by Hong and colleagues (53) proposed that
myc-LARP2 interacted strongly with Flag-mTOR/HA-
RAPTOR; however, our data suggest that their finding is
likely a non-specific effect resultant from simultaneous over-
expression of mMTOR, RAPTOR and LARP2. Interestingly,
although in our hands LARP2 interacts weakly with en-
dogenous mTORCI (and is therefore an unlikely physi-
ological mTORCI target), many of the serine/threonine
rapamycin-sensitive phosphorylation sites on LARP1 are
also conserved in LARP2 (e.g. every serine/threonine
phospho-residue in clusters 2 through 5 is conserved in
LARP2) (Supplementary Figure S3), thus raising the in-
triguing possibility that LARP2 is also a phosphoprotein.
Similarly, all cluster 6 residues except T779 of LARPI
are also conserved in LARP2, where LARP2 has an ala-
nine in that position. Critically, some of the conserved
LARP1/LARP2 phospho-residues show conservative ser-
ine to threonine or threonine to serine substitutions be-
tween LARPI and LARP2; for instance, T449 in cluster 3
of LARPI is a serine in LARP2 (Supplementary Figure S3).
Conservative substitutions suggest that, despite sequence
divergence between these two closely related proteins, there
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was evolutionary pressure to retain phosphorylation. The
identity of the kinase(s) that phosphorylates LARP2 is un-
known at present, as is the physiological significance of
LARP2 phosphorylation. Considerable additional work is
required to elucidate the molecular function(s) of LARP2
and its mechanism of regulation.

The present manuscript focuses on the study of the
physical and functional interactions between mTORCI
and LARPI. In addition to interacting with mTORCI,
LARPI also interacts with PABP (21,26,60,73). But how
does LARPI interact with PABP and what is its physi-
ological significance? LARPI employs distinct regions to
bind PABP and mTORCI1 (Figure 3; see also Figure 12 for
schematic representation). In the present study, we show
that LARP1 binds to PABP via the mid-domain region
(spanning amino acids 205-509) that comprises the La
module (formed by 3 motifs: the La motif, the PAM2 mo-
tif and the RNA-recognition motif) (Figure 3). This find-
ing is consistent with our earlier observation that the PAM2
motif situated between the La motif and the RRMj s is es-
sential for the interaction of LARP1 with PABP (21). The
PAM2 motif is conserved in LARP2; perhaps not surpris-
ingly, LARP2 interacts with PABP to a similar extent as
LARPI1 (Figure 3). The significance of the LARP2 inter-
action with PABP remains undefined. Other LARP super-
family proteins LARP4 (56) and LARPS (75) also interact
with PABP. They do so through two distinct regions: (1) via
an atypical PAM2w motif located in the N-terminal region
of LARP4 and LARPS (56) and (2) via a PABP-binding
motif (PBM) positioned C-terminally of the RRMp4 (75).
LARPI1 also interacts with the poly(A) tail (60) via the
LaMod (76). The physiological significance of the interac-
tion of LARP1 with PABP and the poly(A) tail remains
incompletely defined. LARP1 has been previously shown
to regulate the stability of TOP transcripts (21,60,77). A
recent study by (78) demonstrated that LARPI exhibits
poly(A) tail lengthening activity — it is therefore tempting to
speculate that may LARP1 bind to PABP and the poly(A)
tail of TOP mRNAs to protect these transcripts from
deadenylation.

While the domains by which LARPI interacts with
PABP are well-defined, the interaction between LARP1 and
mTORCI is poorly understood. The data reported in the
present study reveal that the C-terminal region spanning
residues 509-1019 (that comprises the DM15 region and
some adjacent sequences) is important for the interaction of
LARPI1 with RAPTOR (and by extension mTORCI1) (Fig-
ure 3). These findings are consistent with a recent study by
Thoreen and colleagues (24) in which the authors report
that amino acids 497-1019 on LARP1 mediate RAPTOR
binding. The question remains as to which specific residues
in LARPI are required for binding to RAPTOR. We show
that R840 (within the DM15 region) is of primary impor-
tance in this context, but multiple contact points in various
regions of LARPI are likely required for RAPTOR bind-
ing, evidenced by our observation that the C-terminal frag-
ment of LARPI1 interacts rather weakly with RAPTOR,
when compared to the full-length protein (Figure 3). It is
also possible that proper LARPI1 folding, feasible only in
the context of the full-length protein, is required for RAP-
TOR association.

The ‘Pendular Hook’ translation repression model

Previously, we showed that LARPI1 interacts with PABP
via a PAM2 motif nudged between the La motif and the
RRMy 5 and that rapamycin does not regulate the interac-
tion with PABP (21). Consistent with these findings, herein
we report that, although rapamycin inhibits the phospho-
rylation of residues within the RRMy s in cluster 3 (T438,
S440, S444, T449 and S471) (Figure 7), mTORCI1 does not
alter the binding of the LARP1 LaMod to PABP (21) (Fig-
ure 5B); it could, however, hypothetically regulate the bind-
ing of the La module to the poly (A) tail or TOP sequence
(76). By contrast, mMTORC]1-mediated phosphorylation of
cluster 6 releases the DM 15 region from the SUTR of RPS6
(Figure 9A), thus allowing for TOP mRNA translation to
take place (Figure 11A-C). The observation that mTORC1
regulates the binding of the DM15 region to the 5TOP mo-
tif, but does not affect the LaMod-PABP interaction, leads
us to propose a refined model for LARP1-mediated transla-
tion repression, in which the N-terminal region of LARPI1
remains constitutively bound to PABP, while the DM 15 re-
gion is poised and ‘hooks’ (i.e. engages) the m’Gppp cap
and 5TOP motif binding only in conditions of mTORC1
inactivation. We hypothesize that mTORC1 activation, and
consequential DM15-proximal phosphorylation of cluster
6, ‘unhooks’ (i.e. releases) the DM 15 module in a ‘pendu-
lar’ motion because the La module remains associated with
PABP (21). We propose a novel LARPI1 translation repres-
sion model in which mTORC1 coordinates the ‘pendular
hook’-motion of LARP1 (Figure 12). How does this confor-
mational change come about? The sequence of phosphory-
lation events that may lead to this conformational change
is not known; the available evidence suggests that clusters
4 and 5 may play a role in mediating this conformational
change in that they appear to be required for ‘docking’
of mMTORC1 onto LARPI1. The present study delineates a
function for LARP1 phosphorylation in RNA-binding ac-
tivity and translation control. This study serves as a primer
for further detailed study of TOP mRNA translation con-
trol by LARP1. Careful biochemical and structural analysis
of this novel signalling pathway will likely yield invaluable
insights into the control of TOP mRNA translation and, by
extension, ribosome biogenesis—a fundamental basic cellu-
lar process. Such findings will ultimately help unravel novel
therapeutic opportunities for the treatment of diseases char-
acterized by dysregulated mTORCI1-LARP1 signalling and
ribosome biogenesis. Future structural work will certainly
help delineate in atomic detail the precise mechanism by
which mTORC1 engenders LARPI inactivation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

B.D.F. wishes to dedicate this manuscript to the loving
memories of Maria José Morais and Almiro da Fonseca.

FUNDING

B.D.F. gratefully acknowledges the financial support re-
ceived from a Movember Discovery Grant [D2015-02]


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa1239#supplementary-data

awarded by Prostate Cancer Canada (PCC) (to T.A. and
B.D.F.); Research Scholar Grant [RSG-17-197-01-RMC to
A.JB.]; American Cancer Society (ACS) (to A.JB. and
B.D.F); Y.Y. acknowledges a grant from Welch Founda-
tion [I-1800]; C.K.D. acknowledges the financial support
received from the Danish Council for Independent Re-
search [6108-00197B to to C.K.D. and M.T.S.]; A.J.B. ac-
knowledges the financial support received from the NIH
[GM116889]; ACS [RSG-17-197-01-RMC]; T.A. acknowl-
edges the financial support received from PCC Movember
Discovery Grant [D2015-02]; Terry Fox Research Institute
(TFRI); Natural Science and Engineering Research Coun-
cil (NSERC). Funding for open access charge: Natural Sci-
ence and Engineering Research Council.

Conflict of interest statement. B.D.F. and B.J.M. are part-
ners at PrimerGen Ltd, a biotechnology company based in
Viseu, Portugal. The remaining authors declare that there
is no conflict of interest.

REFERENCES

1. Fonseca,B.D., Smith,E.M., Yelle,N., Alain, T., Bushell,M. and
Pause,A. (2014) The ever-evolving role of mTOR in translation.
Semin. Cell Dev. Biol., 36, 102-112.

2. Ma,X.M. and Blenis,J. (2009) Molecular mechanisms of
mTOR-mediated translational control. Nat. Rev. Mol. Cell Biol., 10,
307-318.

3. Tahmasebi,S., Khoutorsky,A., Mathews,M.B. and Sonenberg,N.
(2018) Translation deregulation in human disease. Nat. Rev. Mol. Cell
Biol., 19, 791-807.

4. Thoreen,C.C. (2017) The molecular basis of mTORCI-regulated
translation. Biochem. Soc. Trans., 45, 213-221.

5. Wang,X. and Proud,C.G. (2006) The mTOR pathway in the control
of protein synthesis. Physiol. Bethesda Md, 21, 362-369.

6. Levy,S., Avni,D., Hariharan,N., Perry,R.P. and Meyuhas,O. (1991)
Oligopyrimidine tract at the 5’ end of mammalian ribosomal protein
mRNAs is required for their translational control. Proc. Natl. Acad.
Sci. US.A., 88, 3319-3323.

7. Meyuhas,O. (2000) Synthesis of the translational apparatus is
regulated at the translational level. Eur. J. Biochem., 267, 6321-6330.

8. Meyuhas,O. and Kahan,T. (2015) The race to decipher the top secrets
of TOP mRNAs. Biochim. Biophys. Acta, 1849, 801-811.

9. Gandin,V., Masvidal,L., Hulea,L., Gravel,S.-P., Cargnello,M.,
McLaughlan,S., Cai,Y., Balanathan,P., Morita,M., Rajakumar,A.
et al. (2016) nanoCAGE reveals 5 UTR features that define specific
modes of translation of functionally related MTOR -sensitive
mRNASs. Genome Res., 26, 636-648.

10. Hsieh,A.C., Liu,Y., Edlind,M.P, Ingolia,N.T., Janes,M.R., Sher,A.,
Shi,E.Y., Stumpf,C.R., Christensen,C., Bonham,M.Jl. ez al. (2012)
The translational landscape of mTOR signalling steers cancer
initiation and metastasis. Nature, 485, 55-61.

11. Huo, Y., Iadevaia,V., Yao,Z., Kelly,I., Cosulich,S., Guichard,S.,
Foster,L.J. and Proud,C.G. (2012) Stable isotope-labelling analysis of
the impact of inhibition of the mammalian target of rapamycin on
protein synthesis. Biochem. J., 444, 141-151.

12. Thoreen,C.C., Chantranupong,L., Keys,H.R., Wang,T., Gray,N.S.
and Sabatini,D.M. (2012) A unifying model for mTORC1-mediated
regulation of mRNA translation. Nature, 485, 109-113.

13. Jefferies,H.B., Reinhard,C., Kozma,S.C. and Thomas,G. (1994)
Rapamycin selectively represses translation of the ‘polypyrimidine
tract’ mRNA family. Proc. Natl. Acad. Sci. U.S.A., 91, 4441-4445.

14. Tang,H., Hornstein,E., Stolovich,M., Levy,G., Livingstone,M.,
Templeton,D., Avruch,J. and Meyuhas,O. (2001) Amino acid-induced
translation of TOP mRNAs is fully dependent on
phosphatidylinositol 3-kinase-mediated signalling, is partially
inhibited by rapamycin, and is independent of S6K 1 and rpS6
phosphorylation. Mol. Cell. Biol., 21, 8671-8683.

15. Terada,N., Patel, H.R., Takase,K., Kohno,K., Nairn,A.C. and
Gelfand,E.W. (1994) Rapamycin selectively inhibits translation of

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nucleic Acids Research, 2021, Vol. 49, No. 6 3487

mRNAs encoding elongation factors and ribosomal proteins. Proc.
Natl. Acad. Sci. US. A., 91, 11477-11481.

Damgaard,C.K. and Lykke-Andersen,J. (2011) Translational
coregulation of 5 TOP mRNAs by TIA-1 and TIAR. Genes Dev., 25,
2057-2068.

Patursky-Polischuk.I., Kasir,J., Miloslavski,R., Hayouka,Z.,
Hausner-Hanochi,M., Stolovich-Rain,M., Tsukerman,P., Biton,M.,
Mudhasani,R., Jones,S.N. et al. (2014) Reassessment of the role of
TSC, mTORCI and microRNAs in amino acids-meditated
translational control of TOP mRNAs. PLoS One, 9, €109410.
Stolovich,M., Tang,H., Hornstein,E., Levy,G., Cohen,R., Bae,S.S.,
Birnbaum,M.J. and Meyuhas,O. (2002) Transduction of growth or
mitogenic signals into translational activation of TOP mRNAs is
fully reliant on the phosphatidylinositol 3-kinase-mediated pathway
but requires neither S6K1 nor rpS6 phosphorylation. Mol. Cell. Biol.,
22, 8101-8113.

Patursky-Polischuk,I., Stolovich-Rain,M., Hausner-Hanochi,M.,
Kasir,J., Cybulski,N., Avruch,J., Riiegg, M.A., HallL M.N. and
Meyuhas,O. (2009) The TSC-mTOR pathway mediates translational
activation of TOP mRNAs by insulin largely in a raptor- or
rictor-independent manner. Mol. Cell. Biol., 29, 640—649.
Miloslavski,R., Cohen,E., Avraham,A., Iluz,Y., Hayouka,Z., Kasir,J.,
Mudhasani,R., Jones,S.N., Cybulski,N., Rilegg, M.A. et al. (2014)
Oxygen sufficiency controls TOP mRNA translation via the
TSC-Rheb-mTOR pathway in a 4E-BP-independent manner. J. Mol.
Cell Biol., 6, 255-266.

Fonseca,B.D., Zakaria,C., Jia,J.-J., Graber, T.E., Svitkin,Y.,
Tahmasebi,S., Healy,D., Hoang,H.-D., Jensen,J.M., Diao,L.T. et al.
(2015) La-related protein 1 (LARP1) represses terminal
oligopyrimidine (TOP) mRNA translation downstream of mTOR
complex 1 (mTORCN). J. Biol. Chem., 290, 15996-16020.
Fonseca,B.D., Lahr,R.M., Damgaard,C.K., Alain, T. and
Berman,A.J. (2018) LARPI on TOP of ribosome production. Wiley
Interdiscip. Rev. RNA, doi:10.1002/wrna.1480.

Lahr,R.M., Fonseca,B.D., Ciotti,G.E., Al-Ashtal, H.A., Jia,J.-].,
Niklaus,M.R., Blagden,S.P., Alain,T. and Berman,A.J. (2017)
La-related protein 1 (LARP1) binds the mRNA cap, blocking eIF4F
assembly on TOP mRNAs. eLife, 6, €24146.

Philippe,L., Vasseur,J.-J., Debart,F. and Thoreen,C.C. (2018)
La-related protein 1 (LARP1) repression of TOP mRNA translation
is mediated through its cap-binding domain and controlled by an
adjacent regulatory region. Nucleic Acids Res., 46, 1457-1469.
Biberman,Y. and Meyuhas,O. (1999) TOP mRNAs are
translationally inhibited by a titratable repressor in both wheat germ
extract and reticulocyte lysate. FEBS Lett., 456, 357-360.
Tcherkezian,J., Cargnello,M., Romeo, Y., Huttlin,E.L., Lavoie,G.,
Gygi,S.P. and Roux,P.P. (2014) Proteomic analysis of cap-dependent
translation identifies LARPI as a key regulator of 5 TOP mRNA
translation. Genes Dev., 28, 357-371.

Cassidy,K.C., Lahr,R.M., Kaminsky,J.C., Mack,S., Fonseca,B.D.,
Das,S.R., Berman,A.J. and Durrant,J.D. (2019) Capturing the
Mechanism Underlying TOP mRNA Binding to LARP1. Struct.
Lond. Engl., 27, 1771-1781.

Lahr,R.M., Mack,S.M., Héroux,A., Blagden,S.P.,
Bousquet-Antonelli,C., Deragon,J.-M. and Berman,A.J. (2015) The
La-related protein 1-specific domain repurposes HEAT-like repeats to
directly bind a 5" TOP sequence. Nucleic Acids Res., 43, 8077-3088.
Brown,E.J., Beal,P.A., Keith,C.T., Chen,J., Shin, T.B. and
Schreiber,S.L. (1995) Control of p70 s6 kinase by kinase activity of
FRAP in vivo. Nature, 377, 441-446.

Burnett,P.E., Barrow,R.K., Cohen,N.A., Snyder,S.H. and
Sabatini,D.M. (1998) RAFT1 phosphorylation of the translational
regulators p70 S6 kinase and 4E-BP1. Proc. Natl. Acad. Sci. U.S. A.,
95, 1432-1437.

Dennis,P.B., Pullen,N., Kozma,S.C. and Thomas,G. (1996) The
principal rapamycin-sensitive p70(s6k) phosphorylation sites, T-229
and T-389, are differentially regulated by rapamycin-insensitive
kinase kinases. Mol. Cell. Biol., 16, 6242-6251.

Ferrari,S., Pearson,R.B., Siegmann,M., Kozma,S.C. and Thomas,G.
(1993) The immunosuppressant rapamycin induces inactivation of
p70s6k through dephosphorylation of a novel set of sites. J. Biol.
Chem., 268, 16091-16094.

Isotani,S., Hara,K., Tokunaga,C., Inoue,H., Avruch,J. and
Yonezawa,K. (1999) Immunopurified mammalian target of



3488 Nucleic Acids Research, 2021, Vol. 49, No. 6

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

rapamycin phosphorylates and activates p70 S6 kinase alpha in vitro.
J. Biol. Chem., 274, 34493-34498.

Price,D.J., Gunsalus,J.R. and Avruch,J. (1990) Insulin activates a
70-kDa S6 kinase through serine/threonine-specific phosphorylation
of the enzyme polypeptide. Proc. Natl. Acad. Sci. U.S.A., 87,
7944-7948.

Fadden,P,, Haystead, T.A. and Lawrence,J.C. (1997) Identification of
phosphorylation sites in the translational regulator, PHAS-I, that are
controlled by insulin and rapamycin in rat adipocytes. J. Biol. Chem.,
272, 10240-10247.

Ferguson,G., Mothe-Satney,l. and Lawrence,J.C. (2003) Ser-64 and
Ser-111 in PHAS-I are dispensable for insulin-stimulated dissociation
from elF4E. J. Biol. Chem., 278, 47459-47465.

Gingras,A.C., Raught,B., Gygi,S.P., Niedzwiecka,A., Miron,M.,
Burley,S.K., Polakiewicz,R.D., Wyslouch-Cieszynska,A.,
Aebersold,R. and Sonenberg,N. (2001) Hierarchical phosphorylation
of the translation inhibitor 4E-BP1. Genes Dev., 15, 2852-2864.
Gingras,A.C., Raught,B. and Sonenberg,N. (2001) Regulation of
translation initiation by FRAP/mTOR. Genes Dev., 15, 807-826.
Gingras,A.C., Gygi,S.P, Raught,B., Polakiewicz,R.D.,
Abraham,R.T., Hoekstra,M.F., Aebersold,R. and Sonenberg,N.
(1999) Regulation of 4E-BP1 phosphorylation: a novel two-step
mechanism. Genes Dev., 13, 1422-1437.

Herbert, T.P., Tee,A.R. and Proud,C.G. (2002) The extracellular
signal-regulated kinase pathway regulates the phosphorylation of
4E-BP1 at multiple sites. J. Biol. Chem., 277, 11591-11596.
Livingstone,M. and Bidinosti,M. (2012) Rapamycin-insensitive
mTORCI activity controls eIF4E:4E-BP1 binding. F1000Research, 1,
4.

Mothe-Satney,l., Yang,D., Fadden,P., Haystead, T.A. and
Lawrence,J.C. (2000) Multiple mechanisms control phosphorylation
of PHAS-I in five (S/T)P sites that govern translational repression.
Mol. Cell. Biol., 20, 3558-3567.

Mothe-Satney,l., Brunn,G.J., McMahon,L.P., Capaldo,C.T.,
Abraham,R.T. and Lawrence,J.C. (2000) Mammalian target of
rapamycin-dependent phosphorylation of PHAS-I in four (S/T)P
sites detected by phospho-specific antibodies. J. Biol. Chem., 275,
33836-33843.

Shin,S., Wolgamott,L., Roux,P.P. and Yoon,S.-O. (2014) Casein
kinase 1e promotes cell proliferation by regulating mRNA
translation. Cancer Res., 74, 201-211.

Siddiqui,N., Tempel,W., Nedyalkova,L., Volpon,L., Wernimont,A.K.,
Osborne,M.J., Park,H.-W. and Borden,K.L.B. (2012) Structural
insights into the allosteric effects of 4EBP1 on the eukaryotic
translation initiation factor eIF4E. J. Mol. Biol., 415, 781-792.
Wang,X., Li,W., Parra,J.-L., Beugnet,A. and Proud,C.G. (2003) The
C terminus of initiation factor 4E-binding protein 1 contains multiple
regulatory features that influence its function and phosphorylation.
Mol. Cell. Biol., 23, 1546-1557.

Fonseca,B.D., Lee,V.H.-Y. and Proud,C.G. (2008) The binding of
PRASA40 to 14-3-3 proteins is not required for activation of mMTORCI1
signalling by phorbol esters/ERK. Biochem. J., 411, 141-149.
Fonseca,B.D., Smith,E.M., Lee,V.H.-Y., MacKintosh,C. and
Proud,C.G. (2007) PRAS40 is a target for mammalian target of
rapamycin complex 1 and is required for signalling downstream of
this complex. J. Biol. Chem., 282, 24514-24524.

Oshiro,N., Takahashi,R., Yoshino,K., Tanimura,K., Nakashima,A.,
Eguchi,S., Miyamoto,T., Hara,K., Takehana,K., Avruch.J. et al.
(2007) The proline-rich Akt substrate of 40 kDa (PRAS40) is a
physiological substrate of mammalian target of rapamycin complex 1.
J. Biol. Chem., 282, 20329-20339.

Sonenberg,N. and Hinnebusch,A.G. (2009) Regulation of translation
initiation in eukaryotes: mechanisms and biological targets. Cell, 136,
731-745.

Hsu,P.P, Kang,S.A., Rameseder,J., Zhang,Y., Ottina,K.A., Lim,D.,
Peterson,T.R., Choi, Y., Gray,N.S., Yaffe,M.B. et al. (2011) The
mTOR-regulated phosphoproteome reveals a mechanism of
mTORC1-mediated inhibition of growth factor signalling. Science,
332, 1317-1322.

Yu,Y., Yoon,S.-O., Poulogiannis,G., Yang,Q., Ma,X.M., Villén,J.,
Kubica,N., Hoffman,G.R., Cantley,L.C., Gygi,S.P. et al. (2011)
Phosphoproteomic analysis identifies Grb10 as an mTORCI1
substrate that negatively regulates insulin signalling. Science, 332,
1322-1326.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Hong,S., Freeberg,M.A., Han,T., Kamath,A., Yao,Y., Fukuda,T.,
Suzuki,T., Kim,J.K. and Inoki,K. (2017) LARPI functions as a
molecular switch for mTORC1-mediated translation of an essential
class of mRNAs. eLife, 6, €25237.

Kang,S.A., Pacold,M.E., Cervantes,C.L., Lim,D., Lou,H.J.,
Ottina,K., Gray,N.S., Turk,B.E., Yaffe,M.B. and Sabatini,D.M.
(2013) mTORC1 phosphorylation sites encode their sensitivity to
starvation and rapamycin. Science, 341, 1236566.

Towbin,H., Staehelin,T. and Gordon,J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc. Natl. Acad. Sci. U.S. A., 76,
4350-4354.

Yang,R., Gaidamakov,S.A., Xie,J., Lee,J., Martino,L., Kozlov,G.,
Crawford,A.K., Russo,A.N., Conte,M.R., Gehring,K. et al. (2011)
La-related protein 4 binds poly(A), interacts with the poly(A)-binding
protein MLLE domain via a variant PAM2w motif, and can promote
mRNA stability. Mol. Cell. Biol., 31, 542-556.

Huttlin,E.L., Jedrychowski,M.P, Elias,J.E., Goswami, T., Rad,R.,
Beausoleil,S.A., Villén,J., Haas,W., Sowa,M.E. and Gygi,S.P. (2010)
A tissue-specific atlas of mouse protein phosphorylation and
expression. Cell, 143, 1174-1189.

Thoreen,C.C., Kang,S.A., Chang,J.W., Liu,Q., Zhang,J., Gao,Y.,
Reichling,L.J., Sim,T., Sabatini,D.M. and Gray,N.S. (2009) An
ATP-competitive mammalian target of rapamycin inhibitor reveals
rapamycin-resistant functions of mTORCI. J. Biol. Chem., 284,
8023-8032.

delCardayre,S.B. and Raines,R.T. (1994) Structural determinants of
enzymic processivity. Biochemistry, 33, 6031-6037.

Aoki,K., Adachi,S., Homoto,M., Kusano,H., Koike,K. and
Natsume,T. (2013) LARP1 specifically recognizes the 3’ terminus of
poly(A) mRNA. FEBS Lett., 587, 2173-2178.

Oshiro,N., Yoshino,K., Hidayat,S., Tokunaga,C., Hara,K., Eguchi,S.,
Avruch,J. and Yonezawa,K. (2004) Dissociation of raptor from
mTOR is a mechanism of rapamycin-induced inhibition of mTOR
function. Genes Cells Devoted Mol. Cell. Mech., 9, 359-366.
Wang,X. and Proud,C.G. (2016) mTORC?2 is a tyrosine kinase. Cell
Res., 26, 266.

Yin,Y., Hua,H., Li,M., Liu,S., Kong,Q., Shao,T., Wang,J., Luo,Y.,
Wang,Q., Luo,T. ez al. (2016) mTORC?2 promotes type I insulin-like
growth factor receptor and insulin receptor activation through the
tyrosine kinase activity of mTOR. Cell Res., 26, 46-65.

Gupta,S., Stamatoyannopoulos,J.A., Bailey,T.L. and Noble,W.
(2007) Quantifying similarity between motifs. Genome Biol., 8, R24.
Barth-Baus,D., Stratton,C.A., Parrott,L., Myerson,H., Meyuhas,O.,
Templeton,D.J., Landreth,G.E. and Hensold,J.O. (2002) S6
phosphorylation-independent pathways regulate translation of
5'-terminal oligopyrimidine tract-containing mRNAs in
differentiating hematopoietic cells. Nucleic Acids Res., 30, 1919-1928.
Pearce,L.R., Alton,G.R., Richter,D.T., Kath,J.C., Lingardo,L.,
Chapman,J., Hwang,C. and Alessi,D.R. (2010) Characterization of
PF-4708671, a novel and highly specific inhibitor of p70 ribosomal S6
kinase (S6K1). Biochem. J., 431, 245-255.

Hirai,H., Sootome,H., Nakatsuru,Y., Miyama,K., Taguchi,S.,
Tsujioka,K., Ueno,Y., Hatch,H., Majumder,PK., Pan,B.-S. et al.
(2010) MK-2206, an allosteric Akt inhibitor, enhances antitumor
efficacy by standard chemotherapeutic agents or molecular targeted
drugs in vitro and in vivo. Mol. Cancer Ther., 9, 1956-1967.
Gharbi,S.1., Zvelebil,M.J., Shuttleworth,S.J., Hancox,T., Saghir,N.,
Timms,J.F. and Waterfield,M.D. (2007) Exploring the specificity of
the PI3K family inhibitor LY294002. Biochem. J., 404, 15-21.
Vlahos,C.J., Matter, W.F., Hui,K.Y. and Brown,R.F. (1994) A specific
inhibitor of phosphatidylinositol 3-kinase,
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). J.
Biol. Chem., 269, 5241-5248.

Stolovich,M., Lerer,T., Bolkier,Y., Cohen,H. and Meyuhas,O. (2005)
Lithium can relieve translational repression of TOP mRNAs elicited
by various blocks along the cell cycle in a glycogen synthase kinase-3-
and S6-kinase-independent manner. J. Biol. Chem., 280, 5336-5342.
Jefteries,H.B., Fumagalli,S., Dennis,P.B., Reinhard,C., Pearson,R.B.
and Thomas,G. (1997) Rapamycin suppresses 5 TOP mRNA
translation through inhibition of p70s6k. EMBO J., 16, 3693-3704.
Pende,M., Um,S.H., Mieulet,V., Sticker,M., Goss,V.L., Mestan,J.,
Mueller,M., Fumagalli,S., Kozma,S.C. and Thomas,G. (2004)
S6K1(-/-)/S6K2(-/-) mice exhibit perinatal lethality and



73.

74.

75.

rapamycin-sensitive 5'-terminal oligopyrimidine mRNA translation
and reveal a mitogen-activated protein kinase-dependent S6 kinase
pathway. Mol. Cell. Biol., 24, 3112-3124.

Blagden,S.P,, Gatt,M.K., Archambault,V., Lada,K., Ichihara,K.,
Lilley,K.S., Inoue,Y.H. and Glover,D.M. (2009) Drosophila Larp
associates with poly(A)-binding protein and is required for male

fertility and syncytial embryo development. Dev. Biol., 334, 186-197.

Burrows,C., Abd Latip,N., Lam,S.-J., Carpenter,L., Sawicka,K.,
Tzolovsky,G., Gabra,H., Bushell,M., Glover,D.M., Willis,A.E. et al.
(2010) The RNA binding protein Larpl regulates cell division,
apoptosis and cell migration. Nucleic. Acids. Res., 38, 5542-5553.
Schiffler,K., Schulz,K., Hirmer,A., Wiesner,J., Grimm,M.,
Sickmann,A. and Fischer,U. (2010) A stimulatory role for the
La-related protein 4B in translation. RNA N. Y. 16, 1488-1499.

76.

71.

78

Nucleic Acids Research, 2021, Vol. 49, No. 6 3489

Al-Ashtal,H.A., Rubottom,C.M., Leeper,T.C. and Berman,A.J.
(2019) The LARPI La-Module recognizes both ends of TOP
mRNAs. RNA Biol., doi:10.1080/15476286.2019.1669404.
Gentilella,A., Moron-Duran,F.D., Fuentes,P., Zweig-Rocha,G.,
Riano-Canalias,F., Pelletier,J., Ruiz,M., Tur6n,G., Castafo,J.,
Tauler,A. et al. (2017) Autogenous Control of 5 TOP mRNA
Stability by 40S Ribosomes. Mol. Cell, 67, 55-70.

. Mattijssen,S., Arimbasseri,A.G., Iben,J.R., Gaidamakov,S., Lee,J.,

Hafner,M. and Maraia,R.J. (2017) LARP4 mRNA codon-tRNA
match contributes to LARP4 activity for ribosomal protein mRNA
poly(A) tail length protection. eLife, 6, €28889.



