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Abstract

eIF3a (eukaryotic translation initiation factor 3a), a subunit of the eIF3 complex, has been 

suggested to play a regulatory role in protein synthesis and in cellular response to DNA-damaging 

treatments. S6K1 is an effector and a mediator of mTOR complex1 (mTORC1) in regulating 

protein synthesis and integrating diverse signals into control of cell growth and response to stress. 

Here, we show that eIF3a regulates S6K1 activity by inhibiting mTORC1 kinase via regulating 

Raptor synthesis. The regulation of Raptor synthesis is via eIF3a interaction with HuR (human 

antigen R) and binding of the eIF3a-HuR complex to the 5’-UTR of Raptor mRNA. Furthermore, 

mTORC1 may mediate eIF3a function in cellular response to cisplatin by regulating synthesis of 

NER proteins and NER activity. Taken together, we conclude that the mTOR signaling pathway 

may also be regulated by translational control and mediate eIF3a regulation of cancer cell response 

to cisplatin by regulating NER protein synthesis.
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Introduction

Translational control is an important regulation in gene expression and occurs mainly in 

the initiation step involving multiple eukaryotic translation initiation factors (eIFs)1, 2. Of 

all eIFs, eIF3 is the largest complex consisting of 13 subunits (eIF3a-eIF3m) and plays 

important roles in keeping 40S ribosome from reassociation with the 60S ribosome and in 

recruiting a multiple-factor complex consisting of eIF1, eIF3, eIF5, and the ternary complex 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: https://www.springernature.com/gp/open-research/policies/accepted-manuscript-terms
*Address all correspondence to Jian-Ting Zhang, Department of Cell and Cancer Biology, University of Toledo College of Medicine 
and Life Sciences, 3000 Arlington Ave., MS1010, Toledo, Ohio 43614. Tel (419) 383-4131, jianting.zhang@utoledo.edu.
Author Contributions
SM, ZD and JTZ: designed research; SM: performed research; SM, YH and JL: analyzed data; SM and JTZ: wrote the paper.

Conflict of Interest
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2022 September 12.

Published in final edited form as:
Oncogene. 2022 April ; 41(17): 2431–2443. doi:10.1038/s41388-022-02262-5.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to form the 43S preinitiation complex2. eIF3a, the largest subunit in eIF3, is very unusual 

and has been suggested to have non-canonical functions in regulating translation of a subset 

of mRNAs in addition to participating as a subunit in eIF3 complex in global translation 

initiation2.

The biological significances of eIF3a in cancer disease have also been recognized, including 

tumorigenesis3 and prognosis4. eIF3a has been shown to cause cellular sensitivity to DNA-

damaging treatments including cisplatin5, 6, doxorubicin5, 7 and ionizing radiation8, which 

may contribute to tumorigenesis and prognosis. These observations have been ascribed 

to the non-canonical function of eIF3a in suppressing synthesis of DNA repair proteins 

important for nucleotide excision repair (NER) of DNA crosslink adducts induced by 

cisplatin5, 6 and for non-homologous end joining (NHEJ) repair of double strand DNA 

breaks induced by doxorubicin and radiation7, 8. However, the underlying mechanism in 

eIF3a regulation of DNA repair protein synthesis is not yet fully understood.

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved protein kinase, 

exists in two structurally and functionally distinct multiprotein complexes, mTOR complex1 

(mTORC1) and 2 (mTORC2)9–14. mTORC1, which contains mTOR, regulatory associated 

protein of mTOR (Raptor), G protein β-subunit-like (GβL), proline-rich Akt substrate 40 

kDa (PRAS40), and DEP domain-containing mTOR-interacting protein (DEPTOR), is a 

sensor of intracellular amino acid level and regulates a series of biological processes 

including protein synthesis and cellular response to stress such as DNA damages15–23. 

mTORC1 regulates protein synthesis by phosphorylating S6 kinases 1 and 2 (S6K1 and 2), 

and eIF4E-binding proteins 1, 2, and 3 (4EBP1, 2, and 3), while mTORC2 phosphorylates 

the hydrophobic motif of Akt (Akt1, 2, and 3), SGK1, and PKCα24.

S6K belongs to the AGC kinase family and regulates protein synthesis, cell survival 

and metabolism25, 26 with S6K1 phosphorylating multiple substrates including the cAMP-

responsive activator CREM and ribosomal protein S616. Raptor, is an important signal 

acceptor27–32 and essential for mTOR activity10, 33. mTORC1-activating stimuli including 

growth factors, amino acids, and cellular energy promotes rapamycin-sensitive raptor 

phosphorylation, which is required for mTORC1 activation34.

In this study, we tested the hypothesis that mTORC1 mediates eIF3a regulation of cellular 

response to DNA damages and synthesis of NER proteins. We show that eIF3a negatively 

regulates Raptor synthesis, resulting in changes in mTORC1 activity and cellular response 

to cisplatin by binding to the Raptor mRNA 5’-UTR via interaction with the RNA-binding 

protein HuR. Our findings reveal a new mechanism of eIF3a regulation of mTORC1 activity 

by controlling Raptor synthesis in collaboration with HuR and of cellular response to 

cisplatin via mTORC1 regulation of NER protein synthesis.

Results

eIF3a negatively regulates mTORC1 activity.

To explore the translational regulation of mTOR signaling, we first determined mTORC1 

status following eIF3a knockdown in two different cancer cell lines H1299 and A549. As 
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shown in Fig. 1A–B, eIF3a knockdown significantly upregulated mTOR phosphorylation at 

Ser2448 without affecting the level of total mTOR in these cells.

To determine if the change in mTOR phosphorylation following eIF3a knockdown alters 

mTORC1 activity, we analyzed the status of its downstream target proteins, 4EBP1 and 

S6K1. As shown in Fig. 1C–D, eIF3a knockdown significantly increased the level of 

pT37/464EBP with little effect on the total 4EBP1 level in both H1299 and A549 cells. 

Fig. 1E–F show that the level of both pT389S6K1 at and its target protein pS240/244S6 is also 

increased by eIF3a knockdown in both cell lines.

To ensure that the above observations were due to specific effect of eIF3a knockdown and 

to eliminate the possibility that the changes in mTOR activation was due to peculiar effect 

of scrambled control siRNAs, we examined the parental untransfected cells in comparison 

with scrambled control and eIF3a knockdown cells. As shown in Supplementary Fig. S1, 

only cells with eIF3a knockdown had upregulation in phosphorylation in pSer2448mTOR, 

(Fig. S1A), pT37/464EBP1 (Fig. S1B), and pT389S6K1 and pS240/244S6 (Fig. S1C). There 

is no difference in the level of these phosphorylated proteins between the untrasfected and 

scrambled siRNA-transfected cells.

To further ensure scientific rigor, we tested two additional siRNAs (#2 and #3) with different 

eIF3a-targeting sequences. As shown in Supplementary Fig. S2A, both siRNA#2 and #3 

successfully knocked down eIF3a expression, which led to increased phosphorylation of 

pS2448mTOR, pT37/464EBP1, pT389S6K1, and pS240/244S6, similar to the first eIF3a siRNA. 

Thus, eIF3a knockdown likely increases mTORC1 activity, resulting in a cascade activation 

of its downstream mediators.

To confirm above findings, we performed an in-vitro mTORC1 kinase activity assay using 

immunoprecipitated mTORC1 from H1299 cells with eIF3a knockdown and recombinant 

S6K1 as a substrate. As shown in Fig. 1G–H, mTORC1 from cells with eIF3a knockdown 

significantly increased pT389S6K1 compared with that from cells harboring control siRNAs. 

Consistent with this result, mTORC1 from H1299 cells with eIF3a knockdown also 

significantly increased phosphorylation of recombinant 4EBP1 at Thr37/46 compared with 

that from cells harboring control siRNAs (Supplementary Fig. S2B–C). Thus, eIF3a 

knockdown promotes mTORC1 kinase activity.

eIF3a regulation of mTORC1 subunits.

Since mTORC1 consists of mTOR, Raptor, GβL, PRAS40 and DEPTOR, which affect 

mTORC1 activity, it is of interest to determine if eIF3a regulates the expression of 

other components in relationship with regulation of mTORC1 activity. For this purpose, 

we first knocked down eIF3a and tested the expression of Raptor, PRAS40, GβL, and 

DEPTOR in H1299 and A549 cells using immunoblot analysis. As shown in Fig. 2A–B, 

eIF3a knockdown increased Raptor, PRAS40 and GβL expression but reduced DEPTOR 

expression in both cell lines.

We next immunoprecipitated mTOR and detected Raptor, PRAS40, DEPTOR, and GβL in 

the precipitate. As shown in Fig. 2C–D, Raptor, PRAS40, GβL were all increased in the 
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precipitate of cells with eIF3a knockdown. However, the increase in PRAS40 and GβL is 

less than that of Raptor. We also immunoprecipitated Raptor for detection of these proteins. 

As shown in Fig. 2E–F, mTOR, PRAS40 and GβL were also increased in the precipitate 

of cells with eIF3a knockdown. Unfortunately, we were unable to detect DEPTOR in either 

mTOR or Raptor precipitates due to unknown reasons. However, it is noteworthy that Raptor 

was able to co-precipitate similar levels of mTOR, PRAS40, and GβL, while Raptor in 

mTOR precipitate has a much higher fold increase than other subunits. Thus, Raptor may be 

a limiting factor for mTORC1 activation under eIF3a regulation.

Raptor mediates eIF3a regulation of mTORC1 activity.

We next focused on Raptor for further study because Raptor expression was increased the 

most among all mTORC1 subunits following eIF3a knockdown and may be a limiting 

factor mediating eIF3a regulation of mTORC1. Because its phosphorylation status regulates 

mTORC1 with phosphorylation of Ser696, Thr706 activating and phosphorylation of Ser792 

inhibiting mTORC1 activity32, 34, we first determined the phosphorylation status of these 

residues of Raptor following eIF3a knockdown using immunoblot analysis. As shown in 

Fig. 3A–B, eIF3a knockdown significantly reduced the level of pS792Raptor, but not of 

pS696Raptor and pT706Raptor. Similar results were also observed using different siRNAs 

targeting eIF3a (Supplementary Fig. S3A), suggesting that the above findings are unlikely 

due to off-target effects.

Because Raptor is an essential component of mTORC1 and eIF3a regulates Raptor 

expression and activation, we hypothesized that Raptor might mediate eIF3a regulation of 

mTORC1 activity. To test this hypothesis, we first performed the in-vitro kinase activity 

assay as described above but using Raptor-co-immunoprecipitated materials. As shown in 

Fig. 3C–D, mTORC1 kinase activity, as measured by phosphorylation of Thr389 in the 

recombinant S6K1 substrate, was dramatically increased by eIF3a knockdown. We similarly 

showed that the mTORC1 kinase activity was significantly increased by eIF3a knockdown 

using recombinant 4EBP1 as a substrate (Supplementary Fig. S3B–C).

To validate above findings, we took advantage of the stable NIH3T3 cells overexpressing 

eIF3a5 and tested mTORC1 kinase activity using mTOR and Raptor-immunoprecipitated 

materials. As shown in Supplementary Fig. S4A–D, the level of pT389S6K1 was 

significantly reduced in NIH3T3 cells with eIF3a overexpression compared with the vector-

transfected control cells. Supplementary Fig. S4E–F show that the protein level of Raptor 

but not mTOR was significantly reduced in NIH3T3 cells with eIF3a overexpression 

compared with the control cells. These findings are consistent with the conclusion that 

eIF3a regulates Raptor expression and mTORC1 activity.

Finally, to determine if Raptor mediates eIF3a regulation of mTORC1, we tested if Raptor 

knockdown could reverse eIF3a knockdown-induced increase in mTORC1 activity by 

analyzing phosphorylation of endogenous S6K1 and its substrate S6 in H1299 and A549 

cells. Fig. 3E shows that eIF3a knockdown increased while Raptor knockdown eliminated 

phosphorylation of S6K1 and its downstream target S6. However, simultaneous Raptor and 

eIF3a knockdown reversed eIF3a knockdown-induced phosphorylation of S6K1 and S6 in 

both cell lines. Thus, Raptor may mediate eIF3a regulation of mTORC1 activity.
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eIF3a regulation of Raptor mRNA translation.

To determine the mechanism of eIF3a regulation of Raptor expression, we first performed 

a quantitative RT-PCR analysis following eIF3a knockdown in H1299 and A549 cells. As 

shown in Fig. 4A, eIF3a knockdown did not change the Raptor mRNA level in both cell 

lines. Similarly, eIF3a overexpression did not change the Raptor mRNA level in NIH3T3 

cells (Supplementary Fig. S5A). Thus, eIF3a regulation of Raptor expression is unlikely at 

its mRNA level.

We next determined if eIF3a regulates Raptor synthesis using pulse labeling and Click-pull 

down (Click-PD) assay. As shown in Fig. 4B–C, eIF3a knockdown significantly increased 

newly-synthesized Raptor protein. We also performed a pulse-chase experiment to determine 

if eIF3a knockdown changes Raptor stability. As shown in Supplementary Fig. S5B–C, 

eIF3a knockdown had no effect on the half-life or degradation rate of Raptor protein. Thus, 

eIF3a likely only regulates Raptor protein synthesis.

Recently, it was found that eIF3a regulated Chk1 synthesis via interaction with HuR that 

binds to the 3’-UTR of Chk1 mRNA35. To determine if HuR may also mediate eIF3a 

regulation of Raptor synthesis, we tested if HuR knockdown affects Raptor expression using 

immunoblot analysis. Similar to eIF3a knockdown, HuR knockdown increased the level of 

Raptor protein in both H1299 and A549 cells (Fig. 4D).

Sequence analysis of Raptor mRNA showed that the 5’-UTR of Raptor mRNA contains 

several overlapping putative HuR-binding sites (Fig. 4E). To investigate if these HuR-

binding sites possibly function as cis-elements to mediate eIF3a regulation of Raptor 

mRNA translation, we engineered the 5’-UTR of Raptor mRNA into a reporter plasmid and 

generated two mutants with deletions of the putative HuR binding sites from the 3’-end of 

the 5’-UTR (Fig. 4F). Capped cRNAs were transcribed from these constructs and transfected 

into H1299 cells for determination of luciferase reporter synthesis. As shown in Fig. 4G, 

removal of 67 bases along with the 3’-end HuR-binding site (Δ3’67) significantly increased 

the reporter expression. More deletion to remove all putative HuR-binding sites (Δ3’120) 

further increased reporter expression. Thus, the HuR-binding sites in the 5’-UTR of Raptor 

mRNA is suppressive to the translation of the reporter gene.

We next transfected these cRNAs into H1299 cells with eIF3a knockdown followed by 

luciferase reporter assay. As shown in Fig. 4H, eIF3a knockdown significantly increased the 

reporter expression of the cRNAs with the wild-type 5’-UTR. However, this increase was 

much less with deletion of the 3’-end HuR binding site (Δ3’67) and was eliminated when 

all putative HuR-binding sites were deleted (Δ3’120). Consistently, eIF3a overexpression 

significantly down-regulated reporter expression with the wild-type and the Δ3’67 mutant 

5’-UTR but not with the Δ3’120 mutant 5’-UTR (Supplementary Fig. S5D). Hence, eIF3a 

may reduce the translation of Raptor mRNAs via HuR and its binding site in the 5’-UTR of 

Raptor mRNA.

eIF3a and HuR binding to the 5’-UTR sequence of Raptor mRNA.

We next determined if eIF3a or HuR possibly bind to the 5’-UTR of Raptor mRNA by 

performing a pull-down assay of eIF3a and HuR from total cell lysate using biotin-labeled 
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uncapped cRNA probes representing the wild-type, Δ3’67 and Δ3’120 mutant 5’-UTR 

sequences of Raptor mRNA. Same probes without biotin were used as negative controls. 

The pull-down materials were then analyzed by immunoblot for eIF3a and HuR. As 

shown in Fig. 5A, both HuR and eIF3a were successfully pulled down by the wild-type 

5’-UTR probe. However, deletion of the HuR binding site at 3’-end (Δ3’67) dramatically 

reduced HuR and eIF3a binding. Further deletion to remove all HuR binding sites (Δ3’120) 

completely abolished HuR and eIF3a pulldown. Thus, HuR and eIF3a likely bind to 

the HuR-binding sites in the 5’-UTR of Raptor mRNA. Furthermore, HuR knockdown 

eliminated pull-down of both HuR and eIF3a by the wild-type Raptor 5’-UTR probe (Fig. 

5B), suggesting that eIF3a likely binds to the Raptor 5’-UTR sequence indirectly via HuR, 

consistent with our previous observations on eIF3a binding via HuR to the 3’-UTR of Chk1 

mRNA35.

eIF3a regulation of HuR binding and function in controlling Raptor mRNA translation.

With above findings that eIF3a regulates Raptor synthesis via HuR binding to the 5’-UTR 

of Raptor mRNA, it is tempting to propose that eIF3a binding to HuR may stimulate HuR 

binding to Raptor mRNA and inhibiting Raptor mRNA translation. To test this hypothesis, 

we performed pull-down assay of HuR using wild-type 5’-UTR probe of Raptor following 

eIF3a knockdown. As shown in Fig. 5C, eIF3a knockdown dramatically reduced HuR 

binding to the wild-type 5’-UTR probe.

To validate this finding, we determined if eIF3a enhances HuR repressive function on Raptor 

mRNA translation by performing double knockdown. As shown in Fig. 5D, eIF3a or HuR 

knockdown increased Raptor expression as expected. However, simultaneous eIF3a and 

HuR knockdown synergistically increased the Raptor protein level. Together with the above 

findings using pull-down assay, we conclude that eIF3a likely promotes HuR binding to the 

5’-UTR of Raptor mRNA and suppresses its translation.

eIF3a regulation of PRAS40.

Because PRAS40 negatively regulates mTORC1 activity36, 37, the finding that eIF3a 

knockdown increases PRAS40 expression is peculiar and inconsistent with the increased 

mTORC1 activity following eIF3a knockdown. However, it is also known that the 

phosphorylation of PRAS40 at Thr246 by Akt relieves PRAS40 inhibition of mTORC1 

activity14. We, thus, determined the effect of eIF3a knockdown on pT246PRAS40. As shown 

in Fig. 6A–B, eIF3a knockdown increased pT246PRAS40 in both H1299 and A549 cells. 

Thus, PRAS40 up-regulation by eIF3a knockdown may not inhibit mTORC1 activity due to 

concurrent increase in Thr246 phosphorylation.

Because Akt phosphorylates PRAS40 at Thr246 37 and Akt-mediated phosphorylation of 

PRAS40 relieves its inhibition of mTORC1 activation38, we tested the possibility that 

eIF3a may regulate Akt activation that in turn mediates eIF3a regulation of PRAS40 

and mTORC1. As shown in Fig. 6C, eIF3a knockdown indeed increased Akt activation 

(phosphorylation of Ser473) and phosphorylation of its target PRAS40 (Thr246) and 

mTORC1 target S6K1 (Thr389). Furthermore, Akt knockdown or treatment by Akt inhibitor 

MK2206 reversed eIF3a knockdown-induced phosphorylation of Akt, PRAS40 and S6K1 
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(Fig. 6C). Therefore, Akt phosphorylation of PRAS40 may be an important process in eIF3a 

regulation of mTORC1 activity.

Analysis of the 5’-UTR sequence of PRAS40 mRNA also revealed two putative overlapping 

HuR-binding sites (Fig. 6D), suggesting that PRAS40 mRNA translation may be regulated 

by eIF3a via HuR in a similar manner as the regulation of Raptor mRNA translation. 

Indeed, HuR knockdown increased the expression of PRAS40, similar to that following 

eIF3a knockdown, in both H1299 and A549 cells (Fig. 6E).

eIF3a and mTORC1 regulation of cellular response to cisplatin by increasing mTORC1 
activity.

Previously, it has been shown that eIF3a upregulation contributes to increased cisplatin 

sensitivity in lung and nasopharyngeal carcinoma cancer cell lines5, 6. However, the 

underlying mechanism of eIF3a regulation of cellular response to cisplatin is not yet 

understood. mTOR signaling is a prototypic survival pathway and mTOR activation plays an 

important role in cisplatin resistance39, 40. Thus, mTORC1 may mediate eIF3a contribution 

to cellular sensitivity to cisplatin. To test this possibility, we used mTORC1 inhibitor 

everolimus. Supplementary Fig. S6 show the dose-dependent survival of H1299 and A549 

cells in the presence of cisplatin and everolimus with different IC50’s. Fig. 7A and 7D show 

that both H1299 and A549 cells with eIF3a knockdown are more resistant to cisplatin than 

scrambled siRNA-transfected control cells, consistent with previous observations5, 6. Fig. 7B 

and 7D show that everolimus also enhanced cisplatin sensitivity in both H1299 and A549 

cells. The mTORC1 inhibitor, rapamycin, similarly enhanced cisplatin sensitivity in H1299 

cells (Supplementary Fig. S7A–B), confirming the role of mTORC1 in cellular response to 

cisplatin.

Next, we performed apoptosis assay following cisplatin treatments with or without 

mTORC1 inhibitors. As shown in Supplementary Fig. S7C–D, cisplatin induced ~3-fold 

increase in apoptosis whereas 10 nM everolimus or 50 nM rapamycin alone did not 

induce significant cell death. However, both everolimus and rapamycin at 10 and 50 nM, 

respectively, significantly augmented cisplatin-induced apoptosis. These findings suggest 

that mTORC1 signaling contributes to cellular response to cisplatin.

Next, we conducted a rescue experiment by combining eIF3a knockdown and everolimus 

and determined whether inhibiting mTORC1 activity could reverse eIF3a knockdown-

induced increase in cisplatin resistance in H1299 and A549 cells. As shown in Fig. 7C–

D, the cisplatin resistance induced by eIF3a knockdown was successfully reversed by 

everolimus in both cell lines. These findings suggest that mTORC1 may mediate eIF3a 

regulation of cellular response to cisplatin.

eIF3a negatively regulates NER protein synthesis and activity via mTORC1.

Previously, it has been shown that eIF3a regulates the synthesis of NER proteins in 

cellular sensitivity to cisplatin5, 6. Indeed, eIF3a knockdown increased the level of NER 

proteins, XPA, XPC, RPA32, and activation of mTORC1 target S6K1 and S6 in both 

H1299 and A549 cells (Fig. 8A–B). Quantitative RT-PCR as well as pulse and pulse-chase 

labeling in combination with Click-PD assay following eIF3a knockdown showed that eIF3a 
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knockdown had no effect on mRNA levels or protein degradation rate (Supplementary 

Fig. S8A–B), but dramatically increased the newly synthesized XPA, XPC, and RPA32 

(supplementary Fig. S8C–E). Thus, eIF3a likely regulates NER protein synthesis.

The above findings suggest that mTORC1 may mediate eIF3a regulation of NER protein 

synthesis. To test this possibility, we examined if mTORC1 might regulate NER gene 

expression by testing the effect of mTORC1 inhibitor everolimus on NER protein level. As 

shown in Fig. 8C–D, everolimus treatment significantly reduced the level of NER proteins 

and activation of the mTORC1 targets S6K1 and S6.

Next, we determined if everolimus treatment could reverse eIF3a knockdown-induced up-

regulation of XPA, XPC, and RPA32. As shown in Fig. 8E, the everolimus treatment 

successfully reversed eIF3a knockdown-induced up-regulation of NER protein levels and 

activation of mTORC1 target proteins S6K1 and S6. Interestingly, eIF3a-induced changes 

in Chk1 and Chk2 protein level could not be reversed by everolimus treatment, suggesting 

that eIF3a may regulate protein synthesis using different mechanisms and eIF3a regulation 

of NER protein synthesis may be via mTORC1 whereas that of Chk1 and Chk2 is not.

Finally, we examined the effect of eIF3a knockdown on NER activity using host-cell 

reactivation (HCR) assay as previously described41, 42. A plasmid containing luciferase 

reporter was UV-irradiated to generate DNA adducts, which were confirmed using PCR 

analysis (Supplementary Fig. S9A). The reporter plasmids with DNA adducts were 

then transfected into H1299 cells with eIF3a knockdown and NIH3T3 cells with eIF3a 

overexpression followed by cellular repair of the damaged reporter constructs before 

analysis of luciferase activity as an indicator of NER activity. As shown in Supplementary 

Fig. S9B–C, the NER activity is significantly increased in H1299 cells with eIF3a 

knockdown and significantly reduced in NIH3T3 cells with eIF3a overexpression compared 

with their respective control cells. Everolimus treatment alone significantly reduced NER 

activity (Supplementary Fig. S9D). Interestingly, everolimus treatment reversed eIF3a 

knockdown-induced increase in NER activity (Supplementary Fig. S9E). Together, these 

findings suggest that mTORC1 may mediate eIF3a regulation of NER protein synthesis and 

NER activity, which in turn contributes to cellular response to cisplatin.

Discussion

In this study, we show that eIF3a regulates synthesis of Raptor via HuR binding to the 

5’-UTR of Raptor mRNA and inhibiting its translation. The reduced Raptor expression 

leads to reduction in mTORC1 activity and cellular sensitivity to cisplatin by reducing NER 

protein synthesis. eIF3a may also similarly regulate PRAS40 synthesis via HuR binding to 

the 5’-UTR of its mRNA and its phosphorylation via Akt.

The finding that eIF3a regulates synthesis of Raptor and activity of mTORC1 is remarkable 

since mTORC1 is known to regulate S6K1 and 4EBP1 that in turn regulate global mRNA 

translation/protein synthesis. Indeed, we found that NER protein synthesis, NER activity 

and cellular response to cisplatin are regulated by mTORC1. These findings suggest that 

global translational control of gene expression by mTORC1 is also regulated translationally 
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by eIF3a. The finding that eIF3a regulates both Raptor and PRAS40 is very intriguing 

since one inhibits while the other activates mTORC1. It is possible that these two mTORC1 

subunits mediate eIF3a regulation of mTORC1 with fine tuning function involving Akt. 

It is noteworthy that eIF3a also regulates GβL and DEPTOR expression, which may 

contribute to eIF3a regulation of mTORC1 activity. Unfortunately, immunoprecipitation of 

mTORC1 complex using GβL or DEPTOR antibody for mTORC1 kinase activity assay was 

unsuccessful despite extensive attempts using different antibodies. Future studies are clearly 

needed to investigate how eIF3a regulates synthesis of these mTORC1 subunits and if they 

contribute to eIF3a regulation of mTORC1.

The phosphorylation of Ser792 but not that of Ser696 and Thr706 in Raptor was reduced 

by eIF3a knockdown despite of the increased Raptor expression. The reduced Ser792 

phosphorylation is consistent with mTORC1 activity increase following eIF3a knockdown. 

However, it remains unknown how eIF3a regulates Raptor phosphorylation. It is also unclear 

how eIF3a regulates mTOR phosphorylation. It is possible that eIF3a regulates the upstream 

kinases or phosphatase that affect the phosphorylation status of these proteins. Future studies 

are warranted to investigate the mechanism of eIF3a regulation of mTOR and Raptor 

phosphorylation.

While we showed that Akt may mediate eIF3a regulation of PRAS40 phosphorylation, it is 

unclear how eIF3a regulates Akt activation. Although mTORC2 is known to phosphorylate 

Akt at Ser473 43, we did not find any effect of eIF3a knockdown on the expression of 

Rictor (unpublished observation), a key component of mTORC244. Although this finding 

does not rule out the possible involvement of mTORC2 in mediating eIF3a regulation of 

Akt, it has been shown previously that eIF3a suppresses the synthesis of DNA-PKcs7, 8, 

which is known to activate and phosphorylate Akt45, 46. Thus, it is tempting to speculate that 

DNA-PKcs may mediate eIF3a regulation of Akt phosphorylation and activation.

It is noteworthy that the finding that eIF3a, as a known subunit of eIF3, suppresses 

translation of Raptor mRNA contradicts with the canonical function of the eIF3 complex 

in stimulating mRNA translation. While it may be possible that eIF3a knockdown disrupts47 

and its overexpression enhances eIF3 complex formation, which would cause reduced47 or 

increased global mRNA translation, respectively, this possibility is inconsistent with our 

findings that eIF3a knockdown increases and its overexpression suppresses Raptor synthesis. 

Furthermore, it has also been shown that eIF3a knockdown did not disrupt the integrity of 

the eIF3(a:b:i:g) subcomplex47 despite of the fact that eIF3a may play an important role 

in supporting formation of this subcomplex via its spectrin domain48. Furthermore, eIF3 

preparations rich in eIF3a did not differ from preparations that essentially lacked eIF3a 

in preinitiation complex formation49, suggesting that eIF3a may not be essential for eIF3 

function in global translation initiation. Thus, eIF3a may have a non-canonical function in 

suppressing synthesis of proteins such as Raptor.

Indeed, eIF3a has previously been shown to inhibit translation of a subset of mRNAs 

encoding proteins such as p2750 while activating translation of other mRNAs encoding 

proteins such as Chk135. Although how eIF3a exerts this putative non-canonical function is 

unclear, it is known that eIF3a expression is upregulated in many cancers2, 3 and it may exist 
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in higher abundance than other subunits such as eIF3b and g in H1299 and A549 cells. The 

excess eIF3a may be responsible for the additional non-canonical functions in regulating 

protein synthesis. Indeed, eIF3b, eIF3g and eIF3i knockdowns have all been shown to 

disrupt the integrity of eIF351, consistent with their lower abundance relative to eIF3a. It 

is noteworthy that eIF3a knockdown reduced little in one study52 while drastically reduced 

global protein synthesis in another study47. The reason for this difference is unknown. 

However, it might be due to the different level of eIF3a knockdown with the former study 

removing only the excess eIF3a while the latter may have essentially eliminated eIF3a, 

resulting in disrupted integrity of the eIF3 complex.

Together with a previous finding that eIF3a may bind to HuR and enhance translation of 

Chk1 mRNA via HuR binding to its 3’-UTR35, our finding here that eIF3a inhibits Raptor 

synthesis via HuR binding to the Raptor mRNA 5’-UTR suggests that the HuR-binding site 

in the 5’- or 3’-UTR may dictate the inhibition or activation function of eIF3a in mRNA 

translation. Consistently, the 3’-UTR of DEPTOR mRNA has 37 putative HuR binding sites 

and DEPTOR is the only mTORC1 subunit that is positively regulated by eIF3a. While the 

eIF3a-HuR complex binding to the 3’-UTR may facilitate circularization and translation of 

the mRNA35, eIF3a binding to HuR may stimulate HuR binding to the 5’-UTR of mRNAs 

and the binding of the complex to the 5’-UTR may inhibit pre-initiation complex scanning, 

leading to inhibition of translation initiation (Fig. 6F).

In addition to the 5’-UTR of Raptor mRNA that contains HuR-binding site and is regulated 

by eIF3a-HuR, the 5’-UTR of PRAS40 mRNA has two overlapping putative HuR-binding 

sites and its expression is also regulated by eIF3a and HuR in the same manner as Raptor. 

However, both the 5’- and 3’-UTRs of GβL have no putative HuR binding sites and eIF3a 

may regulate GβL expression indirectly via other mechanisms such as mTORC1 signaling. 

Further studies are needed to test these possibilities.

Previously, it has been reported that eIF3a negatively regulates synthesis of DNA repair 

proteins and cellular response to DNA-damaging treatments including anticancer drug 

cisplatin, doxorubicin and radiation5, 6, 8. It has also been reported previously that 

mTOR activation contributes to cellular resistance to cisplatin39, 40, doxorubicin19, 20, and 

radiation21, 22. Our findings here suggest that mTORC1-induced cisplatin resistance may be 

due to its regulation of synthesis of NER proteins, which are responsible for repair of DNA 

damages induced by cisplatin53–55. We also showed that inhibiting mTORC1 activity was 

able to reverse eIF3a knockdown-induced resistance to these DNA-damaging treatments.

Based on the findings here, we conclude that eIF3a, working with HuR, inhibits Raptor 

synthesis, leading to reduction in mTORC1 activity and in synthesis of NER proteins and 

NER activity, and increases cellular sensitivity to cisplatin (Fig. 8F). Similar mechanism 

and pathway may be used in cellular resistance to doxorubicin and ionizing radiation where 

synthesis of proteins important for homologous recombination and NHEJ repair of double 

strand DNA breaks may be regulated by eIF3a and HuR via Raptor. It is, thus, tempting to 

speculate that inhibitors targeting mTORC1 pathway may help alleviate resistance to DNA-

damaging agents in cancer treatments. Finally, considering that mTORC1 signaling regulates 

many cellular processes56, eIF3a may contribute to the regulation of these processes via 
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mTORC1. It, however, needs to be mindful that eIF3a may also regulate synthesis of other 

proteins that contribute to the cellular outcome in addition to via mTOCR1 signaling.

Materials and Methods

Materials.

ECL and His-tagged human 4EBP1 recombinant protein were from GE Healthcare 

(Chicago, IL, USA) and Sino Biological (Wayne, PA, USA), respectively. Cisplatin, 

everolimus, Cell Death Detection ELISAPLUS kit and the β-actin antibody were 

obtained from Sigma-Aldrich (St Louis, MO, USA). MK-2206·2HCl and rapamycin 

were from Selleckchem (Houston, TX, USA). Antibodies against mTOR (#2983), 

pS2448mTOR (#2971), Raptor (#2280), pS792Raptor (#2083), GβL (#3274), PRAS40 

(#2691), pT246PRAS40 (#2997), Chk1 (#2360), S6K1 (#9202), pT389S6K (#9234), S6 

(#2317), pS240/244S6 (#2215), 4EBP1 (#9644), pT37/46-4EBP1 () (#2855), Akt (#9272) and 

pS473Akt (#4051) were from Cell Signaling Technology (Beverly, MA, USA). Antibodies 

against DEPTOR (ABS222), pT706Raptor (09–230, pT696Raptor (ABS544) were acquired 

from Millipore (Billerica, MA, USA). Recombinant human S6K1 protein and antibodies 

for RPA32 (ab76420) and Chk2 (ab109413) were from Abcam (Waltham, MA, USA). 

Antibodies against HuR (sc-5261), XPA (sc-28353), and XPC (sc-74410), the Protein G 

PLUS-Agarose, and siRNAs against eIF3a and Raptor were from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). The eIF3a siRNA #2 and #3 of different sequences were purchased 

from OriGene Technologies (Rockville, MD, USA). Scrambled siRNA was purchased 

from Ambion (Austin, TX, USA). All other chemicals were from either Fisher Scientific 

(Chicago, IL, USA) or Sigma-Aldrich.

Cell lines and transfection.

H1299 and A549 cells (ATCC, Manassas, VA, USA) were maintained in RPMI1640 and 

DMEM from Corning (Corning, NY, USA) containing 10% fetal bovine serum (Gibco, 

Waltham, MA, USA), respectively. NIH3T3 cells with stable eIF3a overexpression from 

a previous study5 were cultured in DMEM with 10% donor bovine serum (Gibco). For 

RNA interference, cells were transfected with siRNAs using Lipofectamine RNAiMAX 

Regent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. 

Complimentary RNA (cRNA) transfection was performed as described previously57. Briefly, 

2×105 cells/well were seeded into 6-well plates on the day before and transfected with 

siRNAs. At 24 hours after transfection, 1×105 cells/well were seeded into a 12-well plate, 

incubated for 24 hours, followed by transfection with capped cRNA using Lipofectamine 

3000 (Invitrogen) according to manufacturer’s instructions. At 8 hours after transfection, 

cells were harvested for luciferase activity assay.

Construct engineering.

The cDNA encoding the full length and truncated 5’-UTR sequences of human Raptor 

were generated using RT-PCR from isolated RNAs of H1299 cells with a common 

forward primer 5’-AATTAAGCTTGTCCTGGCAATATGGCGTCCTCCT-3’ and three 

individual reverse primers 5’-CATGCCATGGCAGTGGGGGAGGGGGTGGGGGAGT-3’ 

(for wild type), 5’- CATGCCATGGCGTGTACCAGAATTGGTG-3’ (for Δ3’67) and 
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5’- CATGCCATGGTGGATAAAGAGTGCGGAGACCCT-3’ (for Δ3’120). The underlined 

sequences representing Hind III or Nco I restriction site for subcloning. The PCR products 

were cloned into pGEM-T Easy vector, released by digestion with Hind Ш and Nco І, and 

then subcloned into reporter plasmid pSP64-Fluc-poly A containing firefly luciferase genes 

at the same restriction sites. All constructs were confirmed by sequencing.

In-vitro transcription.

In-vitro transcription was performed as described previously58. Briefly, DNA templates 

were linearized using EcoR І, and used as a template for in-vitro transcription using 

SP6 RNA polymerases in the presence of m7G(5’)ppp(5’)G RNA (New England Biolabs, 

Ipswich, MA, USA) to generate capped cRNAs for transfection and luciferase reporter 

assay. Biotin-11-UTP (Invitrogen) was used during transcription to generate biotinylated 

uncapped cRNA probes for RNA pull-down assay. The in-vitro cRNA transcripts were 

purified using Invitrogen PureLink™ RNA Mini Kit for reporter or RNA pulldown assay.

Cell lysis, immunoprecipitation, and immunoblotting.

Cells were washed twice with ice-cold PBS, lysed in ice-cold lysis buffer (40 mM HEPES, 

pH7.4, 0.3% CHAPS, 2 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 

50 mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1×Cocktail 

EDTA-free protease inhibitors), subjected to centrifugation at 13,500 rpm for 15 min at 

4°C to remove cell debris and insoluble materials. Protein concentration of each lysate was 

determined using Bradford assay59.

Immunoprecipitation and immunoblot were performed as previously described35. Briefly, 

lysates were incubated with primary antibodies for 2 hours at 4°C, mixed with protein 

G PLUS-Agarose slurry and incubated for additional 2 hours with constant agitation. 

The immunoprecipitants were washed three times with wash buffer (40 mM HEPES, 

pH7.4, 0.3% CHAPS, 2 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 

50 mM NaF, 1 mM Na3VO4, 150 mM NaCl) before separation on SDS-PAGE and 

immunoblot analysis along with total lysate as input control. For immunoblot, proteins 

separated on SDS–PAGE were transferred to PVDF membranes and probed with specific 

primary antibodies and HRP-conjugated secondary antibodies. The signal was detected 

using enhanced chemiluminescence and captured on x-ray films.

mTORC1 kinase activity assay.

The mTORC1 kinase activity assay was performed as previously described14. Briefly, 

mTORC1 was immunoprecipitated from 700 μg cell lysate as described above, followed by 

buffer replacement with washes for three times in 25 mM HEPES, pH 7.4, 20 mM KCl. The 

precipitated mTORC1 was then mixed with 150 ng recombinant 4EBP1 in 30 μl mTORC1 

kinase assay buffer (25 mM HEPES, pH 7.4, 50 mM KCl, 10 mM MgCl2, 250 mM ATP) 

followed by incubation for 30 min at 30°C. The reaction was stopped by addition of sample 

loading buffer and boiling before separation on SDS-PAGE and immunoblot analysis.
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Pull-down assay.

RNA pull-down assay was performed as previously described5, 35, 60, biotin-labeled cRNA 

probes were incubated with H1299 cell extracts at room temperature for 1 hr. The cRNA-

protein complexes were then isolated using Streptavidin MagneSphere® Paramagnetic 

Particles and washed for three times with 1× binding buffer (20 mM Hepes, 100 mM KCl, 

10% Glycerol, 1 mM EDTA, 5 mM MgCl2, 1 mM DTT, 1 mM PMSF). The pull-down 

materials were then separated on SDS-PAGE and analyzed using immunoblot probed by 

HuR and eIF3a antibodies.

Real-time RT–PCR.

Total RNAs were extracted using Invitrogen PureLink™ RNA Mini Kit and 

1 μg RNA was used for reverse transcription using Applied Biosystems™ 

High-Capacity cDNA Reverse Transcription Kit according to manufacturer’s 

protocol. The primers used were 5’-TGATGAGGACAGAGGACCAAGAC-3’ 

(forward) and 5’-TCAGCATTACGCCAGGATGA-3’ (reverse) for 

eIF3a35, 5’-AGCTGGAGGATGAAGGATCGGATG-3’ (forward) and 

5’-AGGGTCCACACCAACATTCAGG-3’ (reverse) for Raptor61 

and 5’-TGGCACCCAGCACAATGAA-3’ (forward) and 5’-

CTAAGTCATAGTCCGCCTAGAAGCA-3’ (reverse) for β-actin58. The reaction was 

performed in an Applied Biosystems 7500 PCR using SYBR Green PCR Master Mix 

(Applied Biosystems, Waltham, MA, USA) according to manufacturer’s instructions. The 

threshold cycle (Ct) value of each product was determined and normalized against that of the 

internal control β-actin.

Luciferase reporter assay.

Luciferase reporter assay was performed as previously described57. Briefly, cells transfected 

with reporter cRNA transcripts were lysed in a passive lysis buffer provided in the dual 

luciferase reporter assay kit. Both Renilla and firefly luciferase were then measured using 

the dual luciferase reporter assay kit according to manufacturer’s instructions.

Methylene blue survival assay.

Methylene blue survival assay was performed as previously described62. Briefly, H1299 and 

A549 cells in 6-well plates were transfected with eIF3a or scrambled control siRNA. At 

24 hours after transfection, 2000 cells/well were seeded into 96-well plate and treated with 

cisplatin in the absence or presence of everolimus at various concentrations for 72 hours, 

followed by removal of medium, fixation with methanol, and staining with methylene blue. 

The live cell-retained dyes were released using 100% ethanol:0.1 M HCl (1:1) followed by 

determination of OD650nm. The data were analyzed using GraphPad Prism 8.0 (GraphPad 

Software, San Diego, CA, USA) to obtain IC50 for calculating relative resistance factor 

(RRF) using the formula RRF=IC50 (test)/IC50 (control).

Host-cell reactivation (HCR) assay NER activity.

HCR assay was performed as previously described5, 6. Briefly, 50 μg/ml pGL3 plasmid 

expressing firefly luciferase in 300 μl TE buffer was UV-irradiated at different doses by a 
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Stratalinker UV Crosslinker (Stratagene, La Jolla, CA, USA) and UV-induced DNA lesions 

was verified by PCR with primers 5’-GCCTCTGAGCTATTCCAGAAGTAG-3’ (forward) 

and 5’-ACTGCATTCTAGTTGTGGTTTGTC-3’ (reverse). The verified reporter pGL3 with 

UV damages or un-irradiated pGL3 control plasmids (0.1 μg) were then transfected into 

cells harboring scrambled or eIF3a siRNAs at 5×104 cells/well in a 24-well plate using 

Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. The pRL-

TK plasmid expressing Renilla luciferase was co-transfected as a control for transfection 

efficiencies. Forty hours after transfection, cells were harvested for luciferase activity 

assayed using the Dual-Luciferase assay system (Promega, Madison, WI, USA).

Apoptosis assay.

Apoptosis assay was determined as previously described63. Briefly, H1299 cells were plated 

in a 12-well plate at a density of 1×105 cells/well and cultured for 24 hours, treated with 

cisplatin, everolimus, rapamycin or combination of cisplatin with everolimus or rapamycin 

for 48 hours, followed by harvesting cells for apoptosis analysis using the Cell Death 

Detection ELISA kit (Roche, Indianapolis, IN, USA) per manufacturer’s instructions.

Pulse and pulse-chase labeling and CLICK-PD.

Pulse and pulse-chase labeling were performed using non-radioactive chase assay. Cells 

were rinsed with PBS and starved of methionine for 1 hour in methionine-free medium and 

then metabolically labeled for 3 hours in the presence of azidohomoalanine followed by 

harvest or chase for different times in complete medium without azidohomoalanine before 

harvest. The cells are lysed with TNN buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

0.5% Nonidet P-40, 50 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 1 mM DTT) and equal 

amount of lysates of control and eIF3a knockdown cells was mixed with and incubated for 3 

hours at room temperature in 0.1 mM biotin-PEG-4-alkyne, 0.04 mM Tris[(1-benzyl-1,2,3-

triazol-4-yl) methyl] amine, 1 mM tris(2-carboxyethyl) phosphine, 1 mM CuSO4. Nascent 

proteins-labeled with biotin by CLICK were isolated by pull down using streptavidin bead 

and separated by SDS-PAGE for immunoblot analysis.

Statistical Analysis.

All statistical analyses were performed using GraphPad Prism. Since minimum three 

independent experiments/biological replicates are required for statistical considerations, all 

experiments were performed at least three times with data presented as mean±standard 

deviation. No data were excluded, and no blinding or randomization were performed. One-

way ANOVA followed by Dunnett’s test was used to compare more than two groups with 

similar variances, while two-tailed Student t tests was done to compare two groups.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used:

cRNA complimentary RNA

DEPTOR DEP domain-containing mTOR-interacting protein

eIF eukaryotic translation initiation factor

mTOR mammalian target of rapamycin

HuR human antigen R

GβL G protein β-subunit-like

mTORC mTOR complex

NER nucleotide excision repair

PRAS40 proline-rich Akt substrate 40 kDa

Raptor regulatory-associated protein of mTOR

UTR untranslated region
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Figure 1. eIF3a knockdown increases mTORC1 activity.
(A-F). Effect of eIF3a knockdown on mTORC1 and its downstream target proteins. Lysates 

from H1299 and A549 cells transfected with scrambled control (Scr) or eIF3a (Si(3a)) 

siRNA were subjected to immunoblot analyses of eIF3a, mTOR, and pS2448mTOR (A-B), 

eIF3a, 4EBP1, and pT37/464EBP1 (C-D), eIF3a, S6K1, pT389S6K1, S6, and pS240/244S6 

(E-F). Actin was used as a loading control. (G-H). In-vitro mTORC1 kinase activity 

assay. mTOR was immunoprecipitated from H1299 cells transfected with scrambled control 

(Scr) or eIF3a (Si(3a)) siRNA and used for in-vitro kinase activity assay with purified 

recombinant S6K1 as substrates. The reaction was separated by SDS-PAGE followed by 

immunoblot analysis of mTOR, S6K1, and pT389S6K1. Panels B, D, F, and H show 

quantifications of protein intensity in immunoblots shown in panels A, C, E, and G (n=3, 

**p< 0.01, ***p< 0.001).
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Figure 2. eIF3a regulates expression of other mTORC1 subunits.
(A-B). Effect of eIF3a knockdown on the expression of Raptor, DEPTOR, PRAS40, GβL. 

H1299 and A549 cells transfected with scrambled control (Scr) or eIF3a (Si(3a)) siRNA 

were subjected to immunoblot analysis of eIF3a, Raptor, DEPTOR, PRAS40, GβL and actin 

loading control. (C-F). Effect of eIF3a knockdown on mTORC1 subunits in the complex. 

Lysates from H1299 cells transfected with scrambled control (Scr) or eIF3a (Si(3a)) siRNA 

were subjected to co-immunoprecipitation with mTOR (C-D) or Raptor (E-F) antibody or 

control normal IgG (nIgG) followed by immunoblot analyses of PRAS40, GβL, and mTOR 

or Raptor in the precipitate. The precipitates along with input were separated by SDS-PAGE 

followed by immunoblot analyses of PRAS40, GβL, mTOR and Raptor. Panels B, D, and F 

show quantifications of protein intensity in immunoblots in panels A, C, and E (n=3, **p< 

0.01, ***p<0.001).
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Figure 3. Raptor mediates eIF3a regulation of mTORC1 activity.
(A-B). Effect of eIF3a knockdown on expression and phosphorylation of Raptor. Lysates 

from H1299 and A549 cells transfected with scrambled control (Scr) or eIF3a (Si(3a)) 

siRNA were subjected to immunoblot analyses of total and phosphorylated Raptors at its 

Ser792, Thr706, Ser696, eIF3a, and actin loading control. Panel B shows quantification of 

eIF3a, Raptor, and pSer792, pThr706, pSer696Raptors from panel A. (C) In-vitro mTORC1 

kinase activity assay. Lysate from H1299 cells were subjected to immunoprecipitation using 

Raptor antibody and the precipitate was used for in-vitro kinase activity assay with purified 

recombinant S6K1 as a substrate followed by SDS-PAGE separation and immunoblot 

analyses. (D). Quantification of Raptor and pT389S6K1 in panel C (n=3, **p< 0.01, ***p< 

0.001). (E). Effect of Raptor and eIF3a double knockdown on mTORC1 activity. Lysate 

from H1299 and A549 cells transfected with scrambled control (Scr), eIF3a (Si(3a)), Raptor 

(Si(Rap)) siRNAs or both eIF3a and Raptor siRNAs were subjected to immunoblot analysis 

of eIF3a, Raptor, S6K1, pT389S6K1, S6, pS240/244S6 and actin loading control.
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Figure 4. eIF3a regulates the 5’-UTR activity of Raptor mRNA.
(A) Effect of eIF3a knockdown on the expression of Raptor mRNA. RNAs isolated from 

H1299 and A549 cells transfected with scrambled control (Scr) or eIF3a (Si) siRNA were 

used for real-time RT-PCR analysis of eIF3a and Raptor (n=3, ***p<0.001). (B-C) Effect 

of eIF3a knockdown on Raptor protein synthesis. H1299 cells transfected with eIF3a or 

scrambled control siRNAs were metabolically labeled with azidohomoalanine followed 

by Click-PD assay and immunoblot analysis of Raptor. Panel C shows quantifications of 

protein intensity in panel B (n=3, ***p< 0.001). (D) Effect of HuR knockdown on Raptor 

expression. Lysates from H1299 and A549 cells transfected with scrambled control (Scr), 

eIF3a [Si(eIF3a)], or HuR [Si(HuR)] siRNA were subjected to immunoblot analysis of 

eIF3a, Raptor, HuR and actin loading control. (E). The cDNA sequence encoding the 

5’-UTR of Raptor mRNA. The HuR binding sites are shown by underlines. (F) Schematic 

diagram of reporter constructs with the wild-type and deletion mutant 5’-UTR of Raptor 

mRNA. (G, H) Luciferase reporter assay. Untreated (G) or eIF3a and scrambled control 

siRNA-transfected (H) H1299 cells were transiently co-transfected with cRNAs encoding 

the 5’-UTR and firefly luciferase and cRNAs encoding Renilla luciferase transfection 

control followed by determination of Renilla and firefly luciferase activities. The 5’-UTR 

activities were represented by firefly luciferase activity normalized to Renilla luciferase 

activity (n=3, *p<0.05, ***p<0.001).
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Figure 5. HuR binds to the 5’-UTR sequence of Raptor mRNA.
Extracts from H1299 cells (A) or H1299 cells transfected with scrambled control (Scr) 

or HuR (Si) siRNA (B) or H1299 cells transfected with scrambled control (Scr) or eIF3a 

(Si) siRNA (C) were incubated with biotin-labeled cRNA probes representing the wild-type 

(WT) or truncated (Δ3’67, Δ3’120) 5’-UTR sequences of Raptor mRNA. The cRNA–protein 

complexes were then pulled down using streptavidin-conjugated beads, separated on SDS–

PAGE, and subjected to immunoblot analysis of HuR and eIF3a. Probes without biotin were 

used as negative controls. (D) Effect of eIF3a and HuR knockdown on Raptor expression. 

Lysates from H1299 cells transfected with scrambled control (Scr), eIF3a [Si(eIF3a)], HuR 

[Si(HuR)] siRNA or both eIF3a and HuR siRNAs were subjected to immunoblot analysis of 

eIF3a, Raptor, HuR and actin loading control.
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Figure 6. eIF3a regulates Akt-mediated PRAS40 phosphorylation.
(A-B). eIF3a regulation of PRAS40 phosphorylation. H1299 and A549 cells transfected with 

scrambled control (Scr) or eIF3a (Si(3a)) siRNA were subjected to immunoblot analysis of 

eIF3a, pThr246PRAS40 and actin loading control. Panel B shows quantifications of protein 

intensity in panel A (n=3, ***p<0.001). (C) Effect of eIF3a and Akt double knockdown or 

eIF3a knockdown and MK2206 treatment on mTORC1 activity. Lysate from H1299 cells 

transfected with scrambled control (Scr), eIF3a (Si(3a)), Akt (Si(Akt)) siRNA, or both eIF3a 

and Akt siRNAs or both eIF3a siRNA and MK2206 treatment were subjected to immunoblot 

analysis of eIF3a, Akt, pS473Akt, PRAS40, pT246PRAS40, S6K1, pT389S6K1 and actin 

loading control. (D). The cDNA sequence encoding the 5’-UTR of PRAS40 mRNA. The 

HuR binding sites are underlined. (E). Effect of HuR knockdown on PRAS40 expression. 

Lysates from H1299 and A549 cells transfected with scrambled control (Scr), eIF3a (Si(3a)), 

or HuR (Si(HuR)) siRNA were subjected to immunoblot analysis of eIF3a, HuR, PRAS40 
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and actin loading control. (F). Schematic model of eIF3a regulates mRNA translation via 

HuR binding to and blocking the pre-initiation complex (PIC) scanning of the 5’-UTR.
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Figure 7. mTORC1 mediates eIF3a regulation of cellular response to cisplatin.
(A-C). Dose-dependent survival assay. H1299 and A549 cells transfected with scrambled 

control (Scr) or eIF3a (Si) siRNA (A), in the absence or presence of 5 nM (H1299) or 10 

nM (A549) everolimus (Evr) (B), or treated with combination of both siRNA transfection 

and everolimus (C) were subjected to treatment with cisplatin at various concentrations for 

72 h followed by methylene blue assay. (D). Relative resistance factor (RRF) derived from 

dose-dependent survival curves shown in panels A, B, and C. (n=5, *p<0.05, **p<0.01, 

***p<0.001, # p>0.05).
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Figure 8. mTORC1 mediates eIF3a regulation of NER gene expression.
(A-B). Effect of eIF3a knockdown (A-B) or everolimus treatment (C-D) on NER protein 

level. Lysate from H1299 and A549 cells transfected with scrambled control (Scr) or eIF3a 

(Si) siRNA (A-B) or treated with 10 nM (H1299) or 20 nM (A549) everolimus for 24 

hours (C-D) were subjected to immunoblot analysis of eIF3a, XPA, XPC, RPA32, S6K1, 

pT389S6K1, S6, pS240/244S6 and actin loading control. Panels B and D show quantifications 

of protein intensity in panels A and C (n=3, *p<0.05, **p<0.01, ***p<0.001). (E). mTORC1 

inhibitor, everolimus, ablates eIF3a knockdown-induced NER protein up-regulation. Lysates 

from H1299 and A549 cells transfected with scrambled control (Scr) or eIF3a (Si) siRNA 

and treated without or with 10 nM (H1299) or 20 nM (A549) everolimus for 24 hours were 

subjected to immunoblot analyses of eIF3a, XPA, XPC, RPA32, S6K1, pT389S6K1, S6, 

pS240/244S6, Chk1, Chk2 and actin loading control. (F) Schematic model of eIF3a regulation 

of cellular response to cisplatin via controlling Raptor synthesis and mTORC1 activity and 

NER protein synthesis.
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