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Interaction of tRNA with MEK2 in 
pancreatic cancer cells
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Tao Pan1 & Hidayatullah G. Munshi2

Although the translational function of tRNA has long been established, extra translational functions 
of tRNA are still being discovered. We previously developed a computational method to systematically 
predict new tRNA-protein complexes and experimentally validated six candidate proteins, including the 
mitogen-activated protein kinase kinase 2 (MEK2), that interact with tRNA in HEK293T cells. However, 
consequences of the interaction between tRNA and these proteins remain to be elucidated. Here we 
tested the consequence of the interaction between tRNA and MEK2 in pancreatic cancer cell lines. 
We also generated disease and drug resistance-derived MEK2 mutants (Q60P, P128Q, S154F, E207K) 
to evaluate the function of the tRNA-MEK2 interaction. Our results demonstrate that tRNA interacts 
with the wild-type and mutant MEK2 in pancreatic cancer cells; furthermore, the MEK2 inhibitor 
U0126 significantly reduces the tRNA-MEK2 interaction. In addition, tRNA affects the catalytic activity 
of the wild type and mutant MEK2 proteins in different ways. Overall, our findings demonstrate the 
interaction of tRNA with MEK2 in pancreatic cancer cells and suggest that tRNA may impact MEK2 
activity in cancer cells.

Although the translational function of tRNA has long been established, extra translational functions of tRNA are 
still being discovered. Previously known extra translational functions of tRNA were identified in a case-by-case 
basis1–3. To systematically identify new tRNA-protein complexes that may perform extra-translational function, 
we previously developed a computational method to predict new tRNA-protein complexes and identified 37 
mammalian protein candidates that could potentially bind tRNA4. Most were enzymes involved in cellular pro-
cesses unrelated to translation and were not known to interact with nucleic acids before. We experimentally 
confirmed six candidate proteins for tRNA binding in HEK293T cells using anti-EF-1α​ as positive and anti-GFP 
and IgG as negative controls4. They include the metabolic enzyme phosphoenolpyruvate carboxykinase, protein 
modification enzyme farnesyltransferase, a GTPase involved in membrane trafficking SAR1a, the euchromatic 
histone methyltransferase 1, glutathione synthetases, and mitogen-activated protein kinase kinase 2 (MEK2). 
However, biological consequences of these tRNA-protein interactions remain to be elucidated.

The discovery of many tRNA-binding proteins suggests a widespread, non-canonical role for tRNA-protein 
interactions in cellular communications between translation and other cellular processes. In this model, when 
translation activity is high, most tRNAs are used by the ribosome and only a small amount of tRNA is available to 
interact with other proteins. When translation activity is low, more tRNA becomes available to interact with other 
proteins, which may result in up- or down-regulation of other cellular processes. In this current work using pan-
creatic cancer cell lines, we evaluated the effects of the interaction between tRNA and MEK2 which is one of the 
six proteins that we experimentally validated to interact with tRNA in our previous work4. The original finding 
of tRNA-MEK2 interaction was performed in HEK293T cells. We used UV crosslinking-immunoprecipitation 
followed by tRNA microarray (CLIP-Chip), a widely applied technique to investigate RNA-protein interactions5,6. 
To determine the function of the tRNA-MEK2 interaction, we evaluated the effects of tRNA on the catalytic activ-
ity of the wild-type MEK2 and several MEK2 mutants that were shown previously to cause developmental defects 
(P128Q) or associate with resistance to MEK inhibitors (Q60P, S154F, E207K)7–9. Our results demonstrate that 
tRNA interacts with MEK2 and its mutants in pancreatic cancer cells and that the MEK-specific inhibitor U0126 
reduces the tRNA-MEK2 interaction in cells. Biochemical assays show that human tRNA reduces the catalytic 
activities of the wild type protein, but can increase the activity of certain mutant MEK2 proteins, especially the 
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P128Q mutant. Overall, our findings demonstrate the interaction of tRNA with MEK2 in pancreatic cancer cells 
and tRNA affecting the catalytic activity of MEK2 proteins. tRNA may modulate MEK2 function to regulate 
cellular behavior.

Results and Discussion
tRNA and MEK2 interaction in pancreatic cancer cells and in a non-tumorigenic cell line.  Since 
the original finding demonstrating tRNA-MEK2 interaction was performed in HEK293T cells, we evaluated 
whether tRNA and MEK2 also interacts in pancreatic cancer cells. CD18 pancreatic cancer cells growing on tis-
sue culture plastic were exposed to UV to crosslink RNA with proteins in live cells and then processed for CLIP-
Chip using the antibody against MEK2 (Fig. 1A). Antibody against the translational elongation factor EF1α​ was 
used as a positive control, and IgG was used as a negative control. Denaturing gel electrophoresis of 32P-labeled 
and MEK2-crosslinked RNA showed strong bands corresponding to the full-length tRNAs that were also present 
in the positive control (Fig. 1B). tRNA microarray analysis4,10 demonstrated tRNA binding for both MEK2 and 
EF1α​, but with some quantitative differences in the crosslinked tRNA species, suggesting that some tRNAs pref-
erentially interact with MEK2 in CD18 cells (Fig. 1C) when referred to the relative tRNA abundance in different 
pancreatic cell lines (Fig. S1). We also evaluated to what extent tRNA and MEK2 interact in other pancreatic cell 
lines (Fig. 1D). tRNAs also interacted with MEK2 in the malignant AsPC1 and Panc1 cells and in the immor-
talized HPNE cell. MEK2 interaction with specific tRNAs is selective as indicated by similar MEK2 and EF1α​ 
expression levels in these pancreatic cell lines (Fig. S2).

The MEK inhibitor U0126 decreases MEK2-tRNA interaction in pancreatic cancer cells.  We 
next evaluated whether blocking the MEK2 activity affected the interaction between MEK2 and tRNA in CD18 
cells. The MEK2 activity was blocked using the well-established MEK1/2 inhibitor U012611. CD18 cells were 
treated with U0126 for 4 hours, exposed to UV for RNA-protein crosslinking and then processed for CLIP-Chip 
assay. When normalized to the amount of tRNAs crosslinked to EF1α​, tRNA crosslinked to MEK2 were markedly 
reduced in the presence of U0126 (Fig. 2A). This reduction is validated by tRNA microarray analysis (Fig. 2B), 
and the heat map shows preferred binding tRNA species from CLIP-Chip results (Fig. 2C). The difference 
between the crosslinked tRNAs to EF-1α​ is substantially smaller than those to MEK2. These results indicate that 
tRNA preferably interacts with active MEK2 in cells; alternatively, U0126 and tRNA binding sites overlap in the 
MEK2 protein.

Figure 1.  tRNA and MEK2 interaction in pancreatic cancer cells and in a non-tumorigenic cell line.  
(A) Flow chart of CLIP-Chip. Cells growing on tissue culture plastic were exposed to UV to crosslink RNA and 
proteins in live cells and then processed for CLIP-Chip using specific antibody against MEK2. (B) Denaturing 
PAGE analysis was performed to evaluate MEK2-tRNA interaction in CD18 pancreatic cancer cells. EF1α​ 
antibody was used as a positive control, and IgG as a negative control. The indicated tRNA bands were cut out 
for tRNA microarray. (C) tRNA microarrays for semi-quantitative analysis of CLIP-Chip array results, and 
representative arrays are shown. Anticodon specific tRNA signals are calculated and expressed as log2(X), 
where X indicates values relative to the median value of each array. Relative abundance of specific tRNAs are 
shown as heat map and are indicated with colors ranging from green (low) to red (high). (D) PAGE analysis was 
performed to evaluate crosslinked tRNAs to MEK2 and EF1α​ in Panc-1 and AsPC-1 pancreatic cancer cells, and 
in the non-tumorigenic pancreatic cancer cell line HPNE.
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Interaction of tRNA with MEK2 mutants.  To further evaluate the interaction between MEK2 and tRNA 
in cells, we selected MEK2 mutants that were identified as cause of developmental defects or were previously 
shown to be associated with chemo-therapy resistance to MEK inhibitors in melanoma. The P128Q MEK2 muta-
tion, which is known to increase the activity of MEK2, causes cardiofaciocutaneous (CFC) syndrome8. The Q60P, 
S154F, and E207K mutations were identified in melanoma patients developing resistance to MEK inhibitors7,9. 
CLIP-Chip analysis demonstrated that tRNAs interact with the wild-type MEK2 and the various MEK2 mutants 
in HEK293T cells (Figs 3A and S1). Western blot showed that different MEK2 plasmids have similar expression 
level after transfection (Fig. S3), while the tRNA microarray analysis demonstrated increased binding of tRNAs 
to MEK2 mutants compared to the wild-type MEK2, the binding selectivity of tRNA species is similar for the 
wild-type and the MEK2 mutants (Fig. 3B,C). These results indicate that these pathologically relevant MEK2 
mutations can increase binding of tRNAs to MEK2, but without significantly affecting the composition of the 
tRNAs that bind to MEK2.

Effects of tRNA on MEK2 activity.  We next evaluated the effects of the tRNA-MEK2 interaction on the 
catalytic activity of the different MEK2 mutants using in vitro kinase dot blot assays12–14 and purified, Flag-tagged 
MEK2 proteins from HEK293T cells (Fig. S4). We first evaluated the effect of tRNA on the wild-type MEK2 activ-
ity using myelin basic protein (MBP) and ERK2 as substrates (Fig. 4A,B). As a control, we used the same amount 
of total human RNA which is primarily composed of ribosomal RNAs. Human tRNA decreased the catalytic 
activity of the wild-type MEK2 by ~2-fold, an effect large enough to merit biological effects. We also tested the 
inhibitory effect of U0126 on the wild-type MEK2 protein (Fig. S5). Consistent with the in vivo results (Fig. 2), 
U0126 also inhibited the MEK2 activity in the absence and presence of tRNA.

We evaluated the effect of tRNA on the catalytic activity of the various MEK2 mutants using myelin basic 
protein derived peptide (Fig. 4C,D). tRNA again decreased the activity of the wild-type MEK2 by ~2-fold as well 
as the S154F mutant and had minimal effects on the activity of the E207K mutant. In contrast, tRNA increased 

Figure 2.  The MEK inhibitor U0126 decreases MEK2-tRNA interaction in pancreatic cancer cells.  
(A) CD18 pancreatic cancer cells growing on tissue culture plastic were treated with DMSO (vehicle control) 
or MEK1/2 inhibitor U0126 for 4 hours, exposed to UV to crosslink RNA and protein in live cells and then 
processed for CLIP-Chip using MEK2 antibody, EF1α​ antibody (positive control) or IgG antibody (negative 
control). Denaturing PAGE and tRNA microarray analysis demonstrating MEK2-tRNA interactions, with the 
indicated tRNA bands cut out for array analysis. (B) Semi-quantitative tRNA microarray analysis of tRNA 
species bound to MEK2/EF1α​ in CD18 pancreatic cancer cells. (C) Anticodon specific tRNA signals are 
calculated and expressed as log2(X), where X indicates values relative to samples treated with DMSO (vehicle 
control). Relative abundance of specific tRNAs are shown as heat map and are indicated with colors ranging 
from green (low) to red (high).
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the catalytic activity of the P128Q and Q60P MEK2 mutants. These results indicate that tRNA can affect MEK2 
activity differently among the MEK2 mutants.

Functional consequences of P128Q MEK2 mutation.  The P128Q mutant is unique among the 
MEK2 mutants we studied here. Compared to the wild-type MEK2, it has significantly higher basal activity as 
well as an enhanced tRNA effects on its activity. We evaluated the functional consequence of the P128Q muta-
tion using both in vitro and in vivo assays. The MEK inhibitor trametinib can block the catalytic activity of the 
wild-type MEK2 protein15,16. In contrast, trametinib failed to block the catalytic activity of the MEK2 (P128Q) 
mutant, even though it inhibited the activity of the wild-type MEK2 (Fig. 5A,B). Trametinib also failed to inhibit 
tRNA-mediated increase in the MEK2 (P128Q) catalytic activity. These results indicate that in contrast to the 
wild-type MEK2, the P128Q mutation not only increased catalytic activity in the absence and in the presence of 
tRNA, but it is also insensitive to certain MEK inhibitors, and therefore may potentially mediate drug resistance.

We also evaluated the effects of the P128Q mutation using an in vivo assay, focusing on 3D collagen invasion 
by MT1-MMP-expressing CD18 (CD18-MT) cells. MT1-MMP is a key collagenase that has been shown to be 
important for invasion in 3D collagen17,18. CD18-MT cells were transfected with GFP, wild-type MEK2, and 
MEK2 (P128Q) mutant plasmids, grown in 3D collagen, and the collagenolytic paths generated by invading cells 
were quantified (Fig. 5C). Both wild-type MEK2 and MEK2 (P128Q) mutant increased invasion of CD18-MT 
cells in 3D collagen.

To examine the effect of tRNA, we directly transfected purified human tRNA into CD18 cells, since it is 
exceedingly difficult to overexpress tRNA in mammalian cells19. In contrast to the tRNA-mediated increase of 
the MEK2 (P128Q) catalytic activity in vitro, direct transfection of human tRNA did not increase 3D invasion by 
MEK2 (P128Q) (Fig. 5D). Neither, direct transfection of human tRNA did not increase 3D invasion by the wild 
type MEK2 (Fig. S6). The difference in the in vitro and in vivo effects of tRNA on MEK2 (P128Q) activity can 
be due to the fact that there is already a large amount of endogenous tRNA in vivo, and that tRNA transfection 
would not noticeably increase the intracellular tRNA concentration, a common observation in breast cancer cell 
studies19. MEK is localized to the cytoplasm, but a lot of the transfected tRNAs tend to localize in the nucleus20. 
Therefore, transfected tRNA and MEK2 can end up in different intracellular compartments, consistent with the 
lack of in vivo effect of tRNA transfection on MEK2 (P128Q)-driven invasion.

Figure 3.  Interaction of tRNA with disease-associated MEK2 mutants. (A,B) HEK293T cells transfected 
with Flag-tagged, wild type MEK2 or MEK2 mutants previously associated with developmental defects, cancer 
development or resistance to targeted therapy. The cells were then exposed to UV to crosslink RNA and protein 
in live cells and processed for CLIP-Chip using specific antibody against MEK2. PAGE analysis was performed 
to evaluate MEK2-tRNA interactions. The indicated tRNA bands were cut out for microarray analysis and for 
semi-quantitative analysis of CLIP-Chip array results. (C) Anticodon specific tRNA signals are calculated and 
expressed as log2(X), where X indicates values relative to the background (Bcg) signal present in HEK293T cells 
(data from our previous work4). Relative abundance of specific tRNAs are shown as heat map and are indicated 
with colors ranging from green (low) to red (high).
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Overall, in this report we show that tRNA and MEK2 can interact in pancreatic cancer cells and this inter-
action has the potential to alter the catalytic activity of the MEK2 protein. The MEK pathway functions down-
stream of Kras, which is mutated in >​95% of human pancreatic ductal adenocarcinoma (PDAC) tumors, and 
contributes to the effects of mutant Kras on pancreatic cancer development and progression21–23. While the role of 
MEK1/2 in PDAC development and progression is well established23–25, less is known about the effects of MEK2 
mutation in pancreatic cancer progression. With the use of MEK inhibitors in pancreatic cancer therapy26,27, 
it is likely that cancer cells will acquire MEK mutations. While there is little study about how MEK2 mutants 
affect the structure of MEK2, it has been proposed that mutations at different positions on MEK2 protein could 
affect MEK2 functions28. Presumably, mutations on MEK2 protein could lead to structural changes and charging 
level at the tRNA-interacting interface, resulting in different interaction patterns with tRNA. Our results sug-
gest that depending on the mutation, MEK2 interactions with tRNAs may contribute to cancer progression by 
selectively altering the catalytic activity of the MEK2 protein. These findings increase our understanding of the 
extra-translational roles of tRNA in regulating cellular function.

Methods
Antibodies and Reagents.  Antibodies against MEK2 (catalog no. sc-524) and EF1α​ (catalog no. 28578) 
were purchased from Santa Cruz Biotechnology, and normal rabbit IgG (catalog no. 2729) was from Cell Signaling 
Technology. Anti-FLAG M2 affinity gel (catalog no. A2220) was purchased from Sigma. Anti-DDK magnetic 
beads (catalog no. TA150042) were purchased from OriGene Technologies. FLAG peptide (catalog no. F3290) 
was purchased from Sigma. Lipofectamine 3000 transfection reagent (catalog no. L3000-001) was acquired from 
Life Technologies. MEK1/2 inhibitor U0126 (catalog no. 9903) was purchased from Cell Signaling Technology, 
while the MEK1/2 inhibitor trametinib (catalog no. sc-364639) was obtained from Santa Cruz Biotechnology. 
Dynabeads protein A (catalog no. 10002D) were purchased from Life Technologies. Cell lysis reagent (catalog 

Figure 4.  Effect on catalytic activity of the different MEK2 mutants by tRNA. (A) In vitro kinase dot blot 
assays using wild-type MEK2 were performed with MBP protein or ERK2 as substrate, in the presence of 
human tRNA or human total RNA (0.2 μ​g/μ​l). Kinase assay without MEK2 protein was used as background 
control. (B) MEK2 kinase activity was quantified, and normalized to the activity of wild-type MEK2 in the 
presence of human total RNA. Kinase assays were performed in triplicate, and error bars represent standard 
deviations from these replicates. *​*​indicates P <​ 0.05. (C) Wild-type MEK2 or MEK2 mutants (Q60P, P128Q, 
S154F and E207K) were used in the kinase dot blot assays using MBP peptide as substrate, in the presence or 
absence of human tRNA. (D) MEK2 kinase activity was quantified, and normalized relative to the activity of 
wild-type MEK2 in the absence of tRNA. Kinase assays were performed in quadruplicate or triplicate, and error 
bars represent standard deviations from these replicates. Representative dots of kinase assays are shown.  
*​*​indicates P <​ 0.05 relative to kinase activity without RNA, ns indicates no significant difference.
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no. C2978) for mammalian cells was from Sigma. Human total tRNA (catalog no. BH401) was purchased from 
Bio S&T Inc, or gel purified from HEK293T cells. Human total RNA was isolated from HEK293T cells. Inactive 
human ERK2 (catalog no. 14-536) was obtained from EMD Millipore. Myelin basic protein (catalog no. 13-104) 
was purchased from Millipore and myelin basic protein derived peptide (catalog no. sc-3011) was from Santa 
Cruz Biotechnology. P81 phosphocellulose squares (catalog no. 20-134) were obtained from Whatman.

CLIP-Chip in tumorigenic and non-tumorigenic pancreatic cells.  The interaction between tRNA 
and MEK2 protein in pancreatic cancer cells was examined using the established and widely used CLIP-Chip 
method that identifies the interaction between RNA and proteins through covalent bond formation upon UV 
irradiation6. Pancreatic cancer cell lines (CD18, AsPC-1 and Panc-1 cells) and non-tumorigenic pancreatic cancer 
cell line HPNE were obtained from American Type Culture Collection (ATCC). Cells grown in 15 cm plates were 
maintained in DMEM containing 10% FBS and antibiotics (100 U/mL penicillin and 100 μ​g/mL streptomycin). 
Cells were treated with DMSO (vehicle control) or 10 μ​M of the MEK1/2 inhibitor U0126 for 4 h followed by UV 
crosslinking. Cells at 80% confluency were UV irradiated twice with 400 mJ/cm2 at 254 nm. Crosslinked cells 

Figure 5.  Functional consequences of P128Q MEK2 mutation. (A) P128Q MEK2 mutant was affinity 
purified for in vitro kinase assay with or without tRNA in the presence or absence of MEK2 inhibitor 
trametinib (inh). Wild type MEK2 was included as controls. (B) MEK2 kinase activity was quantified, and 
normalized relative to the kinase activity in the absence of tRNA and trametinib inhibitor. Kinase assays were 
performed in quadruplicate, and error bars represent standard deviations. *​*​indicates P <​ 0.05 relative to 
kinase activity without RNA. (C) CD18 cells were transfected with the plasmids of GFP, wild-type MEK, and 
MEK (P128Q) mutant. The cells were then grown in 3D collagen CD18 cells and treated with EGF (20 ng/ml) 
for 3 days to induce invasion. The collagen gels were fixed in formalin, embedded in paraffin and sectioned. 
The collagenolytic paths generated by invading cells were quantified and relative invasion in 3D collagen was 
determined. *​*​indicates P <​ 0.05 relative to WT MEK2, ns indicates no significant difference. (D) CD18 cells 
were transfected with 0.5 μ​g plasmid of MEK (P128Q) and co-transfected with tRNA (1.25 μ​g). The cells were 
then grown in 3D collagen, treated with EGF and the relative invasion in 3D collagen was analyzed. The results 
are representative of three independent experiments. The y-axis of the graphs in (C,D) are normalized to each 
parallel performed experimental series (A. U. =​ arbitrary units).
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were lysed followed by immunoprecipitation with Dynabeads protein A beads using 8 μ​g MEK2 antibody. EF1α​ 
antibody and normal IgG were used as positive and negative control, respectively. After immunoprecipitation, 
RNA-protein complexes were digested with proteinase K and antibody-bound RNAs were recovered from the 
beads. The RNA was 3′​ 32P labeled with T4 RNA ligase 1 and analyzed on 10% denaturing PAGE with yeast 
tRNAPhe as size control. To further analyze MEK2-binding tRNA species, the corresponding tRNA-sized bands 
were cut out of the gel for tRNA microarray hybridization. tRNA microarray preparation, hybridization, and data 
analysis were performed according to methods described previously4,10. Microarrays were performed with at least 
two replicates for each experiment.

Site-directed mutagenesis of MEK2 mutants.  Four diseased-derived genetic mutations 
of MEK2 (Q60P, P128Q, S154F, and E207K) were chosen from published literatures7–9. The template 
pCMV6-MEK2-Myc-DDK (NCBI reference sequence: NP_109587.1, Origene) was used to generate MEK2 
mutations using a site-directed mutagenesis kit according to the manufacturer’s description (Agilent). Briefly, 
50 ng of template DNA with was reacted with 100 ng/ml of primer pairs for PCR as following temperature: 95 °C 
for 30 sec, 55 °C for 1 min, 68 °C for 6 min and 15 seconds during 12 cycles. Amplicons were digested with Dpn I 
(New England Biolabs) digestion for E. coli transformation. Mutations on MEK2 were validated by sequencing 
and used for further analysis. Oligonucleotide primers for MEK2 mutations are:

Q 6 0 P,  f o r w a r d :  C C T T T C T C A C C C C G A A A A G C C A A G G T C  a n d  r e v e r s e : 
GACCTTGGCTTTCGGGGTGAGAAAGG;

S154F, forward: GAACACATGGACGGCGGCTTTCTGGACCAGGTGCTGAAAG and reverse: 
CTTTCAGCACCTGGTCCAGAAAGCCGCCGTCCATGTGTTC;

P 1 2 8 Q ,  f o r w a r d :  G A A T G C A A C T C G C A G T A C A T C G T G G G C  a n d  r e v e r s e : 
GCCCACGATGTACTGCGAGTTGCATTC;

E 2 0 7 K ,  f o r w a r d :  G T G A A C T C TA G A G G G A A G AT C A A G C T G T G T G  a n d  r e v e r s e : 
CACACAGCTTGATCTTCCCTCTAGAGTTCAC.

Interactions of tRNA with MEK2 mutants in cells.  30 μ​g flag-tagged DNA encoding wild-type or 
mutant MEK2 was transfected into HEK293T cells in 15 cm plates using Lipofectamine 3000 (Invitrogen). Empty 
plasmid flag-pCMV5 was also transfected as the control. Expression level of transfected MEK2 plasmids was 
checked with Western blot using anti-flag antibody. For CLIP-Chip experiment, cells overexpressing different 
MEK2 proteins for 48 h were UV crosslinked followed by immunoprecipitation using 50 μ​l anti-DDK magnetic 
beads. RNA-protein complex was treated as above to isolate MEK2-binding RNAs. The tRNA-sized bands were 
cut out of the denaturing PAGE gel for tRNA microarray analysis. Individual MEK2-binding tRNA species was 
analyzed and heat maps were plotted to show the relative abundance of specific tRNA species.

Expression and purification of wild type and mutant MEK2 proteins.  HEK293T cells were trans-
fected with 30 μ​g flag-tagged DNA encoding MEK2 using Lipofectamine 3000 and incubated for 48 h. Cells were 
lysed in mammalian cell lysis reagent including fresh Protease Inhibitor Cocktails. Cell lysates were centrifuged 
and the supernatant was used for protein purification with anti-FLAG M2 affinity gel as previously described29. 
Individual flag-tagged MEK2 proteins were eluted with FLAG peptide after stringent washes. The FLAG peptide 
was removed by Amicon filter of 10 kDa. Protein concentration was measured by Bradford method (Bio-Rad) and 
protein purity was checked by SDS-PAGE with Coomassie staining.

In vitro kinase activity of wild-type and mutant MEK2.  Kinase assay of MEK2 protein consisted of 
phosphorylation of ERK2 substrate by MEK212–14. To demonstrate the effect of tRNA on MEK2 activity, 500 ng 
of MEK2 protein was pre-incubated with inactive ERK2 (0.4 μ​g/μ​l) in kinase buffer (5 mM HEPES, 3 mM 
β​-glycerophosphate, 5 mM MgCl2, 2 mM EGTA, 1 mM EDTA, 0.05 mM DTT) in the presence of human tRNA 
or human total RNA (0.2 μ​g/μ​l). The reactions were initiated with the addition of 50 μ​M ATP, reactions were 
incubated at 30 °C for 60 min. Activated mixture was then incubated with myelin basic protein or myelin basic 
protein-derived peptide (0.2 μ​g/μ​l), which is the substrate of ERK2. The reactions were further initiated with the 
addition of 50 μ​M non-radioactive and [γ​-32P]ATP, reactions were incubated at 30 °C for another 60 min. The 
reaction mixture was spotted onto P81 paper followed by stringent washes with 0.75% phosphoric acid. The P81 
papers were exposed to phosphorimagering and quantified using the phosphorimager software. To confirm the 
effect of tRNA on MEK2 activity, we also performed kinase assays by using inactive ERK2 as direct substrate of 
MEK2. In the case of using MEK2 inhibitor trametinib or U01267,30,31, wild type and mutant MEK2 (P128Q) were 
tested for kinase activity in kinase buffer with or without inhibitor (10 μ​M), in the presence or absence of yeast 
tRNA (2 μ​g/μ​l).

Three-dimensional collagen invasion assay.  To show MEK2-driven cell invasion in pancreatic cells, 
CD18-MT cells were transfected with GFP, wild type MEK and mutant MEK (P128Q). The cells were then grown 
in 3D collagen CD18 cells and treated with EGF (20 ng/ml) for 3 days to induce invasion. The collagen gels were 
fixed in formalin, embedded in paraffin and sectioned in Pathology Core Facility at Northwestern University. The 
collagenolytic paths generated by invading cells were quantified and relative invasion in 3D collagen was deter-
mined as previously described18. We did not perform this assay with a translational inhibitor such as cyclohex-
imide since it decreases migration and invasion32, thus would confound our ability to evaluate the role of tRNA 
in regulating invasion in 3D collagen.

Statistical analysis.  Data in all assays are expressed as Mean ±​ S.D. of independent replicates, and data 
between groups were compared by Student’s t test using SPSS16.0 software. Error bars represent standard devia-
tion. The P value of <​0.05 was considered to be a significant difference.
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tRNA microarray layout.  The microarray platform has been deposited in the National Center for 
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database under accession number 
GPL9428.
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