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Fly Stocks. Flies used in this study were yw, w1118, en-Gal4, actin-
Gal4, btl-Gal4, nub-Gal4, pumpless-Gal4 (ppl-Gal4), ms1096-Gal4,
UAS-p35, UAS-GFP, thor2 (1), and wRNAi from the Blooming-
ton Drosophila stock center (http://flystocks.bio.indiana.edu); sud1
RNAi (#3402), UAS-DicerII, and perk RNAi (#110278) from the
Vienna Drosophila RNAi Center (VDRC, http://stockcenter.vdrc.
at/control/main); btl-Gal4 (2); and ldh-LacZ (3). UAS-Xbp1-GPF
was a gift from Hermann Steller (The Rockefeller University, New
York) (4). Helmut Kramer (University of Texas Southwestern
Medical Center, Dallas) kindly provided the UAS-LAMP1-GFP
line (5). UAS-ATG8-GFP was kindly provided by Thomas Neufeld
(University of Minnesota, Minneapolis) (6). rhebPΔ1, rhebPΔ2 (7),
TSCQ87X (8), TOR2L1 (9), and S6KL1 (10) were kindly provided
by Sean Oldham (Sanford-Burnham Medical Research Institute,
La Jolla, CA). In all experiments throughout this study, larvae
were synchronized 24 h after egg deposition and grown at a con-
trolled density (50 larvae per vial) in standard culture media at
25 °C or 29 °C depending on the experiment.

Cloning and Transgenic Lines Generation. Transgenic lines bearing
the UAS-hOGFOD, UAS-wSud1, and bicistronic luciferase re-
porter were generated by phiC31-mediated site-directed integration
on the 86F platform. The UAS-GFP-Sud1 was generated using the
P element–mediated transformation method (11).
For the generation of the pUASt-wSud1 construct, the ORF of

wSudestada was amplified by PCR from Drosophila willistoni
females (EHIME University) cDNA using the following primers:
5′-GGAAGATCTATGGACACGGCCGAATCCAC-3′ and 5′-A-
AGGAAAAAAGCGGCCGCTTACTCCTTGTAACTACATGA-
CATC-3′. The amplified fragment was subcloned into the pCR 2.1
TOPO vector (Invitrogen #45-0641) and was then cloned into the
pUASt attb vector using KpnI and XhoI restriction sites. The ORF
from hOGFOD was subcloned into the pUASt attb using the
BamHI and XbaI restriction sites.
For the generation of the UAS-GFP-Sud1 construct, the

Sud1 ORF was amplified by PCR from the first-instar larvae
cDNA template using the following primers: 5′-CACCATG-
GAAACCTCGAGCT-3′ and 5′-CTACTCCTTGTAGCTGC-
ACGAAAT-3′. The amplified fragment was subcloned using
the pENTR/D-Topo clonig kit (Invitrogen #45-0218) and then
cloned into the gateway pTGW expression plasmid.
N-terminally truncated human RPS2344–143 was cloned into

a bacterial expression vector providing an N-terminal GST-tag.
Full-length Drosophila melanogaster Sudestada1 was cloned into
the pET-28a vector with the N-terminal His6-tag from CG44254
cDNA (isoform A) on the pUAS.g attb plasmid.

Real-Time PCR. Total RNA was isolated using the TRIzol reagent
(Invitrogen). GenomicDNAwas removed fromRNA samples using
the Ambion’s DNA free kit. RNAs (1–1.5 μg) were reverse-tran-
scribed using the superscript III First-strand synthesis system (In-
vitrogen) and oligo-dT as a primer. The resulting cDNA was used
for real-time PCR (Stratagene MX300 sp), using Taq DNA poly-
merase (Invitrogen) and SYBRGreen and ROX (Invitogen) as
fluorescent dyes. Sud- and Bip-specific primers were used. Samples
were normalized using tub primers. Three independent biological
samples were analyzed in each experiment. One representative set
of results is shown for each experiment. Primer sequences were as
follows: Sud2 Fw, GCCAGTTGCTCATCGCCGAACT; Sud2 Rv,
GCGTGTGTGCTTCCTGGGTCA; Sud1 Fw, GGTCGCAGCT-
GTTGGCCGAT; Sud1 Rv, GTGGGACCAGCGCTGCAGTT;

Bip Fw, GGCATTGATTTGGGCACCACGTAT; Bip Rv, TGT-
TCTCGGGATTGGTGGTCAACT; Tub Fw, ATCCCCAACAA-
CGTGAAGAC; Tub Rv, GCCTGAACATAGCGGTGAAC.

Antibody Staining. Larvae were dissected in PBS and then fixed in
4% (vol/vol) formaldehyde (Sigma) for 40 min (imaginal discs)
or 2 h (fat body) at room temperature, and samples were then
washed in PT (PBS + 0.3% Triton X-100) for the imaginal discs
or PBST (PBS + 0.1% Tween-20) for the fat bodies. Thereafter,
samples were incubated for 2 h in PT + 5% (wt/vol) BSA (PBT)
and then incubated with the primary antibody in PBT for 2 h at
room temperature or overnight at 4 °C. Tissues were then washed
three times for 20 min and incubated for another 2 h at room
temperature with the secondary antibody diluted in PT + 5%
(vol/vol) normal goat serum + 300 nM DAPI. After washing, imag-
inal discs were separated and mounted in 80% (vol/vol) glycerol.
The primary antibodies used were mouse anti-Engrailed (De-

velopmental Studies Hybridoma Bank—DSHB 4D9; 1/100), rabbit
anti-P-eIf2α (Cell Signaling #9721; 1/100), and rabbit anti-GFP
(Molecular Probes #6455; 1/1,000). Secondary antibodies were
donkey anti-rabbit Cy2 (Jackson #711–225-152), goat anti-rabbit
Cy3 (Jackson #111–165-144), and donkey anti-mouse Cy3 (Jackson
#715–165-150).
For phalloidin andDAPI stainings, larvae were dissected, fixed,

and washed in PBST, after which they were incubated for 1 h at
room temperature in 0.165 μM Alexa Fluor 488 phalloidin in PT
or PBST containing 300 nM DAPI. After several washes, tissues
or organs were sorted and mounted in 80% glycerol.
Lysotracker staining and TUNEL analysis were carried out as

previously described (12, 13).

Wing Discs DTT Treatments. Larvae were dissected and incubated
for 4 h in Schneider medium containing 5 mM DTT. Imaginal
discs were then used for anti-GFP immunostainings.

Cell Culture. Drosophila Schneider’s line S2R+ cells were main-
tained at 28 °C in Schneider media (Sigma) and supplemented
with 10% (vol/vol) FBS (Gibco), 50 U/mL penicillin, and 50 μg/
mL streptomycin in 75-cm2 T-flasks (Greiner).

dsRNA Synthesis and S2 Cell RNAi Treatment.A fragment of the sud1
gene was amplified by PCR from cDNA using T7-tailed oligonu-
cleotides as primers [primer sequence:DrosophilaRNAi Screening
Centre (www.flyrnai.org/DRSC-DRS.html) #15388]. dsRNA was
synthetized using the T7 Megascript kit (Ambion). The bathing
method was used to introduce dsRNAs into the cells as previously
described (14). Cells were incubated with the dsRNA for 5 d. For
stress granule assays, 0.25 mM sodium arsenite was added to the
medium for 2 h before the samples were processed.
Stress granule detection. Stress granules (SGs) in Drosophila S2R+

cells were visualized by FISH for polyadenylated RNA using
oligodT-Cy3 (Sigma), as previously indicated (15). The granules
were analyzed automatically with the BUHO MATLAB script as
previously described (16).
β-Galactosidase assay. For X-Gal stainings, embryos were dechor-
ionated and fixed with 0.5% glutaraldehyde for 20 min. Embryos
were then washed with PBST and incubated at 37 °C with the
β-galactosidase synthetic substrate X-gal.

Western Blots. Western blots were carried out by standard pro-
cedures using ECL plus (GE, RPN2232). The primary antibodies
used were rabbit anti-P-eIf2α (Cell Signaling #9721; 1/1,000) and
anti–α Tubulin (Developmental Studies Hybridoma Bank—DSHB;
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http://dshb.biology.uiowa.edu; 12G10; 1/10,000). Secondary peroxi-
dase–conjugated antibodies used were donkey anti-mouse (Jackson
ImmunoResearch #715-035-150; 1/5,000) and donkey anti-
rabbit (Jackson ImmunoResearch #111-035-144; 1/5,000).

Protein Synthesis Assay. Forty wing imaginal discs were dissected
and incubated in a custom-made L-amino acid mixture [14C(U)]
containing alanine, arginine, glutamic acid, lysine, and serine
(Perkin-Elmer) for 30 min. The supernatant was then removed,
and tissues were washed in PBS and lysed in RIPA buffer. Tri-
chloroacetic acid–insoluble radioactivity relative to total radio-
activity in the lysates was evaluated in duplicate measurements.

Whole-Protein MS of Ribosomal Proteins.Ribosomal protein masses
were analyzed by reversed phase ultra-performance liquid
chromatography (RP-UPLC) and electrospray ionization time-
of-flight mass spectrometry (ESI-TOF MS). The method used
a Waters BEH C4 reversed phase column (2.1 × 50 mm, 1.7-μm
particle size, 300-Å pore size). A flow rate of 0.3 mL/min was
used with the column held at 40 °C using a Waters Acquity
UPLC system connected directly to a Waters LCT ESI-TOF MS.
The column was equilibrated with solvent A (0.1% formic acid in
water). Five microliters of ribosomal protein sample was injected
onto the column, and proteins were eluted using a stepped
gradient from solvent A to solvent B (0.1% formic acid in ace-
tonitrile). The following MS parameters were used: polarity,
ES+; capillary voltage, 3,000 V; Sample cone voltage, 35 V; des-
olvation temperature, 250 °C; cone gas flow rate, 30 L/h; des-
olvation gas flow (N2), 500 L/h. The mass spectra were acquired
from 420 to 2,500 m/z using MassLynx 4.1 software (Waters), and
protein spectra were deconvoluted using Maxent 1 with a range
of 3–30 kDa (0.1-Da resolution). Masses were confirmed using
manual component analysis. Sodium formate was used for in-
strument calibration, and leucine enkephalin was used as the lock-
spray compound allowing online mass correction.

LC-MS/MS Protein Analysis. LC-MS/MS analysis of the digested
material was initially performed on an Agilent 6520 Q-TOF mass
analyzer after separation on a 43-mm × 75-μm Zorbax 300SB-
C18 5-μm chip column (Agilent) using a 23-min gradient of 5–
40% solvent B (solvent A: 2%MeCN, 0.1% HCOOH; solvent B:
95% MeCN, 0.1% HCOOH). Further analysis of selected bi-
ological samples were carried out by nano-ultra performance
liquid chromatography tandem MS (nano-UPLC-MS/MS) using

a 75-μm inner diameter × 25-cm C18 nanoAcquity UPLC col-
umn (1.7-μm particle size; Waters) with a 45-min gradient of 2–
40% solvent B (solvent A: 99.9% H2O, 0.1% HCOOH; solvent
B: 99.9% MeCN, 0.1% HCOOH). The Waters nanoAcquity
UPLC system (final flow rate, 250 nl/min; ∼7,000 psi) was cou-
pled to a Q-TOF Premier tandem mass spectrometer (Waters)
run in positive ion mode. MS analysis was performed in data-
directed analysis (DDA) mode with MS to MS/MS switching at
precursor ion counts greater than 10 with a return from MS/MS
to MS survey after 1 s (MS/MS collision energy is dependent on
precursor ion mass and charge state). All raw MS data were
processed using either the MassHunter Qualitative Analysis
version B.01.03 (Agilent) or PLGS version 2.3 (Waters) software
with deisotoping and deconvolution (converting masses with
multiple charge states to m/z = 1). The mass accuracy of the raw
data were corrected using Glu-fibrinopeptide for the Waters
QTOF and the background ion from dodecamethylcyclohex-
asiloxane at 445.12 Da for the Agilent QTOF. MS/MS spectra of
the digested biological samples (Agilent, mgf files; Waters, pkl
files) were searched against the UniProtKB/Swiss-Prot database
(version 2010.08.13; 519,348 sequences) database using Mascot
version 2.3.01 (Matrix Science) with the following parameters:
peptide tolerance, 0.2 Da; 13C = 1; fragment tolerance, 0.1
Da; missed cleavages, 2; instrument type, ESI-Q-TOF-IMM;
fixed modification, carbamidomethylation (C); and variable
modifications, deamidation (Asp, Glu), oxidation (Met, Asn,
Pro), and dioxidation (Pro). All database searches were per-
formed on human or the corresponding species’ entries. As-
signments of hydroxylation on sites identified by Mascot were
verified by manual inspection. MS/MS spectra were processed
for documentation using the MassHunter Qualitative Analysis
and MassLynx (v. 4.1) software for the Agilent and Waters
data, respectively.

Protein Expression, Purification, and Coexpression Studies. Proteins
were heterologously expressed using Escherichia coli BL21-DE3
cells and purified with Äkta FPLC systems. Expression was in-
duced by isopropyl-β-D-thiogalactosidase (typically 0.5 mM, ∼14 h
at 18 °C) before harvest. GST-RPS2344–143 was expressed either
alone (control) or coexpressed together with His6-Sudestada1,
and then lysed (200 mM NaCl in 50 mM Tris, pH 7.5) by son-
ication and purified using immobilized glutathione agarose af-
finity, followed by in-solution trypsinolysis.
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Fig. S1. The sudestada locus and RNAi-mediated silencing of sud1 and sud2 transcripts. (A) The locus sudestada (CG44254; www.flybase.org) encompasses
eight exons and gives rise to two transcripts by alternative splicing, sud1 and sud2, that have in common only exon 1. (B and C) sudestada1 (sud1) and
sudestada2 (sud2) transcript levels were determined by qRT-PCR from total RNA extracted from first-instar larvae that express a sud1 or a white (control)
double-stranded RNA driven by actin-Gal4 in transgenic flies. Whereas sud1 RNAi suppresses sud1 transcript levels to less than 10% of control levels, the same
RNAi does not affect sud2 transcript levels. Error bars represent SD. (D) Sud1 protein includes a putative dioxygenase domain encoded by exon 2. (E) The
Drosophila Sud1 dioxygenase domain is highly conserved in evolution. Identical amino acid residues are marked in black; amino acid residues displaying
similarity between species are shown in gray.
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Fig. S2. Sud1 silencing in the tracheal system and dorsal wing compartment. (A–D) Sud1 knockdown in the tracheal system does not affect HIF signaling in this
tissue, as determined by the expression of an ldh-lacZ hypoxia inducible reporter in transgenic embryos, visualized by X-Gal staining. (A) Embryos expressing
a white (control) double stranded RNA driven by breathless-Gal4 do not express the reporter in mild hypoxia (8% O2). (B) The same embryos exposed to 5% O2

display strong expression of the hypoxia-inducible reporter in tracheal cells (arrows). (C) Embryos exposed to mild hypoxia (8% O2) and expressing a fatiga (fga)
double stranded RNA under control of a breathless-Gal4 driver exhibit strong activation of the reporter in a pattern similar to that observed in B (arrows). (D)
Embryos at 8%O2 expressing sud1 RNAi in the tracheal system do not activate the reporter, suggesting that Sud1 silencing does not activate HIF signaling. sud1
(E) orwhite (control) (F) double-stranded RNAs were expressed in the wing disc dorsal compartment using a ms1096-Gal4 driver. Wings of flies expressing sud1
but not a control RNAi are bended upward, indicating that the wing dorsal cell layer is smaller than the ventral layer. This wing phenotype implies that Sud1
silencing provokes growth impairment in this experimental setting.
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Fig. S3. (Continued)
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Fig. S3. Tandem MS assignment of Arg-C peptide species (m/z 675.388) as hydroxylated [M+3H]3+ RPS23 peptide amino acids 49–67. (A and B) Database
search of them/z 675.388 species detected by LC-MS/MS in the retention time range of 37.5 min assigns the peptide species with statistical significance as being
GIVLEKVGVEAKQPNSAIR from RPS23, carrying a 16-Da mass increment (hydroxylation) on either Gln-61 or Pro-62. The fragment ion mass corresponding to the
y6 ion (673.36 Da), which would formally assign Pro-62 as the site of modification, is not recorded by the ion trap mass analyzer. However, coverage of the
remaining y-ions, ranging from the y2 ion to the y11 ion indicates a 16-Da mass shift on the adjacent y7 fragment ion, localizing the modification to Gln-61 or
Pro-62. Formal (unambiguous) assignment of Pro-62 hydroxylation on a related peptide is provided in Fig. 3E. MS/MS assignment of m/z 670.057 was not
possible owing to the low abundance of the precursor ion. However, the exact mass and retention time of the m/z 670.057 species are consistent with the
unmodified peptide GIVLEKVGVEAKQPNSAIR (which is identical in human rpS23) and formally assigned in a companion article. (C) LC-MS/MS analysis of
trypsinized GST-RPS23. In the absence of Sudestada1, RPS23 Pro-62 was unmodified (control experiment for data reported in Fig. 3E). The b and y fragment
ions are indicated (peptide precursor ion: Mr 1,367.691848 Da; calculated 1,367.7521 Da). (D) Tables of observed MS/MS fragment ions of trypsinized GST-RPS23
depicted in C. Control experiment of RPS23 55-VGVEAKQPNSAIR-67 lacking modification at Pro-62. (E) Tables of observed MS/MS fragment ions of trypsinized
GST-RPS23 depicted in Fig. 3E. RPS23 55-VGVEAKQPNSAIR-67 monohydroxylated (+16 Da) at Pro-62 after coexpression with His6-Sudestada1. The table lists the
b, y, and immonium fragment ions.
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Fig. S4. Sud1 silencing inhibits protein synthesis, promotes stress granule formation, and triggers the unfolded protein response. (A) Sud1 silencing inhibits
protein synthesis. Third-instar larvae wing imaginal discs were incubated with a mixture of [14C]-labeled amino acids, and disc extracts were subjected to
trichloroacetic acid (TCA) precipitation; the proportion of TCA-precipitated radioactivity in relation to total radioactivity incorporated into the discs in three
independent experiments is shown (n = 40 discs). Data were analyzed with randomized blocks ANOVA. Paired measurements (including the two genotypes;
*P < 0.05). (B) Ex vivo incorporation of [14C]-labeled amino acids into proteins of wing discs is strongly suppressed in a negative control experiment in which
cycloheximide has been added to the incubation medium. (C and D) Wing discs accumulate P-eIF2a at the posterior compartment after expression of sud1
RNAi. This accumulation is suppressed by concomitant expression of a sud1 Drosophila willistoni transgene (E and F), indicating that augmented phosphor-
ylation of eIF2a is indeed due to Sud1 silencing. Green, anti-Engrailed staining. Quantification of the cells exhibiting SGs (G), as well as of the number of SGs per
cell (H), was carried out automatically using the BUHO algorithm (Materials and Methods). Error bars represent SD. Two-way ANOVA with Bonferroni post hoc
test (*P < 0.01 and **P < 0.001). (I) The Xbp-1 target bip1 is induced after actin-Gal4 driven expression of sud1 but not of white RNAi in first-instar larvae, as
determined by qRT-PCR; error bars represent SD.
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Fig. S5. After Sud1 silencing, autophagy and apoptosis are induced, but cell proliferation is unaffected. Lysotracker-positive staining in the posterior com-
partment of wing discs that express sud1 RNAi (B) but not a control white RNAi (A) indicates that Sud1 silencing triggers autophagy. The Lysotracker-positive
signal is suppressed after concomitant expression of a Drosophila willistoni sud1 transgene (C). (D) sud1 RNAi expression in the wing disc posterior com-
partment does not modify the number of cells that enter mitosis, as assessed by anti–phospho-Histone3 (PH3) immunofluorescence. The number of PH3-
positive cells was analyzed in discs expressing sud1 RNAi in comparison with control discs that express a white double stranded RNA. n ≥ 10 imaginal discs.
Error bars represent SD. ns, nonsignificant difference (Student t test). (E ) Reduction of the area of the wing posterior compartment is partially suppressed
by expression of the caspase inhibitor p35. n ≥ 30 wings in three independent experiments. Error bars represent SD. One-way ANOVA with Tukey post hoc
test (**P < 0.01).
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Table S1. Loss of function screen for Drosophila dioxygenases required for wing normal growth

Gene
RNAi Line (VDRC

number)
Intensity of growth

phenotype References

CG31543 (Fatiga) KK103382 ++ 1
CG8421 KK101484 +
CG44254 GD3402 +++
CG31014 KK101152 −
CG18749 GD15364 −
CG9698 KK100678 −
CG31022 GD2464 −
CG9720 KK100523 −
CG9726 KK101283 −
CG31016 GD21280 −
CG9728 KK102038 −
CG18233 KK101594 −
CG1546 KK107425 −
CG32199 GD21601/ GD21600 −
CG31524 KK100877 −
CG32201 GD47008 −
CG15864 KK105061 +
CG18231 KK101201 −
CG11828 KK101020 −
CG18234 GD19187 −
CG6199 GD45486/ GD45484 −
CG7200 GD27913 −
CG10133 GD18014/ KK108848 −
CG2982 KK107819 +
CG5640 (dUTX) GD37664/ GD37663/ KK105986 + 2–4
CG9088 (LID) KK103830/ GD42204 ++ 5, 6
CG33182 (dKdm4B) GD46444 − 7
CG15835 (dKdm4A) KK107868 + 8, 9
CG3654 GD21700 −
CG11033 (dKdm2) GD31402 − 10
CG33250 GD46450/ GD46452 −
CG4036 GD26370 −
CG6144 GD41847 −
CG14130 GD31911 −
CG14688 GD39840 −
CG4335 KK105611 −
CG10814 KK108425 −
CG5321 GD22061 −
CG14630 KK101204 +++
CG33099 KK104229 −
CG5346 KK101879 −
CG33093 GD48795/ GD48796 −

An RNAi-based screen was carried out to define which Drosophila dioxygenases are required for normal wing growth. Double-stranded RNAs (second
column) against each of the predicted 2OG-dependent dioxygenases encoded in the Drosophila genome (first column) were expressed in transgenic lines under
control of an ms1096-Gal4 driver, which induces expression exclusively at the disc dorsal compartment. Inhibition of growth of this compartment leads to
development of wings that are curved upward. Depending on the intensity of the wing curvature, the phenotypes were classified as strong (+++), intermediate
(++), or weak (+) (third column). Nine of the 42 presumptive dioxygenases scored as positives in the screen. The names of the genes that have been analyzed
are quoted in parentheses, and the corresponding references are in the fourth column of the table.
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Table S2. Reduction of function of the TOR pathway partially suppresses growth inhibition
provoked by Sudestada1 silencing

Allele

Nuclear area (% of control)
Nuclear area reduction

(%)(white RNAi − sud1 RNAi)white RNAi sud1 RNAi

yw 100 ± 18.8 61 ± 10.2 39
tor2L1 97.2 ± 14.5 86.4 ± 13.6** 11.2
tscQ87X 98.9 ± 12.5 61.3 ± 20.4 38
S6KL1 94.9 ± 17.3 78.6 ± 17.3** 17.2
rhebPΔ1 93.9 ± 11.3 66.7 ± 16 29
rhebPΔ2 94 ± 12.4 68.2 ± 16.8 27.4
4E-BP (thor2) 91 ± 10.8 48.3 ± 6.9* 46.9

sud1 RNAi was expressed under control of a ppl-Gal4 driver, and the area of nuclei of fat body cells was
measured in third-instar larvae that were heterozygous for the indicated loss of function alleles of genes of the
TOR pathway. Note that growth inhibition provoked by sud1 RNAi expression is alleviated in TOR2L1 and S6KL1

heterozygous larvae, and conversely, it is enhanced in 4E-BP(thor2) heterozygous individuals. n ≥ 300 nuclei in
three independent experiments. Error bars represent SD. Two-way ANOVA with Tukey post hoc test (*P < 0.05
and **P < 0.001). In the case of 4E-BP, the data were transformed to log10.
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