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ABSTRACT 

 

Transfer RNA (tRNA) is essential RNA for protein synthesis, 

transporting amino acids to the ribosome. tRNA has been known for house-

keeping RNA for a long time, however, recent studies suggest that tRNA can be 

a multi-functional molecule that controls various cellular events including 

translation initiation and cell apoptosis.  

In various cancer cell lines and tissues, although increased expression 

of tRNA was observed, the function of the overexpressed tRNA was unclear. 

We hypothesized that tRNA would play a pro-oncogenic role during 

tumorigenesis, therefore we overexpressed tRNA in 293T cells and investigated 

the effect of tRNA overexpression on cell proliferation and survival. 

Interestingly, 293T cells with high expression level of tRNA, especially 

tRNALeu, showed increased resistance to cell death and enhanced 

phosphorylation of 90-kDa S6 kinase under amino acid starvation condition. 
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Phosphorylation of 90-kDa S6 kinase was reduced by anti-tRNALeu RNA, 

p38MAPK inhibitor and ERK inhibitor, but not by treatment of mTOR inhibitor, 

rapamycin. RSK1 (Ribosomal S6 kinase 1) and MSK2 (Mitogen-and stress-

activated protein kinase 2) were identified as the tRNALeu-responsive effectors 

among the tested 7 candidate proteins categorized as 90-kDa S6 kinase. 

Considering that RSK1 and MSK2 are downstream regulators of p38MAPK 

and ERK and play an important role in hormonal cancer such as estrogen-

responsive breast cancer, we analyzed the expression level of tRNALeu in breast 

cancer cell lines and its responsiveness to ß-estradiol. Estrogen receptor (ER) 

positive MCF7 cell line showed the highest expression levels of tRNALeu 

isotypes compared with ER negative cell lines and its tRNALeu expression was 

induced by ß-estradiol treatment. We also investigated the protein binding 

partner of tRNALeu under amino acid starvation condition using SILAC (Stable 

Isotope Labeling by/with amino acids in cell culture) mass spectrometry and 

identified EBP1 (ErbB3-binding protein), which is the upstream regulator of 
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RSK/MSK signal pathway.  

These results indicate that tRNALeu can be induced by estrogen and 

enhance EGFR signaling via binding with EBP1, subsequently activating 

RSK/MSK to increase survival of breast cancer cells under amino acid 

starvation condition. This study also suggests a possibility that tRNA can work 

as a new cellular regulator beyond translation and its novel function in 

tumorigenesis. 

 

 

Key words: tRNA (Transfer RNA), RSK (Ribosomal S6 kinase), MSK 

(Mitogen-and stress-activated protein kinase), amino acid, estrogen 

 

 

Student ID: 2011-21752



4 
 

CONTENTS 

 

ABSTRACT----------------------------------------------------------------------------01 

CONTENTS--------------------------------------------------------------------------- 04 

LIST OF FIGURES ----------------------------------------------------------------- 06 

 

Ⅰ. INTRODUCTION --------------------------------------------------------------- 07 

 

. Ⅱ MATERIALS AND METHODS ---------------------------------------------- 10 

1. Materials ------------------------------------------------------------------------- 10    

2. Cell culture----------------------------------------------------------------------- 10 

3. Establishment of Tet-On stable cell line-------------------------------- 11 

4. Inhibitor treatment------------------------------------------------------------- 12 

5. Thymidine incorporation assay----------------------------------------------- 12 

6. Methionine incorporation assay--------------------------------------------- 13 

7.  1-dimensional electrophoresis and Western blot------------------------- 13 

8.  Semi-quantitative RT-PCR -------------------------------------------------- 15 

9.  Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) -- 15 

10.  RNA interference--------------------------------------------------------------16 



5 
 

11.  SILAC Mass spectrometry ------------------------------------------------- 17 

12.  Anchorage independent transformation assay ----------------------- 19 

13.  Incucyte (Live Cell Kinetic Imaging System) -------------------------- 19 

 

Ⅲ. RESULTS ---------------------------------------------------------------------------- 21 

1. tRNALeu increases cell survival---------------------------------------------- 21 

2. tRNALeu increases phosphorylation of 90-kDa S6 kinase in amino acid  

starvation condition ---------------------------------------------------------------- 22 

3. Phosphorylation of 90-kDa S6 kinase by tRNALeu is independent to 

mTOR pathway --------------------------------------------------------------------- 23 

4. tRNALeu is overexpressed in breast cancer cell and induced by β-

estradiol treatment------------------------------------------------------------------ 24 

5. tRNALeu mediates RSK/MSK signaling by binding EBP1---------25 

6. tRNALeu promotes cell transformation-----------------------------------26 

 

Ⅳ. DISCUSSION----------------------------------------------------------------------- 40 

 

Ⅵ. REFERENCES---------------------------------------------------------------------- 44 

 

Ⅶ. 국문 초록--------------------------------------------------------------------------- 46 



6 
 

LIST OF FIGURES 

 

Figure1. Overexpressed tRNALeu increases cell survival --------------------------28 

Figure2. Cell proliferative effect of tRNALeu was mediated by 90-kDa S6 

kinase activation under amino acid starvation condition-------------30 

Figure3. RSK1 and MSK2 are activated effectors by tRNALeu ------------------32 

Figure4. 90-kDa S6 kinase activation mediated by tRNALeu was independent to 

mTOR pathway ---------------------------------------------------------------34 

Figure5. tRNALeu is overexpressed in breast cancer cells especially MCF7----35 

Figure6. The expression of tRNALeu is induced induced by β-estradiol signal 

not by amino acid deprivation signal---------------------------------------36 

Figure7. tRNALeu promotes cell transformation-------------------------------------37 

 Figure8. Proposed model of tRNA-mediated enhancement of RSK/MSK 

signaling in breast cancer------------------------------------------------------38  

Table1. tRNALeu increases RSK/MSK signaling by the interaction of EBP1--39 



7 
 

INTRODUCTION 

 

Transfer RNA (tRNA), aminoacyl-tRNA synthetases (ARSs), and amino 

acids are essential elements for protein synthesis. After ARS transfers amino acid 

to cognate tRNA, tRNA transports amino acid to the ribosome and plays an 

important role in translation. There are at least 20 different tRNAs, one for each of 

the amino acid, however, the gene copy number of total mammalian tRNAs is 

over 500 because mammalian tRNAs have various isotypes and have redundant 

gene copies. 

Recent studies suggest the possibility that tRNA can work as a multi-

functional regulator. tRNA inhibited cell apoptosis by binding to cytochrome c 

which induced subsequent inhibition of caspases (1). It was also reported that 

some small RNA fragments derived from tRNA could regulate initiation of 

protein synthesis (2) and others function in a manner similar to microRNA (3). 

Moreover, increased expression of tRNA was reported in various cancer 
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cell lines and tissues (5), although the mechanism and function of the increased 

tRNA are not investigated. During tumorigenesis, cancer cells grow and divide 

very fast and they suffer from deprivation of nutrients and amino acids (4). Cancer 

cells should adapt to these environments for their survival, otherwise they undergo 

apoptosis. Therefore, cancer cells require certain mechanisms to cope with the 

harsh circumstance where nutrients and amino acids are depleted. 

In this study, we overexpressed tRNA to investigate the effect of tRNA 

on cellular phenotypes and found that several tRNAs including tRNALeu enhanced 

the resistance to cell death under amino acid deprivation condition. Furthermore, 

it was revealed that tRNALeu promoted ribosomal S6 kinase (RSK) and mitogen- 

and stress-activated protein kinase (MSK) signaling which is an important 

signaling pathway in hormonal cancer (9). Breast cancer cells, especially MCF7, 

showed the highest level of tRNALeu, and the expression of tRNALeu was 

significantly induced by ß-estradiol treatment. Moreover, we verified stably 

overexpressed tRNALeu transformed cells without additional signaling. These 
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results suggest the new function of tRNALeu except for the role in the protein 

synthesis and the possibility that tRNA can work as a pro-oncogenic regulator in 

tumorigenesis. 
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MATERIALS and METHODS 

 

Materials 

tRNAs (tRNAAsn, tRNAHis, tRNATyr, tRNALeu, tRNAMet, tRNAPhe, tRNALeuAAG, 

tRNALeuCAG, tRNALeuCAA, tRNALeuTAG) were cloned in PGEMT-easy vector 

(promega, #A1360). The antibodies we used was Phospho-p70S6K (cell signaling, 

#9206), S6K (cell signaling, #9202), Phospho-p90RSK (cell signaling, #9341), 

Phospho-MSK (cell signaling, #9591), RSK1/RSK2/RSK3 (cell signaling, #9355), 

MSK2 (cell signaling, #3679), Phospho-ERK1/2 (cell signaling, #9101), Phospho-

SAPK/JNK (cell signaling, #4668) and tubulin (Sigma, T-5168). Secondary 

antibodies we used are Rabbit (Thermo scientific Immunopure Ab, Host Goat-

Anti, Antigen Rabbit IgG(H+L), Cat. 31460), and Mouse (Thermo scientific 

Immunopure Ab, Host Goat-Anti, Antigen Mouse IgG(H+L), Cat. 31430).  

 

Cell culture  
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293T, MCF7 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) (with 2.5g Porcine Trypsine, 4.00mM L-Glutamine, 400mg/L 

Glutamine and Sodium pyruvate, Hyclone) supplemented with 10% fetal bovine 

serum (FBS) and 100 µg/mL penicillin and streptomycin at 37℃ in a 5% CO2 

incubator. 

 

Establishment of Tet-On stable cell line 

To make stably tRNA expressed cell line, we used Mir-XTm inducible miRNA 

systems. (Clontech, Cat. No. 631118) MEF3T3 cells were cultured in DMEM 

with 10% FBS and 1% penicillin and streptomycin. Cells were transfected with 

the Tet-On advanced vector. And then, to generate a stable Tet-On advanced cell 

line, cells were treated with 100~200 µg/mL G418 (Clontech) for two weeks. 

Afterwards, to develop the Double-Stable cell line, Tet-On advanced cells were 

transfected with the pmRi-ZsGreen1 vector and selected with 0.8~1 µg/mL 

puromycin (Clontech) for two weeks. When colonies are formed, we induced 
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tRNAs with 1 µg doxycycline (Clontech) for 3 days for testing each clones and 

isolated RNAs to check the level of tRNAs.  

 

Inhibitor treatment  

293T cells were pre-incubated in amino acid deprivation medium for 1 hr 30 min 

and then treated with rapamycin (100 nM, cell signaling) , U0126 (20 μM, cell 

signaling), SP600125 (20 μM, cell signaling), and SB203580 (20 μM, cell 

signaling) to inhibit the mTOR, Erk, JNK and p38MAPK signal, respectively, for 

1 hr 30 min.  

 

Thymidine incorporation assay 

Cell proliferation was monitored by measuring the incorporation of [3H] 

thymidine for the replicating DNA. H460 cells were transfected with 7 kinds of 

tRNAs for 12 hr, and then cells were plated (5X103) on 24-well dish and 

cultivated for 12 hr. After cells were incubated with tritium labeled thymidine (1 
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μCi/well) for 4 hr and the cultured cells were washed with cold PBS three times. 

The harvested cells were fixed with 5% TCA for 10 min, and washed again with  

cold PBS three times. Cells were lysed with o.5 M NaOH and quantified the 

incorporated thymidine with a liquid scintillation counter (Wallac). 

 

Methionine incorporation assay 

Cells were incubated with Met-free media for 30 min and then 1 µCi [35S] 

methionine (1175 Ci/mmol, Perkin Elmer) was added. After 1 h incubation, cells 

were washed three times with cold PBS and the amount of radioactive proteins 

was measured by liquid scintillation counter. Counted data were normalized to 

cell number. To overexpress tRNAs, H460 cells were transfected with 7 kinds of 

tRNAs and incubated for 48 hr. Cells were treated as mentioned above for the 

counting of [35S] Met-incorporated proteins.  

 

1-dimensional electrophoresis and western blot   
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293T cells were lysed by lysis buffer (25mM Tris-HCl pH 7.4, 0.5% Triton X-100, 

1mM EDTA, 0.5mM EGTA, 10mM NaCl, 1mM MgCl2, 0.1% CHAPS, 

Phosphatase inhibitor and protease inhibitor (Calbiocam) for 30 min at 4℃. After 

lysis, lysates were centrifugating at 13,200 rpm for 15 min. Then the supernatants 

were collected, and quantified by Bradford assay (BioRad, cat. No. 500-0006). 

The samples were loaded to SDS gel and electrophoresis was performed. The gel 

was transferred to PVDF (polyvinylidenefluoride) membrane (Millipore, Cat. No. 

IPVH 00010) for 90 min, 55mA per each gel. For blocking non-specific bindings, 

the membrane was incubated with 5% Skim milk (0.5% tween20 containing TBS) 

for 1 hr at RT. The primary antibodies (1% Skim milk, 0.5% tween20 containing 

TBS, 10% NaN3, and indicated antibodies) were attached for overnight at 4 ℃. 

The membrane was washed for 5 min for 3 times with 0.5% tween20 containing 

TBS and secondary antibodies (1% Skim milk, 0.5% tween20 containing TBS, 

and respective antibodies) was attached for 1 hr at RT. After washing the 

membrane as mentioned above, WEST-ONE laminating agent (Intron, Cat. No. 
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16033) was used for detecting the protein of interest.  

 

Semi-quantitative RT-PCR 

Total RNAs were extracted with miRNeasy Mini kit (Qiagen, Cat. No. 217004). 2 

μg of RNA was reverse-trnascripted with reverse transcriptase (Invitrogen), 

random hexamer (Qiagen), dNTP (Takara), DTT (Invitrogen) and reaction buffer. 

The mixture was heated at 65℃ for 5 min and incubated at 37℃ 2 min, 25℃ 10 

min, 37℃ 50 min, and heated at 70℃ 15 min. For measuring the overexpressed 

tRNAs, cDNA was amplified by PCR (95℃ 5 min, 95℃ 1 min - 60℃ 30 sec - 

72℃ 30 sec 30cycles, 72℃ 10 min) and overexpressed tRNAs separated by an 6% 

acrylamide gel. 

 

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

The transcript levels of tRNAs (target) and GAPDH, Papola (endogenous 

reference) were determined by quantitative real time RT-PCR. Total RNAs from 
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the 293T and MCF7 cells were isolated using miRNeasy Mini kit (Qiagen) and 

converted to cDNAs with as above. And then qRT-PCR was performed with 

POWER SYBR green master mix (Ab Cat. No.4367659). And each pairs of 

specific tRNA primers were used. 

 

RNA interference 

For knockdown of target gene, transfection of siRNA (invitrogen) was performed 

using Lipofectamin 2000 transfection reagent (invitrogen). Each siRNA and 

Lipofectamine 2000 was diluted to serum free media separately and incubated for 

5 min. Each mixture was mixed and vortexed, and was incubated for 20 more min. 

After 72 hours cells were harvested. As a control, stealth RNAi Negative control 

medium GC duplexes (Invitrogen, Cat No.12935-300), was used. For knockdown 

of RSK and MSK genes, RNA interference duplexes corresponding to p85S6K, 

RSK1, MSK2 were synthesized siRNA sequences of RSK, MSK genes 

(Invitrogen). Primer sequences for si-RNA were as follows; si-
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p85S6K: AAUGUACACCAACUGUCUGCAUAGC, si-RSK1: GGCUGCUUUGU 

AAGGAUVVUAAGAA, si-MSK2: UUCUUAGGAUCCUUACAAAGCAGCC.  

 

SILAC Mass spectrometry 

For SILAC Mass spectrometry, biotinyl-tRNALeu and streptavidin beads (GE 

Healthcare, Cat. No. 10057037) were pull downed. For biotinylation, 250 μM 

tRNALeu , 250 μM Flexizyme, 500 mM Hepes-KOH pH7.5 are used. tRNALeu 

were folding at 95℃ and incubated 5 min at room temperature. Then 200 mM 

MgCl2 was treated for 5min and 25 mM aa-DBE was treated for 2 hr in ice. After 

2 hr, 0.3 M NaCl and 100% EtOH were added and centrifuged at 13,000 rpm for 

15 min at 4℃. Then, the supernatants were removed and 70% EtOH and 0.3 M 

NaCl were added to the precipitate. After vortexing 10 sec, centrifuging at 13,000 

rpm for 10 min at 4℃ and the supernatants were removed again. Lastly, 70% 

EtOH was added one more time and was centrifuged at 13,000 rpm 5 min. 

Waiting until EtOH was dried completely, and dissolving with 20 μl autoclaved 
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water. When biotinyl-tRNALeu was made, biotinyl-tRNALeu was incuabated with 

streptavidine-sepharose (GE Healthcare) in buffer (20 mM Tris-Cl pH 7.5, 100 

mM KCl, 2 mM EDTA) at 4℃ for 2 hr 30 min. The beads were washed twice 

with 300 mM KCl buffer (20mM Tris-Cl [pH 8.0], 300 mM KCl, 0.2 mM EDTA). 

293T cells were cultured in the SILAC media (Heavy, Medium, Light) for 7 days 

and were lysed in buffer (50 mM Tris-HCl pH 8.0, 150 mM KCl, 1 mM DTT, 

10% glycerol, 0.5% Triton X-100) at 4℃ for 30 min. After removing cell debris 

by centrifugation at 13,200 rpm for 15min, the total cell extract was added to 

tRNALeu immobilized on the streptavidin beads and incubated with constant 

rotation for 4 hr at 4℃. After washing with buffer, the associated proteins were 

added with 2X sample buffer and separated on SDS-PAGE. The isolated tRNA 

bands from SDS-PAGE gels were digested with trypsin and LC-MS/MS analysis 

was performed on a LTQ Orbitrap velos ETD (San Jose, CA, USA). For 

identification of MRS phosphorylation sites, SEQUEST searches were conducted 

against tryptic peptides. 
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Anchorage independent transformation assay 

To confirm overexpressed tRNALeu induces cell transformation, tRNALeu stable 

cells were used. tRNALeu was induced by Doxycycline for 3 days and cells were 

plated in 24well plate. By using a Transformation assay kit following the 

manufacturer’s instruction (Cell Biolabs, Cat. No. CBA-135), we verify 

overexpressed tRNALeu are transformed cells. About 10 days later, colonies 

formed by tRNALeu was monitored and counted three times independently. The 

counted number of colony was showed as the bar graph. 

 

Incucyte assay (Live Cell Kinetic Imaging System) 

HEK 293T cells were seeded in 48 well at a density of 6 X 105 cell/well. Next day, 

cells were transfected with 0.5 µg of each tRNA-expressing vector or EV vector 

using Fugene reagent (Roche) and then put into incucyte chamber for the 

monitoring of cell growth. Complete media in the 48 well plates were replaced by 
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serum free (SF) media 12 hr after transfection and then SF media was also 

changed to amino acid free media 12 hr after the media change. Cells were 

incubated in the chamber for additional 2 days and cell growth was monitored 

during the whole incubation period using incucyte. Experiments were repeated 

more than 7 times for each transfection condition and then analyzed.
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RESULTS 

 

tRNALeu increases cell survival 

 

Because previous study reported that tRNAs are overexpressed in cancer 

cells (7), we verify the effect of overexpressed tRNA on cell survival. To observe 

cell proliferation, human lung cancer, H460 cells were trnasfected with tRNAs 

and then treated with [3H] thymidine and [35S] methionine. Through the thymidine 

incorporation assay, it was confirmed that cells overexpressed with several tRNAs, 

especially leucyl-tRNA (tRNALeu), proliferates fast. However, with methionine 

incorporation assay, there was no difference in proliferation (Figure 1A). This 

indicates that tRNA-mediated cell proliferation is not induced by protein synthesis. 

Also, we checked cell survival by incucyte, which makes possible to real-

time scanning of cell growth. We confirmed three circumstances; complete media, 

serum free, and amino acid free which mimics cancer circumstance (9). According 
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to the result via incucyte, several tRNAs increases cell survival in amino acid 

deprivation condition and the effect of tRNALeu was the most (Figure 1B). Also, 

we confirmed expression of tRNAs by qRT-PCR and ascertained that all of the 

tRNAs are overexpressed (Figure 1C). 

 

tRNALeu increases phosphorylation of 90-kDa S6 kinase in amino acid 

starvation condition 

 

After we confirmed tRNALeu has an influence on cell proliferation in 

amino acid starvation condition, we checked the relationship between tRNALeu 

and mTOR pathway. Because mTOR pathway is the major pathway in amino acid 

signaling (15), we checked the phosphorylation of 70-kDa S6 kinase (S6K) which 

is a indicator protein in mTOR pathway. Against our expectations, 

phosphorylation of 70-kDa S6K was not changed but phosphorylation of 90-kDa 

S6 kinase was increased by overexpressed tRNALeu in amino acid starvation 
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condition (Figure 2A) and we could observe the same result with all of the 

tRNALeu isotypes (Figure 2B). Also, when tRNAs are suppressed by anti- tRNALeu 

RNA, phosphorylation of 90-kDa S6K was decreased (Figure 2C). Thus, we 

verified proteins which can be detected by used phospho antibody and found 6 

proteins, ribosomal S6 kinase (RSK) and mitogen- and stress-activated protein 

kinase (MSK) proteins (11), which are known as important proteins in a hormonal 

cancer (Figure 3A). Among them, we checked the proteins phosphorylated by 

tRNALeu. We overexpressed each protein and monitored increase of 

phosphorylation by tRNALeu and found RSK1, MSK2 are most activated effectors 

(Figure 3B). The same result was confirmed when RSK1, MSK2 proteins were 

knock downed with si-RSK1, si-MSK2 (Figure 3C, D). 

 

Phosphorylation of 90-kDa S6 kinase by tRNALeu is independent to mTOR 

pathway  
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Because RSK1 is a downstream molecule of ERK pathway and MSK2 is 

influenced by both ERK and p38MAPK pathway (12), to confirm which pathway 

associates tRNALeu, we monitored the phosphoryaltion of 90-kDa S6K after 

treatment of ERK, p38MAPK inhibitors and rapamycin which can inhibit mTOR. 

Increased 90-kDa S6K phosphorylation by tRNALeu was not decreased by 

rapamycin treatment (Figure 4A). However, when we treated each inhibitor of 

ERK and p38MAPK, the phosphorylation of 90-kDa S6K were inhibited (Figure 

4B). These results indicate that tRNALeu is not dependent on mTOR pathway, but 

relates to ERK and p38MAPK signaling pathway to promote cell proliferation. 

 

tRNALeu is overexpressed in MCF7 and induced by β-estradiol treatment  

 

As we just confirmed the proliferation-promoting effect by overexpressed 

tRNALeu, we screened endogenous expression level of tRNA in various normal 

and cancer cell lines. Among various cancer cell lines, breast cancer cell has the 
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highest level of tRNALeu and MCF7 which has estrogen response showed the 

highest among breast cancer cell (Figure 5A). Because MCF7 is the estrogen 

receptor (ER) positive cell line, we treated β-estradiol which is the active form of 

estrogen and monitored induction of tRNALeu. When we treated β-estradiol to 

MCF7, all isotypes of tRNALeu were induced (Figure 6A). Thus, we expected that 

amino acid deprivation signal also induces tRNALeu. However, amino acid signal 

was not influence on tRNALeu level (Figure 6B). These results demonstrate 

tRNALeu is induced by estrogen signaling and amino acid starvation signal is a 

condition that tRNALeu responses to the estrogen. 

 

tRNALeu mediates RSK/MSK signaling by binding EBP1 

 

Even though we verified tRNALeu involves in cell proliferation and 

RSK/MSK signaling, we didn’t know the exact mechanism of tRNALeu in cancer 

circumstance. Thus, to know how tRNALeu functions, we identified the binding 
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partner of tRNALeu. We biotinylated tRNALeu and pull downed with 293T cell 

lysate and then found binding partner using SILAC Mass Spectrometry. With 

SILAC analysis, meaningful binding of tRNALeu and EBP1 (ErbB3-binding 

protein) was increased in amino acid starvation condition (Table 1). EBP1 protein 

is known as an inhibitory molecule of ErbB3 (estrogen receptor) and decreases 

ERK signaling pathways. Therefore, it indicates that tRNALeu promotes ERK and 

p38MAPK signaling by suppressing EBP1 in breast cancer. 

 

tRNALeu promotes cell transformation 

 

Since tRNALeu enhances the cell survival, to test whether tRNALeu 

induces the cell transformation, we made tRNALeu stable cell line. We used Tet-On 

system to make stable cell line and tRNALeu was induced by doxycycline. When 

tRNALeu was induced, we checked the level of tRNALeu by qRT-PCR and the 

tRNALeu was overexpressed over three folds in the tRNALeu stable cell (Figure 
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7B). 

After confirm the highly expression of tRNALeu, we monitored the 

tRNALeu-mediated transformation via anchorage independent colony forming 

assay. (Figure 7A). Colony forming assay showed that cells are transformed just 

with overexpressed tRNALeu. So, we concluded overexpression of tRNALeu 

induces the transformation of normal cells. 

Combined altogether, tRNALeu transforms breast normal cells into cancer 

cells by increasing estrogen response and promoting ERK/p38MAPK signaling 

pathway (figure 8). 
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Figure 1. Overexpressed tRNALeu increases cell survival 

To identify effects of overexpressed tRNALeu on cell survival (A) To identify the 

effects of overexpressed tRNALeu on cell survival, each of tRNA was expressed 

into human Lung cancer cell, H460. Each cell was incorporated with thymidine 

(red) and methionine (green). Also cell number was checked (blue). 

(B) Cell survival was scanned by incucyte which is able to real-time scanning of 

proliferation. Tested circumstances were below: complete media (CM), serum free 

(SF), amino acid (A.A.) deprivation. 
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(C) The overexpression of each tRNA in experiment of (A, B) was confirmed by 

qRT-PCR. 
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Figure 2. Cell proliferative effect of tRNALeu was mediated by 90-kDa S6K 

activation under amino acid starvation condition 

(A) 293T cells were transfected with several tRNAs for 24 hr. After, cells were 

cultured in serum free for overnight and then were cultured in amino acid free for 

3 hr. In amino acid starvation condition, phosphorylation of 90-kDa S6K was 

increased by overexpressed tRNALeu 

(B) All isotypes of tRNALeu increase phosphorylation of 90-kDa S6K in amino 
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acid starvation condition and we verified overexpression of tRNALeu by RT-PCR. 

Tubulin and GAPDH were used loading control for western blot and RT-PCR, 

respectively. 

(C) Phosphorylation of 90-kDa S6K was decreased by inhibition of tRNALeu with 

specific anti-tRNALeu RNA. 

(D) The expression of each tRNA was detected by qRT-PCR. 
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Figure 3. RSK1 and MSK2 are activated effectors by tRNALeu 

(A) Because phosphorylation of 90-kDa S6 kinase was detected by p70 S6K 

antibody, we found 90-kDa proteins which are sharing similar phosphorylation 

sites. 6 proteins, RSK1~4 and MSK1~2, are detected with p70 S6K antibody. 

(B) For identifying effector proteins, 6 proteins are overexpressed in 293T cells 

and phosphorylation was detected with the antibody which detects same 

phosphorylation site. RSK1, MSK2 are the most effective proteins by tRNALeu.. 

(C, D) To confirm the effector proteins, RSK and MSK were knockdowned with 
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specific si-RNA against each protein. Phosphorylation of 90-kDa S6K was 

decreased by knockdown of RSK and MSK.
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Figure 4. tRNALeu-mediated 90-kDa S6 kinase activation is independent to 

mTOR pathway 

(A) 293T cells were transfected with tRNALeu and then treated with  rapamycin, 

inhibitor of mTOR pathway. 

(B) tRNALeu-overexpressed 293T cells were treated with  inhibitor of ERK 

(U0126), p38MAPK (SB203580) and JNK (SP600125).  Inhibitors were treated 

for 1 hr 30 min in amino acid starvation condition. 
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Figure 5. tRNALeu is overexpressed in breast cancer cells especially MCF7 

(A) The expression level of all the isotype of tRNALeu is monitored by qRT-PCR 

in various normal and cancer cell line. Breast cancer cell line expresses the 

highest level of tRNALeu and among breast cancer cell line, MCF7 cells shows the 

highest level of tRNALeu 
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Figure 6. The expression of tRNALeu is induced by β-estradiol signal not by 

amino acid deprivation signal 

(A) β-estradiol, active form of estrogen, -mediated induction of tRNALeu is 

detected by qRT-PCR in MCF7, estrogen receptor positive cell line. The 

expression level of all the tRNALeu isotype was increased by estrogen signal. 

(B) All the isotype of tRNALEU in MCF7 which is cultured in serum free (SF) and 

amino acid deprivation (-aa) condition was monitored by qRT-PCR. 
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Table 1. tRNALeu increases RSK/MSK signaling by binding EBP1 

Binding partners of tRNALeu were found by SILAC Mass spectrometry. Among 

many proteins, the meaningful protein, EBP1, was found. Binding of EBP1 and 

tRNALeu was increased in amino acid starvation condition (Heavy) compare to 

serum free (Light).  
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Figure 7. tRNALeu promotes cell transformation                         

(A) tRNALeu-induced stable cell line by doxycycline was subjected to anchorage 

independent colony forming assy. The number of colony was counted and graphed 

as a bar graph. 

(B) The expression level of tRNALeu was measured by qRT-PCR and tRNALeu 

were induced in stable cell line over 3 folds. 
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Figure 8. Proposed model of tRNA-mediated enhancement of RSK/MSK 

signaling in breast cancer 

Induced tRNALeu by estrogen signal binds to the EBP1 and inhibits the interaction 

between EBP1 and ErbB3 receptor. So, Erb3 receptor facilitated ERK/p38MAPK 

and RSK/MSK signal. tRNALeu- mediated activation of signal enhances 

transformation and cell survival in breast cancer. 
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DISCUSSION 

 

It was reported previously that the expression of tRNA increases in cancer 

cells and tissues (7); however, the functions and mechanisms of tRNAs have 

remained to be explained. In this study, we found that tRNALeu promotes cell 

proliferation by RSK/MSK signaling in amino acid deprivation. 

In our research, overexpressed tRNALeu increases cell survival in 

condition of amino acid starvation. It was a strange phenomenon because amino 

acid is essential for cell growth in normal cell (4). To understand the relationship 

between tRNALeu and amino acid signaling, we checked mTOR pathway which is 

a major pathway of amino acid signaling (15) and found tRNALeu increase 

phosphorylation of 90-kDa S6 kinase. Since the antibody that we used usually 

detects 70-kDa S6 kinase protein, we screened 90-kDa proteins and found 

RSK/MSK proteins has the similar motif in region of phosphorylation (11). 

Also, among RSK/MSK proteins, phosphorylated proteins by tRNALeu-
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mediated signal were RSK1 and MSK2, important molecules in hormonal cancers.  

Because RSK/MSK signaling is downstream of ERK and p38MAPK signaling 

pathway (12), tRNALeu increases cell survival by amplifying cell proliferation 

signal. 

In addition to analysis using overexpression of tRNALeu, we confirmed 

the expression level of tRNALeu in various normal and cancer cell lines. We 

screened all isotypes of tRNALeu in cancer cells compare to corresponding normal 

cell and found breast cancer cells have the highest level of tRNALeu. Among 

breast cancer cells, MCF7 cells, estrogen receptor positive cell line, shows the 

highest expression level of tRNALeu and the expression of tRNALeu was induced 

by estrogen signal. 

Moreover, to elucidate exact mechanism of tRNALeu-mediated signaling, 

we decided to find a binding partner which binds with tRNALeu. By SILAC Mass 

spectrometry we found that EBP1 binds to tRNALeu. EBP1 protein is well known 

for an inhibitory molecule of estrogen signaling by binding to ErbB3, estrogen 
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receptor. This research implied that tRNALeu binds to the EBP1 and suppresses the 

interaction between EBP1 and ErbB3 (20). Through the inhibition of binding 

between EBP1 and ErbB3, tRNALeu could amplify estrogen signaling. Therefore, 

with SILAC analysis and RNA screening, we verified tRNALeu enhances survival 

rates of breast cancer cells by activating RSK/MSK signaling pathway. 

Based on our data, we found overexpressed has the transforming 

possibility to induce the normal cells into cancerous cells. We made tRNALeu 

stable cell line which can overexpress tRNALeu constantly. By anchorage 

independent colony forming assay, we found tRNALeu highly induced stable cell 

line were transformed into cancerous state and made colonies. This result shows 

overexpressed tRNALeu is related to transformation of normal cell into cancer cell. 

In this study, we verified novel function of tRNALeu unrelated with protein 

synthesis. Not mentioned, when we tested 20 kinds of tRNAs, several tRNAs 

have an effect on cell proliferation. Also, several tRNAs increased the 

phosphorylation of RSK/MSK proteins. It implies that tRNAs involve various 
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signaling pathway and functions with complexity. Moreover, through next 

generation (NGS), we confirmed the overexpression of tRNAGlu in breast cancer 

cells and we expect that tRNAGlu also has an important role in breast cancer with 

tRNALeu. To know the various mechanism and function of tRNAs, diverse and in 

depth studies will be needed. With tRNA mechanism study, tRNAs including 

tRNALeu can be a new target of breast cancer therapy. 
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국  

 

Transfer RNA (tRNA)는 단 질 합  과 에  아미노산 운  

담당한다. 랫동안 tRNA는 단 질합 에 여하는 housekeeper  알  

나 근  연구결과들  tRNA가 다양한 포 상  매개하는 다 능 

molecule임  보여주고 있다. tRNA는 cytochrome c  결합하여 caspase 

 막아 포 사멸  억 하고, 특  tRNA 조각  단 질합  개시를 

조 하며 또 다른 tRNA 조각들  microRNA처럼 작용한다. 이 같  

결과들  tRNA  새 운 포조  인자  가능  시한다. 한편 

다양한 암 조직  암 포에  tRNA 증가가 보고 어 있지만 이  

한 tRNA  능  알  있지 않다. 

tRNA 과 이 암 생   증식에 미치는 향  알아보  해 

아미노산 별 20 여종  tRNA를 과  시켜 포 증식  살펴보았다. 그 

결과 tRNA에 한 른 포 증식  인할  있었 며 특히 아미노산이 

없는 경에  leucyl-tRNA (tRNALeu)를 롯한 몇몇 tRNA에 한 
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인 포사멸 항  인할  있었다. tRNALeu 과  아미노산이 

없는 경에  90-kDa 크  S6 kinase  인산 를 진시켰 며 90- 

kDa S6 kinase 인산 는 anti-tRNALeu RNA 처리에 해 특이  

감소하 다.  90-kDa S6 kinase에 해당하는 7가지 후보 단 질들  인한 

결과, tRNALeu에 해 인산 는 단 질들  르몬  암에  요한 역할  

담당하는 Ribosomal S6 kinase (RSK) 1, Mitogen- and stress-activated 

protein kinase (MSK) 2임  인할  있었다. 

여러 암 포주에  tRNALeu   인해 본 결과 estrogen에 

 보이는 MCF7 암 포주에  높  tRNALeu  인할  

있었 며 또한  에스트  태인 β-estradiol 처리에 해 tRNALeu  

이 증가함  찰하 다. 

SILAC (Stable isotope labeling by/with amino acids in cell 

culture) Mass Spectrometry를 이용한 tRNALeu 결합 단 질 분  통해 

tRNALeu  EBP1(ErbB3-binding protein)  결합이 아미노산이 없는 

경에   증가함  인할  있었다. 과  tRNALeu  
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EBP1  결합  ErbB3  통한 RSK1/MSK2 를 도하 다. 

 연구는 과다 분  에스트 에 해 tRNALeu 벨이 증가하고, 

증가  tRNALeu는 아미노산 등이 부족한 미 경에  암 포  사멸  

막아 생존  높일  있  암시한다. 

이 같  결과는 tRNALeu  단 질 합  이외  새 운 능과 함께 

포 조 인자  tRNA 역할에 한 새 운 가능  시해 다. 

 

 

주요어 : tRNA, RSK(Ribosomal S6 kinase), MSK(mitogen- and stress-activated protein 

kinase), 아미노산, 에스트  

 

학번 : 2011-21752 
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