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The mammalian target of rapamycin (mTOR) promotes cell growth and proliferation by promoting mRNA
translation and increasing the protein synthetic capacity of the cell. Although mTOR globally promotes
translation by regulating the mRNA 5’ cap-binding protein eIF4E (eukaryotic initiation factor 4E), it also
preferentially regulates the translation of certain classes of mRNA via unclear mechanisms. To help fill this gap in
knowledge, we performed a quantitative proteomic screen to identify proteins that associate with the mRNA

5’ cap in an mTOR-dependent manner. Using this approach, we identified many potential regulatory factors,
including the putative RNA-binding protein LARP1 (La-related protein 1). Our results indicate that LARP1
associates with actively translating ribosomes via PABP and that LARP1 stimulates the translation of mRNAs
containing a 5’ terminal oligopyrimidine (TOP) motif, encoding for components of the translational machinery.
We found that LARP1 associates with the mTOR complex 1 (mTORC1) and is required for global protein synthesis
as well as cell growth and proliferation. Together, these data reveal important molecular mechanisms involved in

TOP mRNA translation and implicate LARP1 as an important regulator of cell growth and proliferation.
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The determination of cell size in multicellular organisms
is achieved by the coordinated action of cell growth and
cell cycle progression. The evolutionarily conserved Ser/
Thr kinase mammalian target of rapamycin (mTOR) inte-
grates both intracellular and extracellular signals to regu-
late cell growth and proliferation (Polak and Hall 2009;
Laplante and Sabatini 2012). The mTOR kinase is the
catalytic component of two distinct multiprotein com-
plexes: mTOR complex 1 (mMTORCI1; comprised of mTOR,
Raptor, mLSTS8, and PRAS40) and mTORC?2 (comprised of
mTOR, Rictor, mLST8 and mSIN1) (Jacinto 2008; Foster
and Fingar 2010). When activated by growth signals,
mTORCI1 phosphorylates two well-characterized targets:
the AGC family p70 ribosomal S6 kinases (S6K1 and S6K2)
and the eukaryotic initiation factor 4E (eIF4E)-binding
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proteins 1 and 2 (4E-BP1/2) (Ma and Blenis 2009; Sengupta
et al. 2010; Roux and Topisirovic 2012). While the S6Ks are
implicated in the control of cell and organismal growth,
the 4E-BPs regulate mRNA translation and have been
shown to control cell proliferation (Dowling et al. 2010).
A key factor required for the translation of the vast
majority of mRNAs is the eIF4F complex, which includes
the mRNA 5’ cap-binding protein eIF4E, the RNA heli-
case elF4A, and the modular scaffolding protein eIF4G that
bridges the mRNA to the ribosome (Pestova et al. 1996;
Sonenberg 2008). The 4E-BPs interact with eIlF4E and
thereby repress translation initiation by disrupting eIF4F
complex formation (Pause et al. 1994). mTORCI1 phos-
phorylates the 4E-BPs, leading to their dissociation from
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elF4E and thus increasing the amount of eIF4E available
to engage in elF4F complex assembly. Although most
cellular mRNAs require eIF4E to be translated, the eIF4F
complex is thought to be especially important for the
efficient translation of mRNAs that contain extensive
secondary structure within their 5’ untranslated regions
(5’ UTRs) (Koromilas et al. 1992). mTORCI has also been
implicated in the selective regulation of mRNAs with
5’ terminal oligopyrimidine (TOP) tracts (Jefferies et al.
1994), which encode for ribosomal proteins and several
components of the translation machinery (Avni et al. 1997;
Meyuhas 2000). Recent studies using high-resolution
transcriptome-scale ribosome profiling have confirmed
that the translation of 5'TOP mRNAs is highly sensitive
to mTORCI inhibitors (Hsieh et al. 2012; Thoreen et al.
2012), but the mechanism by which this occurs still
remains unclear.

Translational control of 5'TOP mRNAs relies at least
in part on the regulation of eIF4E by the 4E-BPs (Hsieh
et al. 2012; Thoreen et al. 2012). While required, suppres-
sion of 4E-BP1/2 function is unlikely to be sufficient to
drive 5'TOP mRNA translation, as eIF4E overexpression
is itself insufficient to promote the translation of 5'TOP
mRNAs (Shama et al. 1995). These findings suggest the
existence of additional regulatory factors that would di-
rectly interact with the TOP sequence and/or regulate
5'TOP mRNA translation (Gentilella and Thomas 2012).
Several candidates have been proposed over the years,
including the abundant La antigen (also known as LARP3
[La-related protein 3]) (Pellizzoni et al. 1996; Crosio et al.
2000; Cardinali et al. 2003), AUF1 (Kakegawa et al. 2007),
TIA-1 (Damgaard and Lykke-Andersen 2011), and LARP7
(Markert et al. 2008), but definitive evidence for the
regulatory roles of these proteins in 5'TOP mRNA trans-
lation is lacking.

To better understand how mTOR regulates both global
and specific mRNA translation, we performed a quantita-
tive proteomic screen to identify proteins that associate
with the mRNA 5’ cap in an mTOR-dependent manner.
Using this method, we identified several candidate proteins
and validated their regulated association to the mRNA 5’
cap using complementary approaches. Among these we
found the putative RNA-binding protein LARP1 and pro-
vided evidence supporting an important role for this pro-
tein in 5'TOP mRNA translation. Together, our results
provide important insights into the regulation of 5 TOP
mRNA translation and suggest the involvement of many
more uncharacterized proteins in mRNA translation.

Results

Global quantitative assessment of proteins that
associate with the mRNA 5' cap

In an attempt to identify protein components that could
potentially bridge mTOR activity with the translation
of specific subsets of mRNAs, we used Sepharose beads
coupled to 7-methylguanosine (m’GTP), which mimics
the mRNA 5’ cap structure. This approach has been widely
used to purify and monitor assembly of the eIF4F complex
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(Sonenberg et al. 1978) but was surprisingly never com-
bined with high-resolution mass spectrometry to globally
identify and quantify factors that associate with the mRNA
5’ cap. We therefore elaborated a method based on m’GTP
affinity chromatography to enrich in cap-binding proteins,
such as elF4E, as well as associated factors, followed by
specific elution using excess free m’GTP (Fig. 1A). To
identify and quantify purified components, we used an
unbiased quantitative approach where LysC-digested
peptides were labeled with 6-plex isobaric mass tags
(TMT®) and subjected to liquid chromatography-tandem
mass spectrometry analysis (LC-MS/MS) (Fig. 1B).

As a first step, we sought to determine the proportion of
binding proteins that could be purified based on poten-
tially nonspecific RNA-dependent interactions. To do so,
we performed m’GTP affinity chromatography and incu-
bated precipitates with nucleases (RNase A/Benzonase)
prior to elution with m’GTP, TMT® labeling, and LC-MS/
MS analysis (Fig. 1B). In total, we identified ~160 proteins,
among which approximately one-third showed significant
decreased association to the m’GTP beads following nu-
clease treatment (Fig. 1C; Supplemental Table 1). Among
proteins unaffected by nuclease treatment, we identified
elF4E and many known direct and indirect e[F4E-binding
proteins, including eIF4G1/3, 4E-T, and 4E-BP1/2 (Fig. 1D).
We also identified the elF4G-binding protein PABP, which
was chosen to set the minimum threshold for protein—
protein interactions because of its ability to also directly
interact with mRNAs (Fig. 1C). Among proteins previously
shown to be involved in mRNA translation, we identified
ATAXIN-2, an RNA-binding protein with prominent roles
in the nervous system that was recently shown to associate
with eIF4F and PABP (Zhang et al. 2013). Importantly, we
identified several additional proteins that were never pre-
viously shown to associate directly or indirectly with the
mRNA 5’ cap (Fig. 1D; Supplemental Table 1). Classifying
this restricted list of proteins according to molecular and
cellular functions using the Ingenuity Pathway Analysis
platform (IPA; http://www.ingenuity.com) revealed that
most proteins detected participated in mRNA translation
(P <1 X 107%) and were involved in expected pathways,
such as “mTOR signaling” (P < 1 X 10'®) (Fig. 1E). Finally,
we used the Search Tool for the Retrieval of Interacting
Genes (STRING) database to generate an interaction net-
work based on experimentally validated interactions be-
tween identified proteins. This analysis revealed a tight
interaction network with several nodes characterized by
functional complexes, such as three major clusters for
mRNA metabolism and translation (Supplemental Fig. 1).
Pfam domain enrichment revealed a large number of pro-
teins containing RNA recognition motif (P < 2 X 10~%).
Taken together, these data provide an extensive list of
candidate proteins that may participate in translational
control.

The mRNA 5' cap-binding complex is principally
regulated by mTOR signaling and the 4E-BPs

Having globally identified proteins that associate with the
mRNA 5’ cap, we next assessed whether their association
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Figure 1. Global quantitative assessment of proteins that associate with the mRNA 5’ cap. (A) Enrichment of eIF4E (immunoblot in

the bottom panel) and associated factors after specific elution with m’GTP (Coomassie gel; fifth lane). (B) Schematic diagram of the
multiplex work flow developed for identification and quantitation of the 5’ cap-binding complex by combining m’GTP pull-down and
TMT?® labeling in the presence or absence of RNase/Benzonase for 30 or 60 min. (C) Distribution of ~160 proteins found to be
associated to the 5’ cap-binding complex. The RNase dependence ratios (treated/untreated) are plotted on a log, scale, normalized with
respect to elF4E abundance. Proteins with a log, ratio =1.3 (PABPC1 threshold), such as DDX1, NONO, and IGF2BP3, were considered
RNA-dependent. (D) List of the most abundant associated proteins ranked according to the numbers of peptides identified. Gray
shading indicates proteins previously shown to interact directly with eIF4E (purple). Accession numbers are from the International
Protein Index (IPI). (E) Classification of RNA-insensitive candidates according to cellular and molecular functions or canonical signaling
pathways using the DAVID bioinformatics database (http://david.abce.ncifcrf.gov) or the Ingenuity Pathway Analysis platform (IPA;
http://www.ingenuity.com) according to adjusted P-value. The gray line indicates minimum threshold (P = 0.05).

was regulated by mTOR agonists and antagonists. To do
so, we treated serum-growing HEK293 cells with PI-103,
a dual mTOR/PI3K inhibitor, to robustly abrogate mTOR
activation and downstream signaling (Fig. 2A). Conversely,
we treated serum-starved cells with insulin to provide
a more physiological paradigm of mTOR activation. Cell
treatments were performed in triplicate, and all m’GTP
pull-down assays were processed and TMT® labeled in-
dividually prior to being pooled for LC-MS/MS analysis
and quantification (Fig. 2A). In addition, these experiments
were performed in the presence of nucleases to control for

potentially nonspecific RNA-dependent interactions. Prior
to assessing the global effect of mTOR activation, we first
determined whether we could measure significant changes
in components of the elF4F complex. As expected, eIF4E
association to m’GTP was not found to be modulated,
whereas the association of elF4G and elF4A was strongly
regulated by PI-103 and insulin treatments, as revealed by
both Western blotting (Fig. 2B) and TMT®-based quantifi-
cations (Fig. 2C; Tables 1, 2). Because this method allowed
for the simultaneous quantification of many peptides per
protein, the changes induced by both cell treatments were
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Figure 2. mTOR-dependent regulation of the 5’ cap-binding complex. (A) Schematic diagram of the multiplex work flow strategy for
the identification and quantitation of mTOR-regulated components. Cell treatments were performed in triplicate, and all m’GTP pull-
down assays were processed and TMT® labeled individually prior to being pooled for LC-MS/MS analysis and quantification. These
experiments were also performed in the presence of RNase. (B) Effects of mTOR activity on eIF4F complex assembly using mTOR
agonists and antagonists. Treatment of serum-growing cells with the dual mTOR/PI3K inhibitor PI-103 (1 wM) caused dissociation of
elF4G and elF4A with an increased association of 4E-BP1 (second lane, top left panels), while insulin treatment (100 nM) for 30 min had
an opposite effect (fourth lane, top right panels). The bottom panels show loading controls and treatment effects (4E-BPs phosphorylation
shifts). (C) Bar graphs of TMTSbased quantifications for the same conditions. (***) P < 0.0001 using two-way ANOVAs. (ns)
Nonsignificant. (D) Similar effects were seen in wild-type MEFs, but complete loss of regulation was observed in 4E-BP1/2 DKO cells.
(E) Bar graphs of TMT values from DKO cells also showing a loss of regulation.

found to be highly significant (P <1 X 1072 and P < 1 X
1072 for eIFAG and eIF4A, respectively). We also analyzed
the recruitment of the 4E-BPs, which are direct targets of
mTORCI (Pause et al. 1994). As expected, the association
of 4E-BP1/2 was found to be inversely correlated with that
of elF4G and elF4A (Fig. 2B,C). To determine the contri-
bution of the 4E-BPs in regulating the eIlF4F complex, we
repeated similar proteomic experiments in wild-type and
4E-BP1/2 double-knockout (DKO) mouse embryonic fibro-
blasts (MEFs). Consistent with previous reports (Dowling
et al. 2010; Thoreen et al. 2012), we found that the eIlF4F
complex was constitutively bound to m’GTP in the ab-
sence of 4E-BPs (Fig. 2D,E), confirming that the 4E-BPs are
required for the regulated assembly of the elF4F complex.
In addition to validating our quantitative approach, these
results indicated that 4E-BP1/2-deficient cells provided
a useful system to globally determine whether the proteins
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that we identified in our proteomic approach required
elF4E for associating to mRNA 5’ cap.

Next, we analyzed the impact of mTOR activation on
all purified components of the 5’ cap-binding complex.
Interestingly, we found that the relative abundance of
approximately half of all identified proteins was increased
by insulin stimulation (Fig. 3A), with the most prominent
effects seen with PABP (~7.5-fold), elF4A1/2 (~5.5-fold),
elF3 isoforms (approximately fourfold), and eIF4G1/3
(~3.5-fold) (Table 1; Supplemental Table 2). Notably, the
4E-BPs were the only two proteins found to be less abundant
in response to insulin (~0.3-fold, P< 7.8 X 10~* for 4E-BP1).
We also analyzed the relative abundance of identified pro-
teins in response to PI-103 treatment and found that about
half displayed decreased association (Fig. 3A), with the
most prominent effects seen with e[F4A1 (~0.1-fold), eIF3
isoforms (~0.1-fold), eIF4G1/3 (~0.1-fold), and PABP
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Table 1. Insulin-regulated candidate proteins identified in the proteomic screen
Peptide Molecular Fold

Accession number Protein count weight Coverage change P-value

Up-regulation
IPI00008524.1 Polyadenylate binding PABPC1 37 71 41.4% 8.3 53 x 107°
IPI00012726.4 Polyadenylate binding PABPC4 16 72 19.6% 7.0 1.8 x 10712
IPI00465233.1 Initiation factor eIF3L 7 67 12.9% 6.5 6.7 X 10715
IPI00025491.1 Initiation factor eIF4A1 42 46 53.0% 5.7 4.4 x 107%
IPI00328328.3 Initiation factor eIF4A2 14 46 29.0% 5.2 1.7 x 107%
IPI00396370.6 Initiation factor eIF3B 16 92 18.9% 4.9 51 %1078
IPI00647650.3 Initiation factor eIF3H 9 40 34.4% 4.8 4.2 x 1078
IPI00016910.1 Initiation factor eIF3C 12 105 19.0% 4.4 2.9 x 1072
IPI00029012.1 Initiation factor eIF3A 29 167 16.0% 4.1 9.9 x 107°
IPIO0180154.4 Isoform 1 of Ataxin-2 16 140 9.8% 4.1 1.9 x10°°
IPI00006181.1 Initiation factor eIF3D 10 64 22.6% 4.0 1.1 x 10°°
IPI00012795.3 Initiation factor eIF3I 11 37 36.0% 3.9 83 x 107*
IPI00479262.4 Initiation factor eIF4G1 165 175 32.4% 3.8 1.3 x 10712
IPI00761051.1 Uncharacterized protein C100rf137 9 139 10.8% 3.3 98 x 107"
IPI00290460.3 Initiation factor eIF3G 6 36 13.4% 3.1 5.1 x 10712
IPI00219153.4 Ribosomal protein L22 3 15 33.6% 3.1 37 x107*
IPI00005198.2 Interleukin enhancer binding ILF2 2 43 9.0% 3.0 8.1 x 107*
IPI00185919.3 RNA-binding protein LARP1 7 124 10.3% 3.0 5.7 X 107°
IPI00646377.1 Initiation factor eIF4G3 113 177 34.9% 3.0 2.4 x 10723
IPI00030320.4 DEAD-box RNA helicase DDX6 13 54 28.0% 2.9 1.1 x 10716
IPI00844578.1 DEAD-box RNA helicase DHX9 9 141 12.8% 2.7 1.4 x 10723
IPI00013485.3 Ribosomal protein S2 5 31 19.8% 2.5 53 x 10712
IPI00479217.1 Ribonucleoprotein HNRNPU 14 91 13.9% 2.5 2.5 % 10°°

Down-regulation
IPI00002570.1 Initiation factor eIFAEBP2 14 13 52.5% 0.3 3.7 x 10724
IPI00002569.3 Initiation factor eIFAEBP1 13 13 51.7% 0.3 7.8 x 10°%

List of candidate proteins most regulated by insulin stimulation ranked according to fold changes (insulin/untreated). In gray are
candidate proteins identified in both insulin and PI-103-treated conditions and showing inverse effects. P-values were calculated using

two-way ANOVAs.

(~0.2-fold) (Table 2; Supplemental Table 3). Again, the 4E-
BPs were the only two proteins found to be more abundant
in response to PI-103 treatment (~1.5-fold, P < 9.2 x 1077
for 4E-BP1). To determine whether eIF4E was required for
the recruitment of other identified proteins, we compared
data obtained from wild-type and 4E-BP1/2 DKO cells
treated with insulin or PI-103 (Fig. 3A). As with the eIF4F
complex (Fig. 2), we found that 4E-BP1/2 were required for
the regulated recruitment of all identified proteins (Fig.
3A). These results were important because they indicated
that the 4E-BPs were the main mTOR effectors involved in
regulating the assembly of the 5’ cap-binding complex. We
used this information to apply a threshold over which
changes in interaction in wild-type cells were considered
significant (Fig. 3A, see area in red). Notably, we found
that the majority of insulin-regulated proteins were also
inversely regulated by PI-103 treatment (R = 0.6186) (Fig.
3B). Among these, we found several mTOR-regulated
proteins that are expected to interact directly or in-
directly with eIF4E, such as 4E-T, eIF3A, and DDX3 (Fig.
3C; Supplemental Table 4). In addition, we found several
novel interacting proteins, such as LARP1, DDX6,
hnRNPU, FAM98A, HSPA5, and DHX9 (Fig. 3D; Supple-
mental Table 4). Western blot analysis of candidate proteins
in wild-type cells revealed mTOR-regulated binding in all
cases (Fig. 3E), while no regulation was observed in cells
lacking 4E-BP1/2 (Supplemental Fig. 2). Together, these

results underscore the potential role of many candidate
proteins in mRNA translation, such as the putative RNA-
binding protein LARP1.

mTOR regulates LARP1 association to polysomes
via PABP

LARPI is a widely conserved and ubiquitously expressed
member of the La-related family of proteins (Bayfield
et al. 2010). Although it is more generally divergent from
genuine La proteins than other members, it nevertheless
contains two closely related RNA-binding domains
known as La motif (LAM) and an adjacent RNA recogni-
tion motif-like domain (RRM-L). Consistent with these
structural features, LARPI has been found to play a role
in mRNA metabolism in diverse species (Chauvet et al.
2000; Nykamp et al. 2008; Blagden et al. 2009; Burrows
et al. 2010), but its mode of action remains elusive. To
determine whether LARP1 associates with actively trans-
lating ribosomes (polysomes), we performed sucrose gra-
dient velocity sedimentation of ribosomes using extracts
from HEK293 cells. These experiments revealed that
LARPI1 efficiently cosedimented with prepolysomal sub-
units (monosomes and ribosomal subunits) but also with
polysomes (Fig. 4A), suggesting that LARP1 associates with
mRNAs during the initial steps of translation and re-
mains associated to actively translating polyribosomes.
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Table 2. PI-103-regulated candidate proteins identified in the proteomic screen

Peptide Molecular Fold

Accession number Protein count weight Coverage change P-value

Up-regulation
IPI00002569.3 Initiation factor eIF4AEBP1 12 13 21.2% 1.5 9.2 x 107V
IPI00002570.1 Initiation factor eIFAEBP2 7 13 52.5% 1.3 9.5 x 1077

Down-regulation
IPI00025491.1 Initiation factor eIF4A1 6 46 27.3% 0.1 2.9 x 107%
IPI00465233.1 Initiation factor eIF3L 7 67 5.4% 0.1 1.6 x 10°*
IPI00479262.4 Initiation factor eIF4G1 50 175 26.5% 0.1 1.6 x 10794
IPI00646377.1 Initiation factor eIF4G3 39 177 26.9% 0.1 7.4 x 107172
IPI00647650.3 Initiation factor eIF3H 5 40 14.2% 0.1 3.4 x 10722
IPI00290460.3 Initiation factor eIF3G 3 36 7.5% 0.1 5.8 X 10712
IPI00016910.1 Initiation factor eIF3C 4 105 11.8% 0.1 8.2 x 10714
IPI00029012.1 Initiation factor eIF3A 8 167 9.5% 0.2 14 x 107
IP1I00012.795.3 Initiation factor eIF3I 2 37 6.2% 0.2 2.3 X 107¢
IPI00012726.4 Polyadenylate binding PABPC4 10 72 20.7% 0.2 43 x 1072
IPI00008524.1 Polyadenylate binding PABPC1 7 71 15.1% 0.2 6.3 x 107V
IPI00185919.3 RNA-binding protein LARP1 2 124 3.9% 0.2 41 x107*
IPI00479217.1 Ribonucleoprotein HNRNPU 2 91 8.8% 0.3 42 x 1073
IPI00844578.1 DEAD-box RNA helicase DHX9 4 141 10.6% 0.3 14 x 107*
IP100221093.7 Ribosomal protein S17 2 16 22.2% 0.3 50 % 107*
IPI00030320.4 DEAD-box RNA helicase DDX6 3 54 15.5% 0.4 45 x 1074
IPI00174442.2 Uncharacterized protein FAM98A 16 55 10.6% 0.4 6.7 X 1073
IPI00019380.1 Cap-binding protein CBP80 12 92 15.9% 0.4 34x10*
IPI00217030.1 Ribosomal protein $4X 3 30 17.9% 0.4 99 x 1077
IPI00011253.3 Ribosomal protein $3 2 27 9.5% 0.4 1.2 x 10°°
IP1I00419880.6 Ribosomal protein S3A 5 30 26.1% 0.4 33 x107°
IPI00013485.3 Ribosomal protein $2 4 31 13.0% 0.4 1.5 x 10710
IPI00216587.9 Ribosomal protein S8 3 24 16.8% 0.4 4.1 % 107°

List of candidate proteins most regulated by PI-103 treatment ranked according to fold changes (PI-103/untreated). In gray are candidate
proteins identified in both insulin and PI-103-treated conditions and showing inverse effects. P-values were calculated using two-way

ANOVAs.

To determine whether mTOR regulates LARP1 associa-
tion to ribosomes, we treated serum-growing cells with the
dual PI3K/mTOR inhibitor PI-103 to disrupt polysomes.
Consistent with the observed mTOR-dependent associa-
tion of LARP1 to the mRNA 5’ cap (Fig. 3), we found that
mTOR inhibition resulted in an important shift in the
distribution of LARP1 from polysomal to subpolysomal
fractions (Fig. 4B). To further validate the specificity of this
interaction, cells were treated with puromycin to inhibit
protein synthesis by prematurely terminating peptide
chains. Puromycin treatment strongly reduced polysome
assembly and concomitantly shifted a substantial amount of
LARPI from polysomal to subpolysomal fractions (Supple-
mental Fig. 3A,B). While components of the eIF4F complex
were, as expected, primarily associated with the 40S subunit
(Tcherkezian et al. 2010), we found that the sedimentation
of several ribosomal proteins was also dependent on mTOR
activity, as shown for rpL5 and rpSé6 (Fig. 4A,B). Interestingly,
LARPI and PABP showed very similar distributions, sug-
gesting a possible interplay between these proteins.

In agreement with previous reports (Blagden et al. 2009;
Burrows et al. 2010), we found that endogenous LARP1
coimmunoprecipitated with endogenous PABP irrespec-
tive of which protein was immunoprecipitated (Fig. 4C,D).
Our results also indicate that the association between
LARPI and PABP was not affected by mTOR activity
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(Fig. 4C,E), as shown by cell treatments with insulin,
PI-103, or a specific mTOR kinase inhibitor (Ku-0063794).
These results suggested that LARP1 was likely recruited
to the mRNA 5’ cap as well as polysomes because of its
association to PABP. Thus, we next sought to identify the
minimal region in LARP1 responsible for PABP binding by
generating C-terminal deletion mutants (Fig. 4F). Notably,
we found that a C-terminal mutant (LARP1A150) lacking
a stretch of DM15 tandem repeats (also known as LARP1
domains) with unknown functions showed significant
decreased association to PABP (Fig. 4G). This effect was
also observed with a larger deletion mutant (LARP1AC300)
lacking all DM15 tandem repeats. Furthermore, these mu-
tants failed to associate with the mRNA 5’ cap (Fig. 4H)
as well as with actively translating ribosomes (Fig. 4L],
quantified in K), suggesting that PABP plays an impor-
tant role in the recruitment of LARPI to the translation
machinery.

Given that LARPI1 was identified in a proteomic screen
for proteins that associate with the mRNA 5’ cap, we
tested whether LARP1 could associate with other known
components, including the elF4F complex. Notably, we
found that LARP1 coimmunoprecipitated with e[F4A but
not elF4E or elF4G (Supplemental Fig. 3C), raising the
possibility that the association of LARPI to ribosomes
may also depend on eIF4A binding.
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LARP1 regulates protein synthesis, G1-phase

progression, and cell proliferation

Given that LARPI associates with polysomes in an mTOR-
dependent manner, we next sought to determine the
possible role of LARP1 in global protein synthesis. To
test this, we measured [*H]leucine incorporation in stable
cell lines expressing different shRNA constructs targeted
against LARP1 (shLARP1.1 and shLARP1.3), which showed
>90% reduction in LARP1 levels (Fig. 5A; Supplemental

Fig. 4A). Consistent with a previous report (Burrows et al.

2010), we found that LARP1 knockdown decreased pro-

GENES & DEVELOPMENT

tein synthesis rates by a factor of approximately twofold
(Fig. 5A; Supplemental Fig. 4A). Because protein synthesis
is required for cell growth and proliferation, we tested
whether LARP1 depletion would affect these processes. As
such, we found that LARPI silencing using three shRNA
constructs in three different cell lines (HEK293, HEC-1B,
and A549) significantly reduced cell proliferation to a level

363



Tcherkezian et al.

80S

A s C D E
fracti (©]
Erac ions . LARP1 o ?Q_?-  _LARP1
c Insulin - -+ m O qQ ” 2 . plKU
% Polysomes é - = PABP é — LARP1 é - w= e PABP
Z So o So
] o == LARP1 g - PABP -§ - oe == LARP1
W elF4G i Iy iy
’. elFAE |4F - | ARP1 2 - == LARP1 - | ARP1
2 © )
h_—-""'— elF4A § - PABP g - PABP T | s— PADBP
= = >
—_———— = —--—=-  PABP = 2 =
2 (pyse  © - ] (p) S6
— e — | 5 = ® 00 R /\ctin C© |—— $240/244
R — S— S - - Actin e Actin
e i - e
Untreated (serum-growing) E
B 80S FL 1 |LAM I T | DM15]| } 1021
AC150 1 I | - 871
RNP
fractions AC300 14 T T } 721
E
5
o G LARP1 H LARP1
P Polysomes —c 5 —— i
< - FL 150 300 - FL 150 300
e g e ik elF4G 3 «= — - PABP o S o LARP1
4F En L] (myc)
[ — elF4E == -- LARP1 '('é =
— elF4A < a» (Myc) D == a= - cfF4E
R Sa— PABP . —— PABP - LARP1
. @
— - L5 ® i 2 - (MYC)
g —  LARP1 3
—————— T S6 = - (MYC) Z| - - awe» clF4E
- ey LARP1 S Aot 8 Act
— — Clin Clin
PI-103 treated —— S—
J K
Subpolysomes Polysomes Subpolysomes Polysomes § = 1.2
= 1.0} e
R - - LARP1 - e e LARP1 SE
PR ARP - e SELOIEY
P ———— i =T -—— e DD D e e = PABP ﬁ.§'0.6.
. TZo04]
G gt | Y e e SEems | 5 g
=L [
s s —e— - P — Y - 0
86 FL  AC150
FL LARP1 AC150 LARP1 LARPA

Figure 4. mTOR regulates LARP1 association to polysomes via PABP. (A) Ribosome sedimentation profiling from HEK293 cell
extracts. LARPI cosedimented with 40S, 60S, and 80S subpolysomal fractions as well as with polysomal fractions. Control proteins
were distributed as expected from previous studies: S6 in 40S, 80S, and polysomal fractions; L5 in 60S, 80S, and polysomal fractions;
elF4F (eIF4E, elF4A, and elF4G) primarily in the 40S fractions; and PABP in all four fractions, as measured by immunoblotting.
(B) Treatment of cells with 1 uM PI-103 for 1 h significantly decreased polysome assembly and concomitantly displaced polysome-
associated components L5, S6, PABP, and LARPI to subpolysomal fractions. (C-E) PABP coimmunoprecipitates with LARP1 independently
of mTOR activation (100 nM insulin, 30 min) or inhibition (PI-103 and Ku-0063794 for 1 h). The bottom panels show loading and
treatment controls by measuring S6 phosphorylation on Ser240/244. (F,G) LARP1 contains two putative RNA-binding domains (LAM
and RRM) and a C-terminal stretch of DM15 (LARP1) motifs with unknown functions. Partial (AC150) and complete (AC300) LARP1
C-terminal deletion of the DM15 stretch drastically reduced association with PABP (G) and cap binding (H). (I,]) Sucrose gradient
velocity sedimentation showing distribution of wild-type myc-LARP1 (I) in both subpolysomal and polysomal fractions, while the
C-terminal mutant (AC150) (]) primarily cosedimented with subpolysomal fractions. (K) The bar graph shows densitometry analysis of
the abundance of wild-type LARP1 and the AC150 mutant LARP1 in polysomal versus subpolysomal fractions.

similar to that obtained with mTOR inhibitor treatments in cell death, as measured by FACS analysis of Annexin V
(Fig. 5B,C; Supplemental Fig. 4B,C). Importantly, this re- binding (Supplemental Fig. 4F,G). mTOR inhibition is
duction in cell proliferation was not caused by an increase known to reduce the rate of G1-phase progression in many
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Figure 5. LARPI regulates protein synthe-
sis, cell cycle progression, and proliferation.
(A) HEK293 stably expressing different shRNA
constructs targeted against LARP1 (shLARPI.1
and shLARP1.3) show decreased global protein
synthesis as measured by [*H]leucine incorpo-
ration, compared with control cells (shNT).
(B,C) HEK293 cells stably expressing different
shRNA constructs targeted against LARP1
(LARP1.1, LARP1.2, and LARP1.3) display sig-
nificantly decreased cell proliferation as mea-
sured by cell counting at 24 h, 48 h, and 72 h.
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cell types (Fingar et al. 2004). To determine whether LARP1
knockdown results in a similar defect, we performed
FACS analysis of DNA content. Similar to the inhibition
of mTOR using Ku-0063794 (Fig. 5D; Supplemental Fig.
4D,E), we found that LARP1 knockdown using three dif-
ferent shRNA constructs resulted in the accumulation of
cells at the GO/G1 phase (Fig. 5D; Supplemental Fig. 4D,E).

Our results indicate that LARPI regulates protein syn-
thesis downstream from mTORCI1, which is known to
recruit effector proteins via interaction with its scaffolding
component, Raptor. To determine whether LARP1 inter-
acts with Raptor, we first performed forward and reverse
coimmunoprecipitation experiments. Notably, we found

that endogenous and exogenous LARPI1 interact with
Raptor but not Rictor, a component of mTORC?2 (Fig. 5E,F).
Our results also indicated that LARP1 interaction with
Raptor does not require mTOR, as the association was
found in conditions that either disrupt (NP-40) or preserve
(CHAPS) mTORCI (Fig. 5G), which is suggestive of a direct
interaction between LARPI and Raptor. Consistent with
these results, immunofluorescence localization of LARP1
and Raptor showed a high degree of overlap, including in
a significant proportion of puncta (Fig. 5H), indicating that
a proportion of both LARP1 and Raptor colocalizes in cells.
Our results indicate that LARPI interacts with both PABP
and Raptor; therefore, we next determined whether these

GENES & DEVELOPMENT 365



Tcherkezian et al.

interactions were mutually exclusive. To address this, we
performed competition assays between Raptor and PABP
for their binding to LARP1. Our results show that over-
expression of myc-tagged human Raptor in HEK293 cells
did not alter the ability of LARP1 to coimmunoprecipitate
with PABP and vice versa (Supplemental Fig. 5A,B), raising
the possibility that both proteins associate with LARP1
simultaneously. Taken together, these results indicate that
LARPI is an important mediator of mTOR-regulated cell
growth and proliferation.

LARP1 regulates polysome assembly and is
particularly important for 5'TOP mRNA translation

To help determine how LARPI1 regulates protein synthe-
sis, we performed sucrose gradient velocity sedimentation
of ribosomes in LARPI1-depleted cells (ShLARP1.1 and
shLARP1.2). Notably, we found that LARP1 knockdown
resulted in a significant decrease in polysome assembly
that was concomitant with an increase in the abundance
of 80S monosomal subunits (Fig. 6A; Supplemental Fig.
6A), suggesting potential defects in translation initiation.
Importantly, complementation of these LARP1-depleted
cells with an RNAi-resistant form of LARPI that partially
restored LARPI expression (Supplemental Fig. 7) also dis-
played a partial rescue of the decrease in polysome assem-
bly (Supplemental Fig. 7), suggesting that these effects were
specific to LARP1 knockdown and not caused by random
off-target effects. While mTOR inhibition using PI-103 or
Ku-0063794 resulted in similar polysome assembly defects
(Fig. 6B; Supplemental Fig. 6B), we did not find altered
mTOR signaling in LARP1-depleted cells (Fig. 6A), indi-
cating that LARP1 may be regulating translation initia-
tion downstream from mTORCI.

While mTORCI1 controls global mRNA translation via
the 4E-BPs, mRNAs that contain a 5'TOP sequence have
been shown to be more dependent on its activity (Hsieh
et al. 2012; Thoreen et al. 2012). Interestingly, LARP1 is
related to LARP3 and LARP7, which were previously
shown to directly bind 5'TOP sequences (Pellizzoni et al.
1996; Crosio et al. 2000; Cardinali et al. 2003; Markert
et al. 2008). To determine whether LARP1 could affect
the abundance of 5'TOP mRNAs in actively translating
polysomes, we used a targeted quantitative real-time
PCR (qPCR) approach. Based on a recent report (Thoreen
et al. 2012), we selected 10 control mRNAs that did not
have a 5'TOP sequence and that were found to be mostly
insensitive to mTOR inhibition. Conversely, 10 mRNAs
harboring a 5'TOP sequence were chosen based on their
high sensitivity to mTOR inhibition (Thoreen et al. 2012).
First, we determined the effect of mTOR antagonists
(PI-103 and Ku-0063794), and, in agreement with previous
reports (Hsieh et al. 2012; Thoreen et al. 2012), our results
show that mTOR inhibition preferentially decreased
5'TOP mRNA loading in polysomes (mean inhibition:
~90%), whereas non-TOP mRNAs were less significantly
affected (mean inhibition: ~50%) (Fig. 6B; Supplemental
Fig. 6D). We then analyzed polysome preparations from
LARP1-depleted cells and found a significant reduction in
5'TOP mRNA loading compared with non-TOP mRNAs
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(Fig. 6A; Supplemental Fig. 6C). Importantly, long-term
LARPI depletion was also found to reduce the abundance
of proteins encoded by 5'TOP mRNAs, including PABP,
rpS6, 1pS20, and rpL32 (Fig. 6E), consistent with the idea
that LARP1 is required for their expression.

Next we determined whether LARP1 could selectively
associate with 5'TOP mRNAs, when compared with
mRNAs that do not contain a TOP motif. We performed
RNA immunoprecipitation (RIP) experiments with both
endogenous and exogenous LARP1 followed by qPCR
(Fig. 6C). Using this approach, we found that LARP1
strongly enriched 5'TOP mRNAs over non-TOP mRNAs
irrespective of whether endogenous (>27-fold) or exoge-
nous (>10-fold) LARP1 was immunopurified (Fig. 6D).
Taken together, these results suggest a model in which
mTORCI] mediates cell growth and proliferation by pro-
moting 5'TOP mRNA translation through known mech-
anisms involving 4E-BP inhibition but also through the
regulation of LARP1, which appears to be required for the
efficient translation of 5'TOP mRNAs (Fig. 7). Aside from
LARPI1, our proteomic results also suggest that many more
proteins have unappreciated roles in mRNA translation.

Discussion

While the basic mechanisms of mRNA translation have
been elucidated in great detail, the identity and function
of the factors implicated in targeted protein synthesis are
lacking. Combining for the first time m’GTP affinity
chromatography with quantitative mass spectrometry led
to the identification of many proteins with uncharacter-
ized roles in mRNA translation and metabolism (Fig. 1;
Supplemental Table 1). While several of these components
were previously shown to have important roles in diverse
cellular processes, others, such as KIAA0564, C170rf85,
and FAM98A, are completely uncharacterized. These find-
ings underscore the complexity of targeted mRNA trans-
lation and the importance of developing novel strategies for
globally identifying and characterizing new regulators of
mRNA translation.

The control of gene expression at the translational level
provides an efficient means for cells to rapidly respond to
their changing environment. This tightly regulated pro-
cess is highly dependent on mTORC1, which orchestrates
a series of molecular events resulting in the recruitment
and activation of several components of the translation
machinery (Roux and Topisirovic 2012). Treatment of cells
with mTORCI agonists and antagonists led to the identi-
fication of many novel mTOR-regulated proteins that
interact with the mRNA 5’ cap (Fig. 3; Tables 1, 2). In
agreement with previous studies demonstrating an es-
sential role for the 4E-BPs in mTOR-mediated global and
targeted translation (Hsieh et al. 2012; Thoreen et al. 2012),
we show that the 4E-BPs are necessary for the regulated
association of most identified proteins (Figs. 2D,E, 3A).
Although the 4E-BPs regulate global mRNA translation
downstream from mTORC], primarily due to their effects
on elF4F complex assembly, additional factors are likely to
be required for the preferential translation of 5'TOP
mRNAs, which are hypersensitive to mTOR inhibition
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Figure 6. LARPI associates with and regulates 5'TOP mRNA translation. (A) Ribosome profiling of HEK293 cells stably expressing a
nontarget ShRNA (shNT) or shRNAs against LARPI (sShLARP1.1 and shLARP1.2). A decrease in polysome assembly with a concomitant
increase in 80S monosomes (polysome/subpolysome ratios of 0.37 and 0.38) was found in LARP1-depleted cells. (Bottom right panels)
Immunoblot analysis reveals a modest effect on 4E-BP phosphorylation and S6 ribosomal protein expression. The bottom histogram
shows ribosome mRNA profiling of LARP1-depleted cells (shL1.1 and shL1.2) with a significant reduction (~50%) for 5'TOP mRNAs
(average of 10 TOP mRNAs; bottom right panel; see the Materials and Methods) with no significant effects on control mRNAs (average
of 10 NON-TOP mRNAs; bottom left panel; also see the Materials and Methods) when compared with a nontarget shRNA (shNT). (B)
Treatment of cells with mTOR inhibitors (PI-103 and Ku-0063794 for 1 h) had a similar but stronger effect on polysome disassembly
and 4E-BP phosphorylation. The bottom histogram shows ribosome mRNA profiling of cells treated with mTOR inhibitors with
a significant reduction (~90%) for 5’TOP mRNAs (average of 10 TOP mRNAs; bottom right panel; see the Materials and Methods)
with no significant effects on control mRNAs (average of 10 NON-TOP mRNAs; bottom left panel; see the Materials and Methods)
when compared with untreated cells (DMSO). Absorbance of polysomes and subpolysomal particles was continuously monitored at 260
nm. Representative Aygso-nm traces are shown (n = 3). The areas under the curves were calculated, and the polysome/subpolysome ratio
in the histograms refers to the percentage of ribosomes engaged in translation. The data are normalized to polysome/subpolysome ratio
of control condition (DMSO) and presented as a mean * SE (n = 3). (***) P < 0.0001 using two-way ANOVAs. (C) Diagram of the
experimental work flow for the RNA immunoprecipitation (RIP). (D) RIP of endogenous LARP1 (left panel) and exogenous LARP1 (right
panel) showing enrichment of TOP mRNAs (average of five TOP mRNAs; bottom right panel; also see the Materials and Methods)
versus non-TOP (average of 10 non-TOP mRNAs; bottom left panel; also see the Materials and Methods) compared with control IgG or
empty vector. (E) Immunoblot analysis showing a significant decrease in the expression of protein encoded by 5 TOP mRNAs in
HEK293 cells stably expressing an shRNA construct targeted against LARP1 (shL1.3).

(Gentilella and Thomas 2012). An important goal of this explain how mTORCI1 differentially regulates both global
proteomic study was to determine whether different and targeted mRNA translation. Aside from LARPI, we
classes of RNA-binding proteins could at least in part identified several RNA-binding proteins that appear to
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Figure 7. Schematic representation of the role of LARPI in
mRNA translation. Proposed model in which mTORC1 medi-
ates cell growth and proliferation by promoting 5'TOP mRNA
translation through known mechanisms involving inhibition of
the 4E-BPs but also by facilitating the recruitment of 5'TOP
mRNAs via their interaction with LARPI1.

associate to the mRNA 5’ cap, including several hetero-
geneous nuclear ribonucleoproteins (hnRNPs) and DEAD/
DEAH-box helicases.

Our results indicate that LARP1 associates with the
translation machinery and regulates both global and
targeted mRNA translation. Although LARP1 depletion
significantly decreased the abundance of 5'TOP mRNAs
within polysome preparations, this effect was not as robust
as mTOR inhibitor treatments (Fig. 6A,B). One possible
explanation for this partial effect is that residual amounts
of LARP1 could be sufficient to mediate basal levels of
5'TOP mRNA translation. Another possibility is that
other RNA-binding proteins, including other LARPs,
could compensate for LARPI function during its depletion.
Indeed, LARP3 and LARP7 have been shown to associate
with 5'TOP mRNAs (Pellizzoni et al. 1996; Crosio et al.
2000; Cardinali et al. 2003; Markert et al. 2008); however,
it is not clear whether this association positively or
negatively impacts their translation. Consistent with our
findings, a recent report indicated that LARP]1 specifically
interacts with 5'TOP mRNAs (Aoki et al. 2013). The
investigators suggested that LARP1 could positively regu-
late 5’TOP mRNA stability. Although we did not see this
effect in our experiments, which were performed at steady
state, it is likely that treatment of cells with transcriptional
inhibitors such as actinomycin D is necessary to observe
changes in TOP mRNA stability. The potential involve-
ment of LARPI in the regulation of TOP mRNA stability
would suggest that these transcripts are regulated at mul-
tiple levels. An important outstanding question is whether
mTOR regulates TOP mRNA stability through mecha-
nisms involving LARPI1. Although binding of LARPI to
the 5'TOP sequence, which is adjacent to the mRNA cap
structure, might be necessary to stabilize and/or transport
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these transcripts, it is likely that LARPI will have to
dissociate from these motifs in order for the eIF4F complex
to nucleate and promote translation initiation. The obser-
vation that LARP1 cosediments with 40S, 60S, 80S, and
polysomal fractions (Fig. 4A); associates with the cap
complex in the absence of mRNA (Fig. 3A,B); and interacts
with PABP (Fig. 4C,D) strongly supports a model in which
LARPI promotes 5'TOP mRNA translation. Nevertheless,
future work is required to fully understand the exact
mechanisms by which LARP1 coordinates both 5'TOP
mRNA stability and translation.

Another fascinating question that arises from our work
is why so many RNA-binding proteins associate with the
mRNA 5’ cap upon mTOR activation. One possible
explanation is that each RNA-binding protein associates
with and regulates the translation of a specific subset of
mRNAs. In agreement with this hypothesis, DDX3 was
previously shown to associate with the eIF4F complex
and regulate translation of a specific subset of mRNAs
containing a complex 5" UTR (Soto-Rifo et al. 2012). We
also identified DDX3 in our proteomic screen but addi-
tionally found an mTOR-dependent association of DDX3
with the eIF4F complex (Fig. 3C). Another explanation for
the high number of RNA-binding proteins is the possi-
bility that a substantial amount of overlap exists between
RNA-binding proteins, thus ensuring compensatory mech-
anisms in the event of deregulation. In agreement with this
possibility, it has been reported that although there are
diverse binding specificities among RNA-binding proteins,
there is also a considerable amount of overlap (Hogan et al.
2008). Both TIA-1 and AUF-1 were identified as proteins
that specifically associate with TOP mRNAs during amino
acid starvation. TIA-1 binding to the TOP sequence re-
presses their translation and decreases their association to
polysome (Damgaard and Lykke-Andersen 2011; Ivanov
et al. 2011). While we did not identify these proteins in our
screen, we expect them to behave like the 4E-BPs and be
specifically recruited to the mRNA 5’ cap in conditions
where mTOR is inhibited.

Complementary approaches were used to gain in-depth
knowledge on how LARP1 regulates mRNA translation.
Similar to PABP, we found that LARP]1 cosedimented
with both subpolysomal and polysomal particles and
associated with the mRNA 5’ cap in an mTOR-dependent
manner. Furthermore, deletion of a C-terminal stretch of
DM15 motifs in LARP1 significantly reduced its associ-
ation with PABP, the eIlF4F complex, and actively trans-
lating ribosomes. Notably, LARP1 association with PABP
did not seem to be regulated by mTOR activity, suggesting
the possibility of a preformed complex that is recruited to
the translation apparatus following mTOR activation.
Furthermore, we show that LARPI forms a complex with
mTORCI1 but not mTORC2 by associating with Raptor.
This association is consistent with previous reports show-
ing that mTORCI substrates require Raptor for recruit-
ment to the complex. It is noteworthy that LARP1 con-
tains several putative TOR signaling (TOS) motifs that
may be required for efficient binding, as reported for other
Raptor-binding proteins. Interestingly, recent large-scale
quantitative proteomics experiments (Hsu et al. 2011;



Yu et al. 2011) identified multiple mTOR-dependent phos-
phorylation sites in LARP1, suggesting another possible
level of control by mTORCI signaling.

Given that LARP1 promotes global protein synthesis
and cell proliferation, it is reasonable to think that its
expression may be up-regulated in a number of diseases,
including different types of cancer. As such, LARP1 mRNA
was shown to be particularly up-regulated in liver cancer
(Chen et al. 2002; Wurmbach et al. 2007; Roessler et al.
2010). In addition, a recent study showed that LARP1
mRNA and protein levels were up-regulated in several
hepatocellular carcinoma (HCC) cell lines as well as in
HCC patients who concomitantly had a lower survival
rate (Xie et al. 2013), raising the possibility that LARP1
may serve as a biomarker for predicting the prognosis of
HCC. Despite promising preclinical and early clinical re-
sults obtained with mTOR inhibitors, resistance of cancer
cells to these treatments has been reported. Several ex-
planations for this resistance have been proposed, includ-
ing feedback PI3K activation and loss of 4E-BP1/2 ex-
pression or overexpression of eIF4E (Alain et al. 2012).
Overexpression of LARPI1 in cancer cells suggests the
possibility that it may promote resistance to mTOR
inhibitors by facilitating cell growth and proliferation
independently of mTOR activity.

This study provides new insights into the identity and
regulation of components that associate with the mRNA
5’ cap. It also sheds light on how mTOR regulates both
global and specific mRNA translation. Most importantly,
LARPI was identified as a key molecule involved in cell
growth and proliferation, suggesting that it may be a valu-
able therapeutic target for the treatment of cancer.

Materials and methods

Cell culture and treatments

HEK293, HEC-1B, and A549 as well as wild-type and 4E-BP1/4E-
BP2 DKO MEFs (kindly provided by Dr. Nahum Sonenberg) were
maintained at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) with 4.5 g/L glucose supplemented with 10% fetal
bovine serum (FBS) and antibiotics. For insulin stimulation, cells
were serum-starved overnight and treated with 100 nM insulin
for 30 min. For mTOR inhibition, serum-growing cells were treated
with 1 uM PI-103, 5 uM Ku-0063794, or 100 nM rapamycin
(Biomol) for 1 h before being harvested.

RNAIi and viral infections

For shRNA-mediated knockdown of LARPI, lentiviruses were
produced using vectors from the Mission TRC shRNA library.
Cells were infected in the presence of 4 ug/mL polybrene, and,
3 d after viral infection, HEK293, A549, and HECI1B cells were
treated and selected with 2 pg/mL puromycin. shRNA constructs
were obtained from Sigma-Aldrich (shLARP1, TRCNO0000575,
TRCNO0000624, and TRCN0000891).

Immunoprecipitations, cap-binding assays,
and immunoblotting

HEK293 and MEFs were washed with ice-cold PBS and lysed in
10 mM K3PO,4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl,, 50 mM
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B-glycerophosphate, 0.5% NP-40, 0.1% Brij 35, 0.1% deoxy-
cholic acid, 1 mM sodium orthovanadate (NazVO,), 1 mM
phenylmethylsulfonyl fluoride (PMSF), and a complete protease
inhibitor cocktail tablet (Roche). For immunoprecipitations,
HEK293 cell lysates were incubated with the indicated antibody
or control IgG (Santa Cruz Biotechnology) for 2 h, followed by
1 h of incubation with protein A-Sepharose CL-4B beads (GE
Healthcare). Immunoprecipitates were washed three times in
lysis buffer, and beads were eluted and boiled in 2X reducing
sample buffer (5X is 60 mM Tris-HCI at pH 6.8, 25% glycerol, 2%
SDS, 144 mM 2-mercaptoethanol, 0.1% bromophenol blue).
Where indicated, cells were harvested in CHAPS lysis buffer
(40 mM HEPES at pH 7.4, 2 mM EDTA, 10 mM sodium
pyrophosphate, 10 mM B-glycerophosphate, 0.3% CHAPS).
For cap-binding assays, HEK293 and MEF cells were lysed in
10 mM Tris (pH 8), 150 mM NaCl, 10% glycerol, and 1% NP-40.
Cell lysates were incubated with 7-methyl-GTP Sepharose (GE
Healthcare) for 2 h. Samples were washed twice in lysis buffer and
twice in lysis buffer without detergent. Pull-downs were eluted
with 1 mM free 7-methyl-GTP (GE Healthcare) for 1 h at room
temperature and precipitated overnight at 4°C with TCA. Eluates
and total cell lysates were subjected to 10% SDS-PAGE, and
resolved proteins were transferred onto polyvinylidene difluo-
ride (PVDF) membranes for immunoblotting.

Epifluorescence microscopy

For immunofluorescence analyses, 3 X 10* HEK293 cells were
seeded in 12-well plates containing coverslips. Twenty-four
hours later, cells were transfected with myc-tagged LARP1 and
HA-tagged Raptor. Forty-eight hours later, cells were washed
twice in PBS and fixed in 3.7% formaldehyde for 10 min at room
temperature. Cells were washed twice in PBS, permeabilized for
5 min in PBS containing 0.2 % Triton X-100, and blocked with PBS
containing 0.1% bovine serum albumin for 30 min. Cells were
incubated for 2 h with anti-Myc and anti-HA antibodies, washed
twice with PBS, and incubated for 1 h with Alexa Fluor 488-
conjugated or Alexa Fluor 555-conjugated goat anti-mouse or anti-
rabbit secondary antibodies (Invitrogen). Cells were stained with
DAPI (4',6-diamidino-2-phenylindole) diluted in PBS and mounted
on slides with Prolong gold (Invitrogen). Images were acquired on
a Zeiss Axio Imager Z1 wide-field fluorescence microscope using
a 40X oil immersion objective.

Polysomal mRNA profiling

Sucrose gradient velocity sedimentation was used to isolate the
monosomal and polysomal fractions. For experiments using
LARPI1-depleted cells, following selection with puromycin, cells
were passaged once in 15-cm dishes and then maintained in
DMEM containing 10% serum and puromycin. HEK293, A549,
and HEC1B LARP1-depleted cells (9 X 10°) were seeded in 15-cm
dishes; 24 h later, fresh medium without puromycin was added,
and cells were grown for another 24 h prior to harvesting. For
LARP1 rescue experiments, 24 h after seeding 9 X 10° HEK293 in
15-cm dishes containing DMEM with 10% serum and puromy-
cin, cells were transfected with 9 pg of RNAi-resistant LARP1
plasmid using calcium-phosphate; 24 h later, puromycin was
removed, and cells were grown for another 24 h. Ten minutes
before harvesting, 100 pg/mL cycloheximide was added to the
culture medium. Cells were washed in ice-cold PBS supple-
mented with 100 pg/mL cycloheximide and collected in poly-
some lysis buffer (PLB; 15 mM Tris at pH 7.4, 250 mM NaCl,
15 mM MgCl, 1% Triton X-100, 100 pg/mL cycloheximide,
1 mM DTT, 400 U/mL RNase Out [Invitrogen, Life Technolo-
gies], protease inhibitors.) Samples were centrifuged at 10,000g
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for 10 min at 4°C. Protein concentration in the resulting super-
natants was measured by Bradford, and equal amounts of protein
were layered on a 20%-50% linear sucrose gradient and centri-
fuged in a Beckman SW41Ti rotor at 92,000g for 3 h at 4°C.
Following centrifugation, the A,s4 was continuously monitored
and recorded using a Gradient Station IP (Biocomp) attached to
a UV-MII (GE Healthcare) spectrophotometer. Polysomal frac-
tions were collected, and RNA was extracted using RNeasy
minikit (Qiagen).

RIP

Cells were washed with ice-cold PBS and lysed in RIP buffer
(50 mM Tris-HCl at pH 7.4, 300 mM NaCl, 1 mM MgCl,, 0.05%
NP-40, 1 mM NazVO,, 1 mM PMSE, 1 mM DTT, 200 U/mL
RNase Out, 100 pg/mL yeast tRNA [Sigma], protease inhibitors).
For immunoprecipitations, cell lysates were precleared with
protein A-Sepharose beads for 30 min and then incubated with
the indicated antibody for 2 h, followed by 1 h of incubation
with protein A-Sepharose beads. Immunoprecipitates were
washed six times with RIP buffer and divided for Western blot
and RNA extraction. RNA was eluted twice with elution buffer
(PK; 50 mM Tris-HCl at pH 7.4, 100 mM NaCl, 10 mM EDTA, 1%
SDS, 5 mM DTT, 400 U/mL RNase Out, 0.25 pg/mL yeast) during
15 min at 65°C and digested with 4 mg/mL proteinase K (Roche) for
40 min at 37°C. RNA was then extracted with phenol-chloroform.
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