Award Number:
W81XWH-10-1-1029

TITLE: Regulation of c-Myc mRNA by L1l in Response to
UV and Gamma Irradiation

PRINCIPAL INVESTIGATOR:
Mu-Shui Dai, M.D., Ph.D.

CONTRACTING ORGANIZATION:
Oregon Health & Science University,Portland
Oregon 97239

REPORT

DATE:
December 2014

TYPE OF
REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.



REPORT DOCUMENTATION PAGE oM N o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED (From - To)

1 Dec 2014 Final 20 Sept 2010-19 Sept 2014
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Regulation of c-Myc mRNA by L1l in Response to UV and

Gamma Irradiation 5b. GRANT NUMBER

W81XWH-10-1-1029

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Mu-Shui Dai, M.D., Ph.D.

5e. TASK NUMBER

daim@ohsu.edu 5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Oregon Health & Science University NUMBER

3181 SW Sam Jackson Park Road
Portland, OR 97239

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research

And Material Command

Fort Detrick, 11. SPONSOR/MONITOR’S REPORT
Maryland 21702-5012 NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

During the funding period, we first discovered that L1l recruits miR-24-loaded miRISC to
the c-myc mRNA 3’-UTR to induce c-myc mRNA decay in response to ribosomal stress. We then
found that L11 also suppress c-myc expression in response to UV irradiation-induced DNA
damage by recruiting miR-130a-miRISC to the c-myc mRNA 3’'-UTR, thereby destabilizing c-myc
mMRNA. We showed that miR-130a directly targets c-myc mRNA. Overexpression of miR-130a reduced
the levels of c-myc mRNA whereas inhibiting miR-130a drastically induced the levels of c-myc
mMRNA. Overexpression of miR-130a increased the association of Ago2/miRISC with c-myc mRNA.
Interestingly, UV treatment enhances the association of L11l, Ago2 as well as miR-130a with
the c-myc mRNA. Inhibiting miR-130a significantly suppresses UV-mediated c-Myc reduction.
Together, our results reveal a novel reqgulatory paradigm wherein L1l plays a key role in
controlling c-myc mRNA turnover in response to stress via targeting c-myc mRNAby miR-24 and
miR-130a. Our results also imply that miR-130a and miR-24 may possesses a tumor suppressor
function through down regulating c-Myc.

15. SUBJECT TERMS
Ribosomal protein, L11l, c-Myc, DNA damage, microRNA

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
U OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE uu 19b. TELEPHONE NUMBER (inciude area

u u U 37 code)




INtrodUCEION. . uiieereiiiairrrrnnnnnnes

KeyWords «vvveeieerrernernenannannnss

Overall Project Summary............

Key Research Accomplishments.

CONCIUSION iviriiinnneiiinnnssrannnnnees

Table of Contents

Publications, Abstract, and Presentations and List of Personnel
Receiving Pay from the Research Effort viiviiiieiieiesiecieinensiicinciirenscnnsnnnenes

Inventions, Patents and Licenses

Reportable outcomes.................

Other AchievementsS......ccvvvvinnees

(R UE] =T = o1 =

PN o] o= g Yo FToX == S

Page



1. INTRODUCTION

The c-Myc oncoprotein is deregulated in many human cancers. Thus, proper control of c-Myc level and
activity is essential for normal cell growth and proliferation. We have previously identified that ribosomal
protein L11 suppresses c-Myc transactivation activity > and reduces c-myc mRNA levels °. Interestingly, c-
myc mRNA is markedly reduced in response to ribosomal stress and L11 plays a novel and key role in
mediating this ribosomal stress-induced c-myc mRNA turnover 4 Interestingly, c-Myc is also down-regulated
in cells following DNA damage, such as those induced by ultraviolet (UV) and y-irradiation (IR). The purpose
of this proposal is to examine whether and how L11 is involved in the regulation of c-Myc in response to DNA
damage. Specifically, the goal of this study was to determine whether L11 regulates c-myc mRNA levels and
stability by recruiting miRNAs in response to DNA damage as well as its underlying mechanisms. Results
from these experiments would demonstrate an important function of L11 in regulating c-myc mRNA in
response to DNA damage, offer useful information for developing anti-tumor drugs that target c-myc mRNA in
cancers, and have a significant impact on the understanding of c-Myc-induced tumorigenesis.

2. Keywords
c-Myc;
Ribosomal proteins;
Ribosomal stress;
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3. Overall project summary

During the funding period, we have made two important findings. First, we found that L11 recruits
microRNA (miRNA)-24 (miR-24) loaded RNA interference silencing complex (miRISC) to suppress c-myc
MRNA expression. L11 binds to the c-myc mRNA at its 3’-untranslated region (3’-UTR). Overexpression of
L11 suppresses the expression of luciferase mMRNA and activity, whereas knockdown of L11 increases these
levels and activity, in cells transfected with luciferase reporter containing the c-myc 3’-UTR (pGL3-myc
3’UTR), but not the control pGL3 vector. We further confirmed that L11 binds to the miRISC component
Ago2 and miR-24. Knockdown of L11 rescued the c-myc mRNA reduction mediated by either overexpression
of miR-24 or knockdown of Ago2, suggesting that L11 recruits miR-24/miRISC to repress c-Myc.
Interestingly, ribosomal stress induced by perturbation of ribosomal biogenesis

results in a significant c-myc mRNA reduction in a L11-dependent manner in | MR-16 miR-103

2 . L miR-1248 miR-130a (+/-)
cells. L11 binding to c-myc mRNA, miR-24, and Ago2 was significantly |mir3o4s() | miR1285(+/-)
increased following ribosomal stress. Together, our data identify a novel |miR-191 mMiR-1181 (-)

. . .. . - miR-548d-3p (-) | miR-320a
regulatory paradigm wherein L11 plays a critical role in controlling c-myc | mir-1972 (+/-)" | hsa-mir-24

MRNA turnover via recruiting miRISC in response to ribosomal stress, thus m:gii‘l m:xg;‘ 0
ensuing a tight coordination between the levels and activity of c-Myc and

ribosomal biogenesis. This work has been published in Mol Cell Biol (2011)*,  Figure 1. L11-associated miRNAs
. . . . . identified by RNA-IP-RNAseq.
In addition, we purified L11-associated-miRNAs from 293 cells using 293 cells transfected with Flag-L11
deep sequencing and initial results identified that L11 associates with a number were subjected to affinity
of novel miRNAs, including miR-130a and miR-24 (Figure 1). We also tested  purification of L11-RNA complex

an array of miRNAs possessing tumor suppressor functions for L11 binding followed by RNAseq.
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and found that L11 bound strongly to miR-130a and to a less extent to miR-16, but not other tested miRNAs
(Fig. 14 in the attached paper: Li Y, et al, Oncotarget, 2015 5). Our subsequent study revealed that L11
recruits miR-130a to c-myc mRNA to suppress c-Myc expression in response to UV-mediated DNA damage.
We showed that miR-130a directly targets c-myc 3’-UTR. Overexpression of miR-130a promotes the Ago2
binding to c-myc mRNA, significantly reduces the levels of both c-Myc protein and mRNA and inhibits cell
proliferation, whereas inhibiting miR-130a significantly increases c-Myc levels. UV treatment markedly
promotes the binding of L11 to miR-130a, c-myc mRNA as well as Ago2 in cells. Importantly, inhibiting miR-
130a significantly suppresses UV-mediated c-Myc reduction. We further show that L11 is relocalized from the
nucleolus to the cytoplasm where it associates with c-myc mRNA upon UV treatment. Together, these results
reveal a novel mechanism underlying c-Myc down-regulation in response to UV-mediated DNA damage,
wherein L11 promotes miR-130a-loaded miRISC to target c-myc mRNA. This work was accepted for

publication in Oncotarget (Li Y, et al, 201 5)5 and the proof is attached in this final progress report.

Specifically relating to the statement of Work (SOW) of this award, following points are addressed:

Aim 1. To determine if L11 regulates c-myc mRNA in response to UV and y-IR.
We have found that c-myc mRNA is reduced in cells treated with UV and the y-IR mimicking agent NCS
(neocarzinostatin) (Fig. 2 and Figs. 5B and 5D in the

attached paper: Li Y, et al Oncotarget, 2015 5). This 1.0 1 Figure 2. c-myc
reduction requires L11 as knockdown of L11 abolished X 08 mRNA is fefiﬁced by_
UV-mediated reduction of the c-myc mRNA (Figs. 5G & o6 lt\rlegg‘llfggsltcegj o
and 55H in the attached paper: Li Y, et al, Oncotarget, 30.4 | treated with UVC
2015 7), suggesting that L11 plays an important role in & (40J) or NCS (05
regulating c-myc levels in response to DNA damage. © %2 ug/ml) were subjected
Thus, this aim has been completed. 0.0 - to RT-qPCR.

Ctl UV NCS
Aim 2. To examine if L11 recruits miRNA(s) to the 3’UTR of c-myc mRNA in response to UV and y-IR.
We have found that UV damage enhances L11 association with c-myc mRNA [task 2(1)] (Fig. 64 in Li ¥,
et al, Oncotarget, 2015 5). To further characterize the role of L11 in c-Myc regulation in response to DNA
damage, we have performed experiments covered in tasks 2(2)-2(4). We focus on miR-130a instead of the

proposed miR-145 or let-7, as miR-130a associates with L.11. We have shown that overexpression of miR-
130a mimics significantly reduced the levels of c-Myc protein and c-myc mRNA i U20S cells and human

normal fibroblast WI38 cells (Figs. 2A and 2B in i Y, ef al, Oncotarget, 2015 5). Consistently, inhibition of
miR-130a using RNA inhibitor significantly increased the levels of c-Myc protein and c-myc mRNA (Figs. 2C
and 2D in Li Y, et al, Oncotarget, 2015 ). We also showed that overexpression of miR-130a significantly
reduced the luciferase activity in cells transfected with pGL3-myc 3’UTR, but not the control pGL3, reporter
(Fig. 3A in Li Y, et al, Oncotarget, 2015 5), which requires the mir-130a binding site at the c-myc 3’-UTR (Fig.
3D in Li Y, et al, Oncotareet, 2015 5). Also, overexpression of miR-130a significantly increased the binding of
Ago2 to the c-myc, but not GAPDH, mRNA (Figs. 3E and 3F in Li Y, et al, Oncotarget, 2015 5). Altogether,

these data indicate that miR-130a directly targets the c-myc mRNA to regulate the levels of c-Myc. We further
show that UV irradiation significantly increased the association of .11 with miR-130a [zasks 2(2)] (Fig. 6F in

Li Y, et al, Oncotareet, 2015 5) and inhibiting miR-130a significantly abolished UV-mediated c-myc reduction
[tasks 2(3)] (Figs. 61 and 6] in Li Y, et al, Oncotarget, 2015 5). These results was summarized in the paper (Li
Y, et al, Oncotarget, 201 5)5. In addition, our RNA-IP-RNAseq assays from 293 cells stably expressed Flag-
L11 using anti-Flag antibody (fask 2(5)) showed that miR-130a 1s one of the L11-associated miRNAs (Above
Fig. 1 and Fig. 1A 1n Li Y, et al, Oncotarget, 2015 5). Therefore, we have also completed this aim 2.

Aim3. To elucidate the mechanism underlying L11 regulation of c-myc mRNA in response to UV and y-
IR.
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c-Myc promotes cell growth by enhancing ribosomal biogenesis and translation. Deregulated expression of
c-Myc and aberrant ribosomal biogenesis and translation contribute to tumorigenesis. Thus, a fine coordina-
tion between c-Myc and ribosomal biogenesis is vital for normal cell homeostasis. Here, we show that ribosomal
protein L11 regulates c-myc mRNA turnover. L11 binds to c-myc mRNA at its 3’ untranslated region (3'-UTR),
the core component of microRNA-induced silencing complex (miRISC) argonaute 2 (Ago2), as well as miR-24,
leading to c-myc mRNA reduction. Knockdown of L11 drastically increases the levels and stability of c-myc
mRNA. Ablation of Ago2 abrogated the L11-mediated reduction of c-myc mRNA, whereas knockdown of L11
rescued miR-24-mediated c-myc mRNA decay. Interestingly, treatment of cells with the ribosomal stress-
inducing agent actinomycin D or 5-fluorouracil significantly decreased the c-myc mRNA levels in an L11- and
Ago2-dependent manner. Both treatments enhanced the association of L11 with Ago2, miR-24, and c-myc mRNA.
We further show that ribosome-free L11 binds to c-myc mRNA in the cytoplasm and that this binding is enhanced
by actinomycin D treatment. Together, our results identify a novel regulatory paradigm wherein L11 plays a critical

role in controlling c-myc mRNA turnover via recruiting miRISC in response to ribosomal stress.

The c-myc proto-oncogene product c-Myc regulates expres-
sion of a large number of genes involved in the control of cell
growth, proliferation, apoptosis, differentiation, angiogenesis,
stem cell renewal, and metabolism, as well as ribosomal bio-
genesis and translation (1, 62). However, deregulated overex-
pression of c-Myc occurs in a wide range of human cancers
(43). Transgenic animal studies have clearly shown the onco-
genic potential of c-Myc (45). Thus, the levels and activity of
c-Myc must be precisely regulated in normal cells.

The c-Myc activity seen in promoting cell proliferation and
tumorigenesis is thoroughly integrated with its role in enhanc-
ing ribosomal biogenesis (13, 62). Ribosomal biogenesis is a
multistep cellular process, which includes synthesis of rRNA
and ribosomal proteins (RPs), rRNA processing, and the as-
sembly of the mature ribosome subunits in the nucleolus fol-
lowed by their transport into the cytoplasm (50). This process
requires coordinated transcription catalyzed by all three RNA
polymerases (RNA Pol I, II, and III). c-Myc enhances RNA
Pol I-catalyzed synthesis of rRNA (3, 24, 25) and Pol III-
catalyzed synthesis of 5S rRNA and tRNAs (23). c-Myc also
promotes Pol II-catalyzed transcription of ribosomal proteins and
translation initiation and elongation factors, as well as many nu-
cleolar proteins required for rRNA processing and ribosome sub-
unit assembly and transport (62). Collectively, c-Myc potentiates
ribosomal biogenesis and translation activity.

Accumulating evidence has suggested that enhanced ribosomal
biogenesis and translation contribute to cell transformation (13,

* Corresponding author. Mailing address: Department of Molecular
and Medical Genetics, Oregon Health & Science University, 3181 SW
Sam Jackson Park Road, Portland, OR 97239. Phone: (503) 494-9917.
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54). For example, overexpression of RNA Pol Ill-specific tran-
scription factor Brfl or RNA Pol IlI-transcribed tRNAY®" alone
is sufficient to induce cell transformation and tumorigenicity in
mice (40). Likewise, overexpression of translation initiation fac-
tors such as eukaryotic translation initiation factors 4E (eIF4E)
(53), elFAG (20), and elF3s (66) promotes transformation in
cells. Thus, c-Myc-enhanced ribosomal biogenesis and translation
conceivably contribute to its oncogenic activity and should be
tightly regulated during normal cell homeostasis.

We have previously demonstrated that RP L11 binds to c-Myc
and inhibits the recruitment of the key coactivator TRRAP at
c-Myc target gene promoters, leading to direct inhibition of c-
Myc-driven gene transcription by all the three RNA Pols (12,
17). We have also found that L11 regulates c-Myc levels (12,
15). However, the underlying mechanism is not clear. Interest-
ingly, L11, together with several other RPs, also plays a key
role in transmitting ribosomal stress signals to p53-dependent
cell cycle checkpoints via suppressing MDM2, a major p53
negative regulator (10, 14, 18, 28, 36, 44, 69, 70). Ribosomal
stress, also called nucleolar stress because it is often accompa-
nied by nucleolar disruption (52), is triggered by perturbation
of any of the steps involved in ribosomal biogenesis (68), such
as treatment of cells with a low dose of actinomycin D (Act D)
(4, 14, 18), 5-fluorouracil (5-FU) (57), or mycophenolic acid
(58), expression of the dominant-negative mutant of the Bop1
rRNA processing factor (56), serum starvation or contact in-
hibition (4), genetic disruption of the TIF-IA Pol I transcrip-
tion initiation factor (65), or knockdown of certain ribosomal
proteins (21, 59). In response to ribosomal stress, these RPs,
including L11, are released from the nucleolus or from intact
ribosomes to suppress MDM2 (68). However, whether L11
suppresses c-Myc in response to ribosomal stress is not known.
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MicroRNAs (miRNAs) are evolutionarily conserved small
noncoding RNAs that are ~22 nucleotides (nt) in length and
have emerged as key posttranscriptional regulators of gene
expression (33). The mature miRNA is incorporated into an
RNA-induced silencing complex (RISC) called miRNA-induced
silencing complex (miRISC) and pairs with the 3’ untranslated
region (3'-UTR) of target mRNAs, leading to their transla-
tional inhibition and/or mRNA degradation (33). In this study,
we found that L11 regulates c-myc mRNA stability via a
miRNA-mediated pathway. L11 binds to c-myc mRNA at its
3'-UTR, recruits a miR-24-loaded miRISC to the c-myc mRNA,
and subsequently promotes c-myc mRNA degradation. Inter-
estingly, ribosomal stress induced by treatment of cells with a
low dose of Act D or 5-FU drastically reduced the levels of
c-myc mRNA in an L11- and argonaute 2 (Ago2)-dependent
manner. Both treatments enhance the association of L11 with
Ago2, miR-24, and c-myc mRNA. These results reveal a novel
regulatory paradigm wherein L11 plays a critical role in con-
trolling c-myc mRNA stability in response to ribosomal stress.

MATERIALS AND METHODS

Cell culture, antibodies, plasmids, and reagents. Human lung non-small cell
carcinoma H1299 cells, human osteosarcoma U20S cells, and human embryonic
kidney epithelial 293 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 50 U of penicillin/
ml, and 0.1 mg of streptomycin/ml at 37°C in a 5% CO, humidified atmosphere
(18). Human diploid lung fibroblast WI38 cells were cultured in DMEM sup-
plemented with 15% FBS and MEM nonessential amino acids (Gibco). To
observe the c-Myc regulation by overexpression of L11, cells were transfected
and cultured in DMEM containing 0.2% FBS. Anti-Flag (M2; Sigma), rabbit
polyclonal anti-Ago2 (Millipore), mouse monoclonal anti-Ago2 (Abcam), mouse
monoclonal anti-Myc (9E10; Zymed), and mouse polyclonal anti-Myc (Y69;
Abcam) antibodies were purchased. Rabbit polyclonal anti-L11 (12) and anti-
123 (18) antibodies were previously described. Act D and 5-FU were purchased
from Sigma. The Flag-tagged L11 (Flag-L11) plasmid was previously described
(12). To construct a pGL3-myc3'UTR luciferase reporter, the c-myc 3'-UTR was
amplified from U20S cell mRNA by reverse transcriptase PCR (RT-PCR) with
primers 5'-CGCTCTAGAGGAAAAGTAAGGAAAACGATTCCTTC-3' and
5'-CGCTCTAGATTGGCTCAATGATATATTTGCCAG-3', where the under-
lined sequences represent the Xbal site. The PCR product was then cloned into
pGL3-promoter plasmid (Promega) at the Xbal site and sequenced. The lucif-
erase reporters containing different fragments of c-myc 3'-UTR were cloned by
inserting PCR products into the pGL3-promoter plasmid at the Xbal site.

Transfection, immunoblot, and coimmunoprecipitation analyses. Cells were
transfected with plasmids by the use of TransIT-LT1 reagents following the
manufacturer’s protocol (Mirus Bio Corporation). Cells were harvested at 48 h
posttransfection and lysed in lysis buffer consisting of 50 mM Tris-HCI (pH 8.0),
0.5% Nonidet P-40, 5 mM EDTA, 150 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM dithiothreitol (DTT), 1 pg of pepstatin A/ml, and 1 mM
leupeptin. Equal amounts of cell lysates were used for immunoblot (IB) analysis
as described previously (16). Coimmunoprecipitation (co-IP) was conducted as
described previously (14, 16). Sequential co-IP of L11 and c-Myc was conducted
as described previously (12, 17). RNA was extracted from the immunoprecipi-
tates and subjected to RT-quantitative PCR (RT-qPCR) assays as described
below. For analysis of the RNA dependency of L11-Ago2 interaction (see Fig. 3),
RNase A (200 pg/ml) was added to cell lysates followed by IP.

[**S]methionine pulse-labeling. To examine c-Myc translation upon L11
knockdown, cells were prestarved in methionine-free medium supplemented
with dialyzed 10% FBS for 30 min followed by pulse-labeling with 50 w.Ci of
[**S]methionine/ml for 15 min. Cells were lysed, and the cleared cell lysates were
immunoprecipitated using anti-c-Myc (C33; Santa Cruz Biotechnology) mono-
clonal antibody-conjugated beads. After washing, half of the immunoprecipitate
was separated using a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel. The gel was incubated in Amplify solution (Amersham Bio-
sciences) for 10 min, dried, and exposed to X-ray film. The other half was
subjected to IB using anti-c-Myc (Y69) antibodies. Radiolabeled and total c-Myc
were quantified, and the ratio of radiolabeled to total c-Myc represents the

MoL. CELL. BIOL.

relative translational activity of c-Myc. Equal amounts of total proteins were also
loaded onto an SDS-PAGE gel to examine total 3°S-labeled cellular proteins.

I precipitation of protein-associated RNAs (RNA IP). Immunoprecipi-
tation of RNA-protein complexes was performed as previously described, with
minor modifications (37, 60). Briefly, cells were lysed in polysome lysis buffer
(PLB) (100 mM KCl, 5 mM MgCl,, 10 mM HEPES [pH 7.0], 0.5% Nonidet P-40,
1 mM DTT, 100 U of RNase inhibitor/ml) supplemented with 20 mM EDTA and
protease inhibitors on ice for 20 min followed by centrifugation. The superna-
tants were precleared with protein A-Sepharose beads. The cleared supernatants
were then diluted (1:10 [vol/vol]) in NT2 buffer (50 mM Tris [pH 7.4], 150 mM
NaCl, 1 mM MgCl,, 0.05% Nonidet P-40, 1 mM DTT, 100 U of RNase inhibitor/
ml) supplemented with 20 mM EDTA and protease inhibitors and incubated
with primary antibodies at 4°C for 4 h, followed by incubation of protein A/G
beads for an additional 2 h at 4°C. The beads were washed five times with NT2
buffer supplemented with protease inhibitors. The bead-bound protein-RNA
complexes were then treated with DNase I and proteinase K and eluted twice
with NT2 buffer containing 0.1% SDS. RNAs were extracted from the elution
with phenol-chloroform and ethanol precipitation and subjected to RT-qPCR
assays as described below.

Luciferase reporter assays. Cells were transfected with pCMV—B-galactoside
(B-gal) and luciferase reporter plasmid pGL3, with pGL3-myc3'UTR or its
fragments, together with control or Flag-L11 plasmid, or with scrambled or L11
small interfering RNA (siRNA), as indicated in the figures. Luciferase activity
was determined and normalized by calculating B-gal activity in the same assay as
described previously (12).

RT-qPCR analysis. Total RNA was isolated from cells by the use of TRIzol
reagent (Invitrogen). Reverse transcriptions were performed as described pre-
viously (59). qPCR was performed using an ABI StepOne real-time PCR system
(Applied Biosystems) and SYBR green mix (Bio-Rad) for mRNA expression
determinations as described previously (59). Analysis of expression of mature
miRNAs was performed using a TagMan miRNA assay kit (Applied Biosystems)
following the manufacturer’s protocol. All reactions were carried out in tripli-
cate. Relative gene expression levels were calculated using the ACt method
following the manufacturer’s instructions. The primers for c-myc and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) were previously described (12).
The primers for other genes were 5'-CATCGTTGACCGCCTGAAGT-3' and
5'-GGAGCAAGATGGATTCCAATTC-3" (for luciferase); 5'-TCAACGCGC
AGGACTTCTG-3" and 5'-CAGTGACCGTGGGAATGAAGTT-3' (c-fos); 5'-
GCAAAGATGGAAACGACCTTCT-3" and 5'-GCTCTCGGACGGGAGGA
A-3' (cjun); 5'-GCCTGCGACATCTGTGGAA-3" and 5'-CGCAAGTGGATC
TTGGTATGC-3" (egrl); 5'-AGGCCTTGGAACTCAAGGAT-3' and 5'-TGA
GTCAGGCCCTTCTGTCT-3' (p53); 5'-ATGAATCCCCCCCTTCCAT-3’ and
5'-CAGGAAGCCAATTCTCACGAA-3' (mdm?2); and 5'-GCCTTGAGGAAG
GATTGGTA-3" and 5'-TCGACAATCAGGGACATCAT-3' (mdmx).

RNA interference (RNAi) and miRNA overexpression. The 21-nt siRNA du-
plexes with a 3’ dTdT overhang were synthesized by Dharmacon Inc. (Lafayette,
CO). The target sequences for L11 and control scramble IT RNA were previously
described (12). L11 siRNA-1 was used in all the experiments except where
indicated. The target sequence for Ago2 was 5'-GCACGGAAGUCCAUCUGAA-
3'. The miR-24 mimics and control cel-miR-67 were purchased from Dharmacon
Inc. These siRNA duplexes (100 nM) and miRNA mimics (25 to 50 nM) were
introduced into cells by the use of SilentFect lipid reagent (Bio-Rad) following the
manufacturer’s protocol. The cells were analyzed 48 h after transfection.

Cell fractionations. To isolate the cytoplasmic and nuclear fractions, cells were
resuspended in hypotonic buffer A (10 mM HEPES [pH 7.9], 10 mM KClI, 1.5
mM MgCl,, 0.5 mM DTT) in the presence of protease inhibitors. Cell mem-
branes were then broken using a Dounce homogenizer (tight pestle) and 10
up-and-down strokes. After centrifugation, the supernatant was collected as the
cytoplasmic fraction and supplemented with a 0.1 volume of 10X buffer B (0.3 M
Tris-HCI [pH 7.9], 1.4 M KCl, 30 mM MgCl,). The nuclear pellets were washed
with buffer A and then resuspended in buffer C (20 mM HEPES [pH 7.9], 420
mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl,, 0.5 mM DTT, 25% glycerol) in the
presence of protease inhibitors and sonicated. The nuclear fraction (superna-
tant) was collected by centrifugation.

For isolation of the nucleolus fraction, the nuclear pellets were resuspended in
buffer S1 containing 0.25 M sucrose and 10 mM MgCl,, layered over buffer S2
containing 0.35 M sucrose and 0.5 mM MgCl,, and centrifuged at 1,430 X g for
10 min at 4°C. The pelleted nuclei were resuspended in buffer S2 followed by
sonication. The sonicated nuclei were then layered over buffer S3 containing 0.88
M sucrose and 0.5 mM MgCl, and centrifuged at 3,000 X g for 10 min at 4°C. The
pellet contained purified nucleoli, and the supernatant represented the nucleo-
plasm (2, 4).
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FIG. 1. L11 regulates c-myc mRNA levels and stability. (A) Knockdown of L11 increases the levels of c-myc mRNA and c-Myc protein. U20S
cells were transfected with scrambled (Scr) siRNA or one of two L11 siRNAs (L11si-1 or L11si-2). The cells were assayed for expression of c-myc
mRNA by the use of RT-qPCR and of c-Myc protein by the use of IB assays. (B) Knockdown of L11 stabilizes c-myc mRNA. U20S cells
transfected with scrambled or L11 siRNA were treated with 2 uM Act D. The cells were harvested at the indicated time points and assayed for
relative levels of c-myc mRNA normalized to the expression of GAPDH mRNA by the use of RT-qPCR assays. The average c-myc mRNA half-life
value is shown. *, P < 0.01 compared to #,,, of c-myc mRNA in scrambled-RNA transfected cells. (C) Knockdown of L11 does not affect c-myc
mRNA translation. U20S cells transfected with scrambled or L11 siRNA were pulse-labeled with [*3S]methionine. Equal amounts of cell lysates were
immunoprecipitated with anti-c-Myc (C33) antibody-conjugated beads followed by autography (top right panel) and IB with anti-c-Myc antibody (Y69)
(middle right panel). The total lysates were also loaded on an SDS-PAGE gel followed by autography (left panel). The relative translation efficiency of
c-myc mRNA was calculated based on the ratio of radiolabeled to total immunoprecipitated c-Myc protein and is plotted in the bottom right panel.
(D) Overexpression of L11 reduces the levels of c-myc mRNA and c-Myc protein. U20S cells transfected with control or Flag-L11 vector were assayed
for expression of c-myc mRNA by the use of RT-qPCR and of protein by the use of IB assays. (E and F) Knockdown of L11 increases the levels of c-myc
mRNA and c-Myc protein in 293 and WI38 cells. 293 (E) and WI38 (F) cells were transfected with scrambled or L11 siRNA. The cells were assayed for
expression of c-myc mRNA by the use of RT-qPCR and of c-Myc protein by the use of IB assays.

Ribosome fractionation. For separation of ribosome-free L11 from the total
ribosome volume, cells were lysed in polysome lysis buffer. The extracts were
overlaid on a 20% (wt/vol) sucrose cushion and centrifuged at 150,000 X g for
2 h. The polysome-containing pellet and the nonribosomal supernatant were
collected separately (42) and immunoblotted with anti-L11 antibody. The non-
ribosomal supernatant was also used for RNA IP assays.

down of L11 (top panel of Fig. 1A). This effect was unlikely to
have been an off-target effect, as similar results were observed
when two different siRNAs against L11 were used. To examine
how c-myc mRNA was induced by knockdown of L11, we
determined the half-life (¢,,) of c-myc mRNA. As shown in
Fig. 1B, knockdown of L11 significantly prolonged the half-life

RESULTS

L11 regulates the levels and stability of c-myc mRNA. We
previously showed that L11 directly suppresses c-Myc transac-
tivation activity (12). Interestingly, L11 also regulates c-Myc
levels. Knockdown of L11 drastically increased the levels of
c-Myc protein (12) (bottom panels of Fig. 1A) and c-myc
mRNA (15) in U20S cells. RT-qPCR assays revealed that the
levels of c-myc mRNA were markedly increased upon knock-

of c-myc mRNA, suggesting that knockdown of L11 stabilizes
c-myc mRNA. To examine whether knockdown of L11 affects
c-Myc translation, we performed [**S]methionine pulse-label-
ing assays. Consistent with a previous report (4), transient
knockdown of L11 did not significantly affect global translation
(left panel of Fig. 1C). It also appears that knockdown of L11
did not affect c-Myc translation, as levels of nascent synthe-
sized c-Myc were increased proportionally to total cellular
c-Myc levels (right panels of Fig. 1C). Therefore, we conclude
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that transient knockdown of L11 increases c-Myc levels by
stabilizing c-myc mRNA without affecting c-Myc translation.
Consistently, overexpression of L11 reduced the levels of c-myc
mRNA and protein (Fig. 1D) in U20S cells. Similarly, knock-
down of L11 also increased the levels of c-myc mRNA and
protein in 293 cells (Fig. 1E), human normal fibroblast WI38
cells (Fig. 1F), and H1299 cells (data not shown), suggesting
that the regulation of c-myc mRNA by L11 was not specific to
cell type. Taken together, these results demonstrate that L11
regulates c-myc mRNA turnover.

L11 binds to c-myc at its 3'-UTR. To understand how L11
regulates c-myc mRNA stability, we examined whether L11
physically associates with c-myc mRNA by the use of RNA
immunoprecipitation (IP) assays. Lysates from 293 or U20S
cells transfected with Flag-L11 were immunoprecipitated with
control IgG or anti-Flag antibody, followed by detection of
c-myc mRNA by the use of RT-qPCR assays. As shown in Fig.
2A, c-myc mRNA was specifically detected in anti-Flag but not
control IgG immunoprecipitates from both cell lines, suggest-
ing that L11 binds to c-myc mRNA in cells.

c-myc mRNA turnover is fast and highly regulated in cells,
with a normal half-life of about 15 to 30 min (19) (Fig. 1B).
The c-myc 3'-UTR contains several AU-rich elements (AREs)
and plays an important role in the regulation of c-myc mRNA
turnover (30). Several ARE binding proteins, including AUF1
(67), HuR (32), and tristetraprolin (TTP) (39), have been
found to bind to c-myc AREs and regulate c-myc mRNA sta-
bility. To test whether L11 binds to c-myc mRNA through its
3'-UTR, we generated a luciferase reporter that contained a
c-myc 3’-UTR in the 3’ portion of the luciferase gene (pGL3-
myc3'UTR; Fig. 2E). U20S cells were transfected with Flag-
L11 together with pGL3-myc3’'UTR or control pGL-3 vector.
The cell lysates were immunoprecipitated with anti-Flag anti-
body or control IgG followed by RT-qPCR detection of the
luciferase gene. As shown in Fig. 2B, luciferase mRNA was
specifically coimmunoprecipitated with Flag-L11 in cells trans-
fected with c-myc 3'-UTR-containing but not control luciferase
plasmid. Similar results were also observed in 293 cells (Fig.
2F; see also Fig. 8). These results demonstrate that L11 binds
to the c-myc 3'-UTR in cells.

L11 regulates c-myc mRNA levels through the c-myc 3'-UTR.
Next, we examined whether L11 regulates c-myc mRNA levels
through the c-myc 3'-UTR. 293 cells were transfected with
pGL3 or pGL3-myc3'UTR together with control or Flag-L11
plasmid. The cells were assayed for relative luciferase activity
levels as well as expression of luciferase mRNA by RT-qPCR.
As shown in Fig. 2C, overexpression of L11 specifically sup-
pressed the luciferase activity (top panel) and reduced lucifer-
ase mRNA levels (middle panel) in pGL3-myc3’UTR but not
control pGL3 transfected cells. Similar results were also ob-
served in H1299 cells (data not shown). Conversely, knock-
down of endogenous L11 significantly increased the luciferase
activity and the luciferase mRNA levels in pGL3-myc3'UTR
(compare lane 4 to lane 3) but not control pGL3 (compare
lane 2 to lane 1) transfected U20S cells (Fig. 2D). Together,
these results suggest that L.11 regulates c-myc mRNA levels by
acting on the c-myc 3’-UTR.

To demonstrate the specificity of L11 regulation of c-myc
mRNA through the c-myc 3’-UTR, we constructed a panel of
luciferase reporter plasmids containing overlapping fragments
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of the c-myc 3'-UTR (Fig. 2E) and mapped the L11-binding
site at the c-myc 3’-UTR. 293 cells were transfected with Flag-
L11 together with control pGL-3 and pGL3-myc3"UTR or its
deletion fragments followed by RNA IP using control IgG or
anti-Flag antibodies. As shown in Fig. 2F, Flag-L11 was asso-
ciated specifically with the luciferase mRNA containing the
full-length (FL) c-myc 3'-UTR and the fragment consisting of
nt 309 to 470 (F4) but not other fragments encompassing nt 1
to 360. Furthermore, overexpression of L11 significantly sup-
pressed the luciferase activity in cells transfected with pGL3-
myc3'UTR-F4 but not those transfected with other c-myc 3'-
UTR fragments containing luciferase reporter plasmids (F1,
F2, and F3) (Fig. 2G). These results suggest that L11 regulates
c-myc mRNA through nt 361 to 470 of the c-myc 3'-UTR.

L11-mediated c-myc mRNA reduction requires Ago2.
miRNAs have emerged as key regulators of gene expression by
suppressing translation and/or inducing mRNA decay of target
genes through the 3'-UTR (47, 61). Therefore, we asked whether
L11 regulates c-myc mRNA turnover through a miRNA-medi-
ated pathway. As Ago2 is a core component of miRISC (47,
61) and, consistent with a previous report (32), knockdown of
endogenous Ago2 significantly increased the levels of c-Myc
protein and mRNA (Fig. 3A), we tested whether Ago2 is
involved in L11-mediated c-myc mRNA reduction. We first
asked whether L11 could facilitate the recruitment of Ago2 to
the c-myc mRNA. To this end, we performed RNA IP followed
by RT-qPCR assays and found that overexpression of L11
increased the binding of Ago2 to the c-myc mRNA (Fig. 3B),
whereas knockdown of L11 significantly reduced the Ago2
binding to the c-myc mRNA (Fig. 3C), suggesting that L11
facilitates the recruitment of Ago2 to the c-myc mRNA. Fur-
thermore, knockdown of Ago2 extensively rescued the L11-
mediated reduction of c-Myc protein (compare the ratio of
lane 4 to lane 3 with the ratio of lane 2 to lane 1 in Fig. 3D) and
c-myc mRNA (Fig. 3E) in U20S cells. Together, these results
suggest that L11 decreases c-myc mRNA levels by recruiting
Ago2 to the c-myc mRNA.

L11 associates with Ago2. Given that L11 regulates Ago2
targeting of c-myc mRNA (Fig. 3B and C), we tested whether
L11 physically associates with Ago2. 293 cells were transfected
with control or Flag-L11 followed by co-IP assays using anti-
Flag antibodies. As shown in Fig. 3F, endogenous Ago2 was
specifically coimmunoprecipitated with Flag-L11 in 293 cells.
Similar results were also observed in U20S cells (Fig. 3G) and
H1299 cells (data not shown). Also, endogenous Ago2 and
endogenous L11 were specifically coimmunoprecipitated with
each other using either anti-Ago2 or anti-L11 antibodies, but
not control IgG, in 293 cells (Fig. 3H) and U20S cells (Fig. 31
and data not shown). RNase treatment abolished the interac-
tion between L11 and Ago2 (Fig. 3I). These results suggest
that the interaction between L11 and Ago2 in cells is depen-
dent on the presence of cellular RNA.

L11 recruits miR-24 to target c-myc mRNA. We then asked
whether L11 regulates c-myc mRNA through the activity of
miRNAs. At least four miRNAs, including Let-7 (32), miR-145
(55), miR-24 (34), and miR-34c (7), have been previously
shown to downregulate c-Myc by either repressing c-Myc
translation (let-7 and miR-34c) or reducing c-myc mRNA lev-
els (miR-24 and miR-145). Thus, we examined whether L11
associates with these miRNAs in cells. Lysates from 293 or
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FIG. 2. L11 regulates c-myc by targeting the 3'-UTR of c-myc mRNA. (A) L11 binds to c-myc mRNA. Lysates from 293 (left panel) and U20S
(right panel) cells transfected with Flag-L11 were immunoprecipitated with control mouse IgG or anti-Flag antibody. RNA extracted from the
immunoprecipitates was retrotranscribed and assayed for expression of c-myc mRNA by the use of RT-qPCR assays. (B) L11 binds to the c-myc
3'-UTR. U20S cells transfected with Flag-L11 together with control pGL3 or pGL3-myc3’UTR vector were immunoprecipitated with anti-Flag
or mouse IgG. The immunoprecipitates were assayed for expression of the luciferase mRNA by RT-qPCR assays. (C) L11 reduction of luciferase
mRNA levels and suppression of luciferase activity are dependent on the c-myc 3'-UTR. 293 cells transfected with the indicated plasmids together
with B-gal plasmid were assayed for relative luciferase activity levels normalized to B-gal expression (top panel) and relative luciferase mRNA levels
normalized to GAPDH mRNA by the use of RT-qPCR assays (middle panel). The protein expression results are shown in the bottom panels.
(D) Knockdown of L11 increases the levels of luciferase mRNA and luciferase activity in a manner dependent on the c-myc 3'-UTR. U20S cells
transfected with B-gal and pGL3 or pGL3-myc3'UTR plasmids and siRNAs were assayed for relative luciferase activity levels normalized to 3-gal
expression (top panel) and relative luciferase mRNA levels normalized to GAPDH mRNA by the use of RT-qPCR assays (middle panel). The
protein expression results are shown in the bottom panels. (E) Diagram of the control pGL3, pGL3-myc3'UTR, and pGL3-myc3'UTR fragment
(F1, F2, F3, and F4) vectors. The relative positions of the full-length (FL) c-myc 3’"UTR and its fragments (F1 through F4) are indicated, with the
first nucleotide after the stop codon labeled “1.” The position of the PCR product used to examine expression of the luciferase mRNA is indicated
in the coding region of the luciferase gene. pA indicates a poly(A) tail. (F) L11 binds to the 3’ end of the c-myc 3'-UTR. 293 cells transfected with
Flag-L11 together with control pGL3 or pGL3-myc3’'UTR or its fragments were immunoprecipitated with anti-Flag or mouse IgG. The
immunoprecipitates were assayed for expression of luciferase mRNA by RT-qPCR assays. (G) L11 suppression of luciferase activity is dependent
on the 3’ end of the c-myc 3’-UTR. 293 cells transfected with the indicated plasmids together with a B-gal plasmid were assayed for relative
luciferase activity levels normalized to B-gal expression. The protein expression results are shown in the bottom panels.

U20S cells transfected with Flag-L11 were immunoprecipi-
tated with anti-Flag antibodies or control IgG followed by
RT-qPCR detection of the miRNAs described above. U6
snRNA was used as a control. As shown in Fig. 4A, miR-24,
but not let-7b, miR-34c, and U6 snRNA, was significantly en-
riched in the Flag-L11 immunoprecipitates compared to con-
trol IgG in 293 cells. Similar results were also observed in
U20S cells except that miR-34c was undetectable in the im-
munoprecipitates (Fig. 4B). We were unable to detect miR-145

in the immunoprecipitates from both 293 and U20S cells (data
not shown). These results clearly indicate that L11 specifically
associates with miR-24 but not with other known c-myc target-
ing miRNAs.

Next, we examined the role of miR-24 in L11-mediated c-
myc mRNA decay. Consistent with a previous report (34),
overexpression of miR-24 significantly reduced the levels of
c-Myc protein and mRNA in a dose-dependent manner (Fig.
4C). We then transfected U20S cells with different combina-
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FIG. 3. Mutual dependency of L11 and ago2 in regulating c-myc mRNA. (A) Ago2 regulates c-myc mRNA levels. U20S cells transfected with
scrambled or Ago2 siRNA were assayed for expression of c-Myc protein (bottom panels) and mRNA (top panel). (B) Overexpression of L11
increases association of Ago2 with c-myc mRNA. U20S cells were transfected with control or Flag-L11 plasmid. The cell lysates were immuno-
precipitated with anti-Ago2 antibodies followed by an RT-qPCR assay to determine the levels of c-myc mRNA. The protein expression results are
shown in the bottom panels. (C) Knockdown of L11 reduces the association of Ago2 with c-myc mRNA. Lysates from U20S cells transfected with
scrambled or L11 siRNA were immunoprecipitated with anti-Ago2 antibodies followed by an RT-qPCR assay to determine the levels of c-myc
mRNA. The protein expression results are shown in the bottom panels. (D and E) L11 suppression of c-myc mRNA requires Ago2. U20S cells
transfected with control or Flag-L11 plasmid together with scrambled or Ago2 siRNA were assayed for c-Myc protein expression by immuno-
blotting (IB) (D) and for mRNA expression by RT-qPCR assays (E). The c-Myc bands were quantified and normalized to tubulin. The ratios of
lane 2 to lane 1 and of lane 4 to lane 3 for the results from three independent experiments are indicated in panel D. (F and G) Ectopically expressed
L11 interacts with Ago2. 293 (F) or U20S (G) cells transfected with control or Flag-L11 plasmid were subjected to IP with anti-Flag antibody
followed by IB using anti-Ago2 antibodies. (H) Endogenous L11 interacts with endogenous Ago2. 293 cell lysates were immunoprecipitated with
control mouse IgG or anti-Ago2 (left panels) or rabbit IgG or anti-L11 (right panels) antibody followed by IB detection performed using anti-L11
or anti-Ago2 antibodies. (I) Interaction of L11 with Ago2 requires RNA. U20S cell lysates were immunoprecipitated with control mouse IgG or
anti-Ago2 antibodies in the absence (lanes 2 and 4) or presence (lanes 3 and 5) of RNase followed by IB detection performed using anti-L11 or
anti-Ago2 antibodies.
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FIG. 4. L11 recruits miR-24 to target c-myc mRNA. (A and B) L11 binds to miR-24 in cells. Lysates from 293 (A) or U20S (B) cells transfected
with Flag-L11 plasmid were immunoprecipitated with anti-Flag antibody or control IgG followed by detection of the indicated miRNAs by the use of
RT-qPCR assays. (C) Overexpression of miR-24 decreases c-Myc levels. U20S cells transfected with a control or with different doses of miR-24 mimics
were assayed for the relative levels of expression of miR-24 normalized with U6 snRNA (top panel) and of c-myc mRNA normalized with GAPDH
mRNA (middle panel) by the use of RT-qPCR assays as well as c-Myc protein (bottom panel) by the use of IB. (D and E) Knockdown of L11 attenuates
c-myc downregulation by miR-24. U20S cells transfected with scrambled or L11 siRNA together with control or miR-24 mimics were assayed for c-Myc
protein levels by IB (D) and c-myc mRNA levels by the use of RT-qPCR (E). The ¢-Myc bands were quantified and normalized to tubulin. The ratios
of lane 2 to lane 1 and of lane 4 to lane 3 for the results from three independent experiments are indicated in panel D. (F) Knockdown of L11 attenuates
the miR-24-mediated suppression of luciferase activity. U20S cells were transfected with pGL3-myc3"UTR and B-gal expression plasmids together with
siRNA and/or miRNAs as indicated. The cells were assayed for relative luciferase activity levels normalized to 3-gal expression.

tions of scrambled or L11 siRNA and control (cel-miR-67) or
miR-24 mimics. The cells were analyzed for expression of c-
Myc protein and mRNA. Interestingly, knockdown of L11
drastically rescued the miR-24-mediated reduction of c-Myc
protein levels (compare the ratio of lane 4 to lane 3 with the

ratio of lane 2 to lane 1; Fig. 4D) and c-myc mRNA levels (Fig.
4E). Similarly, knockdown of L11 significantly abolished the
miR-24-mediated reduction of relative luciferase activity in
cells transfected with pGL3-myc3"UTR reporter plasmid (Fig.
4F). These results suggest that L11 plays a critical role in
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FIG. 5. L11 downregulates c-myc mRNA in response to ribosomal stress. (A and B) c-Myc is downregulated by treatment with Act D or 5-FU.
U20S cells were treated with DMSO, Act D (5 nM), or 5-FU (10 pg/ml) for the indicated hours. The cells were assayed for c-Myc protein
expression by IB (A) and c-myc mRNA expression by RT-qPCR (B) assays. (C and D) Knockdown of L11 rescues the downregulation of c-Myc
by treatment with Act D or 5-FU. U20S cells transfected with scrambled or L11 siRNA were treated with DMSO, Act D (5 nM), or 5-FU (10
wg/ml) for 12 h. The cells were assayed for c-Myc protein expression by IB (C) and c-myc mRNA expression by RT-qPCR (D) assays. (E and F)
Knockdown of Ago2 rescues the downregulation of c-Myc by treatment with Act D or 5-FU. U20S cells transfected with scrambled or Ago2 siRNA
were treated with DMSO, Act D (5 nM), or 5-FU (10 pg/ml) for 12 h. The cells were assayed for c-Myc protein expression by IB (E) and c-myc

mRNA expression by RT-qPCR (F) assays.

miR-24-mediated downregulation of c-myc mRNA, supporting
the notion that L11 regulates c-myc mRNA by recruiting miR-
24-loaded miRISC to the c-myc 3’-UTR.

c-myc mRNA is reduced in response to ribosomal stress. To
examine the physiological relevance of the L11 regulation of
c-myc mRNA turnover, we asked whether L11 is involved in
c-myc regulation in cells in response to ribosomal stress, as L11
plays a key role in p53-mediated cell cycle control in response
to such stress (4, 36, 57-59, 69). Ribosomal stress is triggered
following perturbation of ribosomal biogenesis, including inhi-
bition of rRNA synthesis by treatment with a low dose of Act

D (5 nM) (4, 14, 18) and inhibition of rRNA processing by
treatment with 5-FU (57). c-Myc has recently been shown to be
downregulated in response to DNA damage (7, 48). To test
whether c-Myc levels are also downregulated by ribosomal
stress, we treated U20S cells with a low dose of either Act D
or 5-FU followed by the detection of c-Myc expression. As
shown in Fig. 5A, treatment of cells with either Act D or 5-FU
significantly reduced the c-Myc protein levels in a time-depen-
dent manner. This reduction correlates with the reduction of
c-myc mRNA levels (Fig. 5B), suggesting that ribosomal stress
induces c-myc mRNA degradation.
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L11 and Ago2 are required for c-myc mRNA downregulation
in response to ribosomal stress. Next, we asked whether L11 is
involved in c-Myc downregulation in response to ribosomal
stress. U20S cells were transfected with scrambled or L11
siRNA followed by treatment with control dimethyl sulfoxide
(DMSO), Act D, or 5-FU. As shown in Fig. 5C, knockdown of
L11 completely abolished the c-Myc protein reduction caused
by the Act D or 5-FU treatment. Again, this occurred at the
mRNA level, as knockdown of L11 rescued the reduction of
c-myc mRNA levels caused by Act D or 5-FU treatment (Fig.
5D). To evaluate the involvement of miRNA-mediated silenc-
ing in the downregulation of c-myc mRNA by ribosomal stress,
we performed Ago2 knockdown experiments. Indeed, knock-
down of Ago2 significantly rescued the downregulation of c-
Myc protein (Fig. SE) and mRNA (Fig. 5F) levels caused by
treatment with Act D or 5-FU. Thus, L11 and Ago2 are re-
quired for c-myc mRNA downregulation by ribosomal stress.

L11 recruits miR-24-loaded miRISC to c-myc mRNA in re-
sponse to ribosomal stress. As L11 has been previously shown
to dissociate from intact ribosomes into the ribosome-free pool
(free L11) in response to ribosomal stress (4, 57), we reasoned
that free L11 might be able to associate with c-myc mRNA.
Thus, U20S cells treated with Act D, 5-FU, or DMSO were
subjected to RNA IP using anti-L11 antibodies, followed by
RT-qPCR assays. As shown in Fig. 6A, L11 binding to c-myc
mRNA significantly increased in cells treated with Act D or
5-FU compared to the control results, indicating that ribo-
somal stress enhances L11 targeting of c-myc mRNA.

Next, we examined whether L11 recruits miRISC to c-myc
mRNA in response to ribosomal stress. The cell lysates from
U20S cells treated with DMSO, Act D, or 5-FU were immu-
noprecipitated with anti-Ago2 antibodies or control IgG. As
shown in Fig. 6B, treatment of cells with Act D or 5-FU
markedly increased the association of Ago2 with c-myc mRNA.
This increase requires L11, as knockdown of L11 significantly
reduced the binding of Ago2 with c-myc mRNA in cells treated
with Act D or 5-FU (Fig. 6C). To confirm that L11 interacts
with Ago2 under conditions of ribosomal stress, we performed
co-IP assays using anti-Ago2 antibodies. As shown in Fig. 6D,
treatment of cells with Act D or 5-FU significantly increased
the binding of L11 to Ago2. These data demonstrate that L11
recruits Ago2 to c-myc mRNA in response to ribosomal stress.
Lastly, we examined whether L11 recruits miR-24 in response
to ribosomal stress. As shown in Fig. 6E, treatment of cells with
either Act D or 5-FU drastically increased the binding of L11
to miR-24 but not U6 snRNA. In contrast, the total level of
miR-24 was not changed following both treatments (Fig. 6F).
Together, these data strongly suggest that .11 mediates c-myc
mRNA decay by recruiting miR-24-loaded miRISC to c-myc
mRNA in response to ribosomal stress.

L11 associates with c-myc mRNA in the cytoplasm. To test
where L11 associates with c-myc mRNA in cells, we performed
cell fractionation assays. First, 293 cells transfected with pGL3-
myc3'UTR together with control Flag or Flag-L.11 vector were
then fractionated into cytoplasmic and nuclear fractions (right
panel of Fig. 7A). RNA IP was conducted using the cytoplas-
mic and nuclear lysates with control IgG or anti-Flag antibod-
ies followed by detection of luciferase and c-myc mRNAs. As
shown in Fig. 7A, L11 specifically associates with exogenous
luciferase mRNA (left panel) and endogenous c-myc mRNA
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(middle panel) in the cytoplasm but not in the nucleus. Next,
U20S cells treated with DMSO or Act D were fractionated
into cytoplasmic and nuclear lysates (right panel of Fig. 7B)
followed by RNA IP using anti-L11 or control IgG. Again, Act
D treatment significantly increased the association of endoge-
nous L11 with c-myc mRNA in the cytoplasm (left panel, Fig.
7B). Thus, these results indicate that L11 associates with c-myc
mRNA in the cytoplasm and that this association is markedly
increased following ribosomal stress.

Ribosome-free L11 associates with c-myc mRNA. It has been
proposed that L11 is released from the nucleolus and intact
ribosomes to suppress MDM2 in the nucleoplasm, leading to
p53 activation, in response to ribosomal stress (68). To further
observe the L11 localization following ribosomal stress, we
fractionated U20S cells treated with control DMSO or Act D
into cytoplasmic, nuclear, and nucleolar fractions. As shown in
Fig. 7C, the levels of L11 in the nucleolus were reduced
whereas its levels in both the nucleus and the cytoplasm in-
creased in response to Act D treatment. To test whether it is
the ribosome-free 11 that interacts with c-myc mRNA in the
cytoplasm, we performed ribosome fractionation assays using
sucrose centrifugation to isolate free RPs (nonribosomal su-
pernatant) from ribosomes and polysomes (42). Nonribosomal
supernatant isolated from 293 cells transfected with control or
Flag-L11 plasmid was immunoprecipitated with control IgG or
anti-Flag antibodies, followed by detection of c-myc mRNA.
As shown in Fig. 7D, ribosome-free Flag-L11 specifically as-
sociated with c-myc mRNA in cells. Similar experiments were
also conducted in U20S cells treated with DMSO or Act D. As
shown in Fig. 7E, Act D treatment significantly increased the
association of free endogenous L11 with c-myc mRNA in cells
(left panel). Of note, the level of free L11 was increased whereas
that of L11 in the polysome pellet was decreased by Act D treat-
ment (right panels of Fig. 7E). Taken together, these results
suggest that ribosome-free L11 interacts with c-myc mRNA in
cells.

Our RNA IP assays were performed in the presence of
EDTA, which disrupts the 80S ribosomes and polysomes (51),
suggesting that L11 binding to c-myc mRNA is independent of
the translating c-myc mRNA. This notion was further sup-
ported by the results showing that L11 associated with the
c-myc mRNA regardless of the presence or absence of 20 mM
EDTA (Fig. 7F). To further confirm this notion while also
testing whether L11 associates with c-myc mRNA through bind-
ing to translating c-Myc protein in a ribosome—c-myc mRNA
complex, we conducted sequential co-IP followed by RT-qPCR
assays. 293 cells transfected with V5-c-Myc in the presence or
absence of Flag-L11 were subjected to a first co-IP with anti-
Flag antibodies. As shown in Fig. 7G and consistent with our
previous reports (12, 17), c-Myc was coimmunoprecipitated
with Flag-L11 (lane 4). The Flag-L11-associated protein com-
plex was eluted with Flag peptides. The elution was then sub-
jected to a second co-IP using anti-V5 antibodies. The anti-V5
immunoprecipitates (lane 6, Fig. 7G) specifically represent the
c-Myc-associated L11. RNA was extracted from the elution
from the first [P with anti-Flag antibody or control IgG as well
as the immunoprecipitates from the second IP with anti-V5
antibodies or control IgG, followed by detection of c-myc
mRNA by the use of RT-qPCR. As shown in Fig. 7H, c-myc
mRNA was detected only in the immunoprecipitates from the
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FIG. 6. L11 recruits miRISC to c-myc mRNA in response to ribosomal stress. (A) Treatment with Act D or 5-FU increases the binding of L11
to c-myc mRNA. U20S cells were treated with DMSO, Act D (5 nM), or 5-FU (10 pg/ml) for 12 h. The cell lysates were immunoprecipitated with
control IgG or anti-L11 antibodies followed by RT-qPCR detection of c-myc mRNA. (B) Treatment with Act D or 5-FU increases the binding of
Ago2 to c-myc mRNA. U20S cells were treated with DMSO, Act D (5 nM), or 5-FU (10 pg/ml) for 12 h. The cell lysates were immunoprecipitated
with anti-Ago2 antibodies or control IgG followed by RT-qPCR detection of c-myc mRNA. (C) Knockdown of L11 abolishes Ago2 binding to c-myc
mRNA in response to ribosomal stress. U20S cells transfected with scrambled or L11 siRNA were treated with DMSO, Act D (5§ nM), or 5-FU (10
wg/ml) for 12 h. The cell lysates were immunoprecipitated with anti-Ago2 antibodies or control IgG followed by RT-qPCR detection of c-myc mRNA.
The data were normalized to the c-myc mRNA in IP with control IgG. (D) Treatment with Act D or 5-FU increases the binding of L11 to Ago2. U20S
cells were treated with DMSO, Act D (5 nM), or 5-FU (10 pg/ml) for 12 h. The cell lysates were immunoprecipitated with anti-Ago2 antibodies followed
by IB using anti-L11 antibodies. (E) Treatment with Act D or 5-FU increases the association of L11 with miR-24. U20S cells were treated with DMSO,
Act D (5 nM), or 5-FU (10 pg/ml) for 12 h and subjected to IP with anti-L11 or control IgG, followed by RT-qPCR detection of miR-24 and U6 snRNA.
(F) Treatment with Act D or 5-FU does not change the total levels of miR-24 in cells. U20S cells treated with DMSO, Act D (5 nM), or 5-FU (10 pg/ml)
for 12 h were examined for expression of miR-24 normalized to that of U6 snRNA by the use of RT-qPCR assays.

first anti-Flag and not in those from the second anti-V5 IP.
These results clearly demonstrate that L.11 association with

L11 regulation of c-myc mRNA is specific. To determine
whether L11 regulation of c-myc mRNA turnover is a general

c-myc mRNA is independent of its interaction with c-Myc
protein (including nascent synthesized c-Myc protein), further
supporting the notion that L11 association with c-myc mRNA
was not due to ribosome translation of c-myc mRNA. Given all
of these observations, we conclude that free L11 interacts with
c-myc mRNA in the cytoplasm.

effect of all individual RPs, we first examined whether knock-
down of several other RP genes, including 1.23, .26, and L29,
would also affect c-myc mRNA and protein levels. As shown in
Fig. 8A, unlike knockdown of L11, knockdown of L23, L.26, or
L29 did not affect the levels of c-myc mRNA (top panel) and
protein (middle panel) in U20S cells. Consistent with those
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FIG. 7. Ribosome-free L11 associates with c-myc mRNA in the cytoplasm. (A) L11 binds to the c-myc 3'-UTR in the cytoplasm. 293 cells
transfected with pGL3-myc3’'UTR together with control Flag or Flag-L11 vector were fractionated into the cytoplasm (Cyto) and the nucleus (Nuc)
fractions, followed by IP with anti-Flag antibody or mouse IgG. The immunoprecipitates were assayed for expression of luciferase mRNA (left
panel) and c-myc mRNA (middle panel) by the use of RT-qPCR assays. Cellular fractionation was verified by detecting the nuclear SP1 and
cytoplasmic tubulin by the use of IB (right panels). Actin was used as a loading control. (B) Act D treatment enhances the interaction of
endogenous L11 with the c-myc mRNA in the cytoplasm. The cytoplasmic and the nuclear fractions were isolated from U20S cells treated with
DMSO or Act D (5 nM) for 12 h, followed by IP with anti-L11 antibodies or control rabbit IgG. The immunoprecipitates were assayed for
expression of c-myc mRNA by the use of RT-qPCR assays (left panel). Cellular fractionation was verified by IB detection of SP1 and tubulin
proteins (right panels). (C) Treatment with Act D releases L11 from the nucleolus into the nucleoplasm and the cytoplasm. U20S cells treated
with DMSO or Act D (5 nM) for 12 h were subjected to isolation of the cytoplasm (Cyto), nucleoplasm (Np), and the nucleolus (No) fractions,
followed by IB detection of the indicated proteins. Nucleophosmin (B23) and nucleolin (C23) were used as nucleolar markers. (D) Ribosome-free
L11 binds to c-myc mRNA. Nonribosome supernatants containing free RPs were isolated from 293 cells transfected using control or Flag-L11
plasmid and sucrose centrifugation as described in Materials and Methods. The supernatants were immunoprecipitated with anti-Flag antibody or
mouse IgG followed by RT-qPCR detection of c-myc mRNA in the immunoprecipitates. (E) Act D treatment enhances the interaction of free
endogenous L11 with c-myc mRNA. Nonribosome supernatants containing free RPs were isolated from U20S cells treated with DMSO or Act
D (5 nM) for 12 h. The supernatants were immunoprecipitated with anti-L11 antibodies or control IgG followed by RT-qPCR detection of c-myc
mRNA (left panel). The L11 protein was detected using IB (upper right panels). S.E, short exposure; L.E, longer exposure. The rRNAs from
polysome pellets as shown in the lower right panel were revealed by ethidium bromide staining. (F) L11 interacts with c-myc mRNA in the presence
of EDTA. U20S cells transfected with Flag-L.11 were subjected to IP in the absence or presence of 20 mM EDTA. RNA IPs were conducted using
anti-Flag antibody or control IgG followed by RT-qPCR detection of c-myc mRNA. (G) Sequential co-IP of the L11-c-Myc protein complex. 293
cells were transfected with V5-c-Myc in the presence or absence of Flag-L11. The cell lysates were first immunoprecipitated with anti-Flag
antibody. The Flag-L11-associated protein complexes were eluted with Flag peptide. Half of the elution was assayed for V5-c-Myc and
Flag-L11 proteins by the use of IB. The other half was subjected to a second IP using anti-V5 antibody followed by IB detection of V5-c-Myc
and Flag-L11 proteins. (H) Sequential co-IP of the L11-c-myc mRNA complex. 293 cells were transfected with V5-c-Myc in the presence
or absence of Flag-L11. The cell lysates were first immunoprecipitated with anti-Flag antibody or control IgG followed by elution with Flag
peptide. Half of the elution was assayed for c-myc mRNA by the use of RT-qPCR assays. The other half was subjected to a second IP using
anti-V5 antibody or control IgG, followed by RT-qPCR detection of the c-myc mRNA.
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FIG. 8. L11 regulation of c-myc mRNA turnover is specific. (A) Knockdown of L.23, 126, or L29 does not enhance c-Myc levels. U20S cells
transfected with scrambled, L.23, L.26, or L29 siRNA were subjected to detection of c-myc mRNA by the use of RT-qPCR and of c-Myc protein
by the use of IB assays. The results of knockdown of the individual RPs shown in the bottom panels were determined by IB (L11 and L23) or
RT-PCR (L26 and L29). (B) Overexpression of L23, L.26, or L29 does not reduce c-Myc levels. U20S cells transfected with control (Ctl), Flag-1.23,
Flag-1.26, or Flag-L.29 plasmid were subjected to detection of c-myc mRNA by the use of RT-qPCR (top panel) and of c-Myc protein by the use
of IB assays (bottom panels). (C) L23 and L29 do not bind to c-myc mRNA in cells. 293 cells were transfected with control pGL3 or
pGL3-myc3'UTR together with Flag-L.11, Flag-L23, or Flag-L29. The cell lysates were immunoprecipitated with anti-Flag antibody or control IgG,
followed by RT-qPCR detection of luciferase mRNA. (D) Knockdown of L11 does not evoke upregulation of a set of other mRNAs. U20S cells
transfected with scrambled or L11 siRNA were subjected to detection of the indicated mRNAs by the use of RT-qPCR assays.

results, overexpression of these RPs did not reduce the levels
of c-myc mRNA and protein either (Fig. 8B). Also, neither
knockdown nor overexpression of S12 affected the levels of
c-myc mRNA and protein (data not shown). Furthermore,
RNA IPs were performed using anti-Flag antibodies in cells

transfected with Flag-L23 or Flag-L29. As shown in Fig. 8C,
unlike L11, neither L23 nor L29 was associated with c-myc
mRNA in cells. Taken together, these results suggest that L11
downregulation of c-myc mRNA and protein is a specific
rather than a general effect of all individual RPs.
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To test whether L11 regulation of c-myc mRNA is also
specific to c-myc mRNA rather than a general effect on global
mRNA turnover, we examined the levels of a number of other
mRNAs upon L11 knockdown. These included the tumor
suppressor gene p53, oncogenes mdm2 and mdmx, two labile
early-response genes that contain AREs in their 3'-UTR similar
to that in c-myc 3'-UTR, c-fos and c-jun (8, 9, 46), and the
early-response gene egrl. As shown in Fig. 8D, unlike the results
seen with c-myc mRNA, none of these genes were upregulated
upon knockdown of L11. Thus, L11 regulation of c-myc mRNA is
also not a general effect for all cellular transcripts, although we
cannot exclude the possibility that knockdown of L11 might affect
the turnover of some other untested mRNAs.

DISCUSSION

c-Myc promotes cell growth and proliferation by enhancing
ribosomal biogenesis and translation. Deregulated ribosomal
biogenesis and translation contribute to malignant transforma-
tion and conceivably play a key role in c-Myc-driven tumori-
genesis. Our previous studies revealed that ribosomal protein
L11, whose transcription is induced by c-Myc, directly suppresses
c-Myc activity, thus coordinating c-Myc activity with ribosomal
biogenesis. In this study, we found that L11 destabilizes c-myc
mRNA through a novel miRNA-mediated mechanism. Impor-
tantly, L11-mediated c-myc mRNA decay is required for c-Myc
downregulation in response to ribosomal stress.

Exposure of cells to external or intrinsic insults, if not prop-
erly dealt with, can lead to genomic instability. p5S3-dependent
cell cycle checkpoints play a key role in maintaining genomic
instability in response to diverse stressors (63, 64). Recent
studies have shown that deregulated overactivation of c-Myc
induces genomic instability, which could contribute to its on-
cogenic potential (27, 41, 49). For this reason, c-Myc should be
tightly controlled under stress conditions. Indeed, it has re-
cently been shown that c-Myc levels are reduced in cells fol-
lowing DNA damage (6, 7, 48). However, whether and how
c-Myc is regulated in response to ribosomal stress are not
clear. Treatment of cells with a low dose of Act D or 5-FU
suppresses ribosomal biogenesis and causes ribosomal stress,
leading to p53 activation via enhancing RP-MDM2 interaction
(4, 14, 18, 57). Here, we show for the first time that c-Myc is
significantly reduced at mRNA levels following ribosomal
stress mediated by treatment with Act D or 5-FU, implying
that c-Myc downregulation might also be an important cellular
response following ribosomal stress. Failure of that response
might contribute to genomic instability and tumorigenesis.

Accumulating data suggest that miRNAs play a crucial role
in gene regulation in response to stress (35). However, most
studies have focused on the changes in miRNA levels or the
molecular ratio of miRNAs to target mRNAs following stress
(35). Certain RNA-binding proteins (RBPs) can modulate the
function of miRNAs. For example, TTP promotes tumor ne-
crosis factor alpha (TNF-a) mRNA decay caused by miR-16
(29) and HuR facilitates the targeting of c-myc mRNA by let-7
(32). Conversely, dead end 1 (Dnd1) suppresses miRNA access
to target mRNAs (31). However, whether RBPs regulate
miRNA functions in response to stress has not been investi-
gated as fully. Bhattacharyya et al. (5) showed that HuR inter-
acts with cationic amino acid transporter 1 (CAT-1) mRNA
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and relieves its translational repression by miR-122 following
amino acid starvation. Here, we report for the first time that
L11 plays a key role in miR-24-mediated c-myc mRNA decay
in response to ribosomal stress. Treatment of cells with Act D
or 5-FU markedly increased the binding of L11 and Ago2 to
the c-myc mRNA as well as the association of L11 with Ago2
and miR-24 (Fig. 6). L11 is required for the increased binding
of Ago2 to c-myc mRNA following the treatments described
above (Fig. 6C). Knockdown of either L11 or Ago2 abolished
c-myc mRNA reduction in response to the treatments de-
scribed above (Fig. 5). Interestingly, binding of HuR to either
c-myc mRNA or let-7b was not increased in response to treat-
ment with Act D or 5-FU (data not shown). Thus, ribosomal
stress might trigger a specific L11-mediated c-myc mRNA de-
cay pathway involving the miR-24-loaded miRISC.

How L11 recruits miRISC to the c-myc mRNA is currently
not clear. Ago2 is a core component of miRISC (47, 61) and
directly interacts with mature miRNAs. L11 interacts with
Ago2 in cells, but this interaction requires RNA. Thus, it is
likely that by binding to miR-24 and c-myc mRNA, L11 may
act as an accessory factor to facilitate miRISC loading onto
c-myc mRNA or to stabilize the miR-24-loaded miRISC-c-myc
mRNA complex. It is also likely that L11 binding changes the
c-myc 3'-UTR into a conformation that favors its targeting by
miRISC. Another unanswered question is how L11 specifically
associates with miR-24 among the tested miRNAs that target
c-myc mRNA (Fig. 4A and B). miR-24 seems to strongly target
a “seedless” sequence (nt 447 to 468) at the 3’ end of the c-myc
3’-UTR, although it also targets an additional site (nt 255 to 276)
(34). Our mapping results showed that L11 binds to the 3" end of
the c-myc 3'-UTR (Fig. 2E), suggesting that .11 may change the
local 3'-UTR conformation to expose the miR-24 binding region
and facilitate the miR-24 targeting of the c-myc 3’-UTR. Other-
wise, L11-miRNA sequence-specific interactions may contribute
to this specificity. Further studies that aim to identify other L11-
associated miRNAs that target c-myc are planned.

miR-24 has recently been shown to block the G,/S transition
by targeting the cell cycle regulatory network, among the com-
ponents of which c-Myc is one of the key direct targets of
miR-24 (34). Consistent with these results, miR-24 is upregu-
lated during terminal differentiation in diverse cell types.
miR-24 targets c-myc mRNA through binding to several seed-
less 3’-UTR miRNA recognition elements. This miRNA-tar-
get mRNA pairing, though imperfect, could still lead to c-myc
mRNA decay (34). In fact, it has recently been shown that
mRNA degradation contributes to most (>84%) of the miRNA-
mediated gene silencing effect in mammalian cells (26). Our data
support the notion of a role for miR-24 in downregulating c-myc
mRNA levels and negatively regulating cell cycle progression. It
should be interesting to examine whether ribosomal stress can
elicit L11- and miR-24-dependent suppression of other genes in
the cell cycle regulatory network in addition to c-myc.

Our further data revealed that ribosome-free L11 binds to
c-myc mRNA in the cytoplasm. First, cytoplasmic but not nu-
clear L11 bound to c-myc mRNA in cell fractionation assays
(Fig. 7A). Second, free L11 from nonribosome supernatants
bound to c-myc mRNA efficiently in our sucrose centrifugation
assays (Fig. 7D). Third, L11 binds to c-myc mRNA efficiently
when the 80S ribosomes and polysomes are disrupted, as
shown by adding EDTA into cell lysates (Fig. 7F). Further-
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FIG. 9. Schematic model of L11 regulation of c-myc mRNA decay
via miRISC in response to ribosomal stress. Under normal conditions
(top panel), the 40S and 60S mature ribosome subunits are assembled
in the nucleolus and transported into the cytoplasm to mediate trans-
lation of c-myc mRNA. Upon perturbation of ribosomal biogenesis
(ribosomal stress; bottom panel), individual small (RPS) and large
(RPL) ribosomal proteins, including L11, are released from the nu-
cleolus into the nucleoplasm, where L11 binds to c-Myc protein and
suppresses its transactivation activity (not shown), and into the cyto-
plasm, where L11 recruits miR-24-loaded miRISC to the c-myc 3'-
UTR, leading to c-myc mRNA decay.

more, ribosomal stress induces the release of nucleolar L11
into both the cytoplasm and the nucleus (Fig. 7C) and en-
hances the free L11 (Fig. 7E) binding to c-myc mRNA in the
cytoplasm (Fig. 7B). It is therefore likely that ribosome-free
L11 plays a dual role in regulating c-Myc: suppressing c-Myc
transactivation activity in the nucleus (12) and promoting c-
myc mRNA decay by recruiting miRISC to the c-myc 3'-UTR
in the cytoplasm (Fig. 9). These two effects are mutually ex-
clusive, as our sequential RNA-IP assays showed that c-Myc
protein-associated L11 does not bind to c-myc mRNA (Fig.
7H). These results also exclude the possibility that L11 binding
to c-myc mRNA occurs through binding to the nascent trans-
lating c-Myc protein.

Interestingly, the regulation of c-myc mRNA by L11 is spe-
cific to L11, as neither knockdown nor overexpression of other
tested RPs, including L.23, L.26, L29, and S12 (Fig. 8A and B
and data not shown), changed the levels of c-myc mRNA and
protein. Unlike L11, neither L23 nor L29 associated with the
c-myc mRNA (Fig. 8C). Thus, not all individual RPs would
regulate c-myc mRNA. On the other hand, L11 regulation of
c-myc mRNA is also specific to c-myc mRNA and not a general
effect on global mRNA turnover, as knockdown of L11 did not
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affect the levels of several tested mRNAs (Fig. 8D). In partic-
ular, and in similarity to the results seen with c-myc mRNA,
c-fos and c-jun are labile mRNAs that contain AREs in their
3'-UTR (8, 9, 46). However, neither of the mRNAs exhibited
an increased level upon knockdown of L11. Although we can-
not rule out the possibility that other untested RPs may regu-
late c-myc mRNA or that L11 may regulate other untested
mRNAs, our data strongly suggest a key role for L11 in con-
trolling c-Myc levels (and thus activity during normal homeo-
stasis as well as in response to stress).

We have previously shown that L11 suppresses c-Myc-driven
target gene transcription mediated by all three RNA poly-
merases and cell proliferation whereas transient knockdown of
L11 enhances these c-Myc activities (12, 17). Also, knockdown
of L11 attenuates ribosomal stress-induced cell cycle arrest by
preventing p53 activation (4, 16, 57-59). However, prolonged
ablation of L11 would eventually impair ribosomal biogenesis
and cause cell growth arrest. In that case, upregulated c-Myc
could cause replicative stress or some other form of metabolic
stress and lead to cell cycle exit from and/or cell death in the
S phase. Supporting this notion, mutations in the L1/ gene
have been reported in patients with Diamond-blackfan ane-
mia, an inherited cancer-related disease characterized by
defective erythropoiesis and developmental defects (11, 22).
Future studies would aim to test this hypothesis.

In summary, our current observations, together with the
results of previous studies (12, 17), suggest that L11, whose
transcription is induced by c-Myc (12, 38), tightly coordinates
c-Myc activity and levels with ribosomal biogenesis, forming an
elegant feedback regulatory loop. Conceivably, when ribo-
somal biogenesis is overactive following, for example, overex-
pression of oncogenes, including c-Myc, L11 is induced and
may subsequently target c-Myc to maintain normal homeo-
static levels of c-Myc in cells. Together, our data here reveal a
critical role for L11 in controlling c-Myc levels in response to
ribosomal stress. Previous studies have firmly established the
role for L11 in transmitting ribosomal stress to p53 signaling
(68). Thus, L11 acts as a key ribosomal “stress sensor” in
monitoring the integrity of ribosomal biogenesis by activating
both p53 and suppressing c-Myc signals.
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ABSTRACT

The oncoprotein c-Myc is essential for cell growth and proliferation while
its deregulated overexpression is associated with most human cancers. Thus
tightly regulated levels and activity of c-Myc are critical for maintaining normal
cell homeostasis. c-Myc is down-regulated in response to several types of stress,
including UV-induced DNA damage. Yet, mechanism underlying UV-induced c-Myc
reduction is not completely understood. Here we report that L11 promotes miR-130a
targeting of c-myc mRNA to repress c-Myc expression in response to UV irradiation.
miR-130a targets the 3’-untranslated region (UTR) of c-myc mRNA. Overexpression
of miR-130a promotes the Ago2 binding to c-myc mRNA, significantly reduces the
levels of both c-Myc protein and mRNA and inhibits cell proliferation. UV treatment
markedly promotes the binding of L11 to miR-130a, c-myc mRNA as well as Ago2
in cells. Inhibiting miR-130a significantly suppresses UV-mediated c-Myc reduction.
We further show that L11 is relocalized from the nucleolus to the cytoplasm where
it associates with c-myc mRNA upon UV treatment. Together, these results reveal
a novel mechanism underlying c-Myc down-regulation in response to UV-mediated
DNA damage, wherein L11 promotes miR-130a-loaded miRISC to target c-myc mRNA.

translation can be regulated at both the 5’-untranslated
region (UTR) and the 3’-UTR [7, 8]. c-Myc protein
stability is subjected to a multitude of tight posttranslational
regulation via the ubiquitin-dependent proteasome system
[9-11]. Likewise, c-myc mRNA stability is regulated by a
translation-independent mechanism involving an AU-rich
element (ARE) at its 3’-UTR [12, 13] and a translation-
dependent mechanism involving an ~250 nucleotide (nt)
coding region instability determinant (CRD) [14, 15].
Several ARE binding proteins, including AUF1 [16], HuR
[17], and tristetraprolin (TPP) [18] have been found to
bind c-myc ARE and act as c-myc mRNA destabilizing

INTRODUCTION

The c-Myc oncoprotein is essential for normal cell
growth and proliferation by regulating the expression of
a large number of genes involved in cell cycle, apoptosis,
differentiation, angiogenesis, metabolism, ribosomal
biogenesis, and stem cell renewal [1-3]. However,
deregulated overexpression and activation of c-Myc
contribute to a broad range of human cancers [4]. Thus,
c-Myec level and activity must be tightly regulated during
normal homeostasis and turning down c-Myc level and

activity in cancer cells has therapeutic significance.

In normal cells, c-Myc is tightly regulated at multiple
levels [3] and these mechanisms can be disrupted in cancer
cells. c-Myec transcription is transiently activated by growth
factor and mitogenic stimuli and controlled by multiple
promoter elements at the c-myc gene [3, 5, 6]. c-Myc

factors. CRD binding protein (CRD-BP) binds to the
CRD, leading to the protection of c-myc mRNA from
endoribonuclease cleavage within CRD [14, 15]. Finally,
c-myc mRNA stability and/or translation are negatively
regulated by several microRNAs (miRNAs), such as Let-7
[19], miR-145 [20], miR-34c [21], miR-24 [22, 23], and
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miR-185 [24]. Together, c-Myc is precisely regulated to
coordinate with normal cell growth and proliferation.

c-Myc also needs to be tightly controlled under
stress conditions. To overcome cellular stress and
maintain genomic integrity, cells develop mechanisms
to slow down cell cycle progression allowing cells to
recover from the damage or eliminate the cells from
the replicating pool if the damage is irreparable. One
of the key mechanisms is p53-dependent cell cycle
checkpoint that is activated by almost all kinds of stress,
including DNA damage such as ultraviolet (UV) and
v-irradiation, oncogenic and ribosomal stress [25-27]. It
has been shown that c-Myc overactivation can induce
genomic instability [3, 28]. Thus, c-Myc needs to be
tightly controlled in order to coordinate with stalled
cell cycle progression in response to stress. Indeed,
c-Myc protein is reduced by treatment of cells with
UV irradiation [29] and other DNA damaging agents
[30]. However, the mechanisms underlying the c-Myc
down-regulation in response to DNA damage are not
completely understood.

We previously found that ribosomal protein L11
(L11 thereafter) regulates c-Myc levels via miR-24-
mediated c-myc mRNA decay in response to ribosomal
stress [22]. miRNAs are a class of small endogenous
non-coding RNAs controlling the activity of ~50%
of all protein-coding genes in mammals (33). Mature
miRNAs are single stranded RNAs of ~23 nt in length
that negatively regulate gene expression by base pairing
to partially or perfectly complementary sites on the
target mRNA, usually in the 3°-UTR, to affect the
translation and/or mRNA stability [31-33]. miRNAs
play key roles in the regulation of diverse cellular
processes [31]; deregulation of miRNAs is associated
with the development of various human diseases
including cancers [34-36]. L11 was initially found to
be essential for p53 activation in response to ribosomal
stress induced by perturbation of ribosomal biogenesis
[37-39]. Ribosomal stress is often accompanied by the
disruption of the nucleolus, leading to the relocation of
the nucleolar components including ribosomal proteins
into the nucleoplasm [40, 41]. Intriguingly, disruption of
the nucleolus is also a common event in cells following
DNA damage including UV irradiation [42], suggesting
that L11 may play a role in regulating c-Myc via miRISC
in response to DNA damage as well.

In this study, we found that L1l recruits miR-
130a-3p (miR-130a thereafter) to target c-myc mRNA
following UV irradiation. Overexpression of miR-130a
decreases both c-myc mRNA and protein and inhibits cell
proliferation. UV damage induces the release of L11 from
the nucleolus to the cytoplasm where it recruits miR-130a-
associated RNA interference silencing complex (miRISC)
to target c-myc mRNA at its 3’-UTR. Thus our results
uncover a novel function of miR-130a in suppressing
c-Myc in response to DNA damage.

RESULTS

L11 associates with miR-130a

We have previously shown that L11 associates with
miR-24, but not other Myc-targeting miRNAs including
let-7b and miR-34c, to repress c-Myc expression in
response to ribosomal stress [22]. To further elucidate
the role of L11 in the regulation of c-Myc, we sought to
examine whether it could associate with other miRNAs
that negatively regulate cell growth and proliferation. We
performed RNA-IP assays with anti-Flag antibody using
lysates from 293 cells transfected with control or Flag-L11
plasmid. RNAs extracted from the immunoprecipitates
were assayed by RT-qPCR for a panel of miRNAs with
potential tumor suppressor function, including miR-15a,
miR-16, miR-130a, miR-107, miR-200b, and several
let-7 family members including let-7a, let-7¢, let-7f and
miR-98 [35, 43-48]. As shown in Fig. 1A, L11 bound
strongly to miR-130a and to a less extent to miR-16, but
not other tested miRNAs. To verify this L11-miR-130a
association, we performed similar RNA-IP experiments in
cells transfected with Flag-L11 using IgG control. Indeed,
miR-130a was specifically immunoprecipitated by anti-
Flag antibody, but not control IgG, in both 293 (Fig. 1B)
and U20S (Fig. 1C) cells, suggesting that L11 associates
with miR-130a in cells.

miR-130a regulates c-Myc levels

miR-130a has recently been shown to suppress
cancer cell growth and invasion through targeting the
proto-oncogene MET [43] and several components in the
mitogen-activated protein kinase (MAPK) pathway [44].
Therefore, we next examined whether miR-130a regulates
c-Myc levels. As shown in Fig. 2A, overexpression
of miR-130a significantly reduced the levels of both
c-Myc protein and mRNA, compared to the negative
mimic control, in U20S cells. Conversely, suppression
of endogenous miR-130a in U20S cells by transfecting
with miRIDIAN miR-130a hairpin inhibitor increased the
levels of both c-Myc protein and mRNA as compared to
the negative inhibitor control (Fig. 2C). Similar effects
were also observed in primary human fibroblast WI38
cells (Figs. 2B and 2D), suggesting that the inhibition of
c-Myc by miR-130a is not cell type-specific effect.

miR-130a targets c-myc mRNA through the
c-myc 3’-UTR

We next asked whether miR-130a directly targets
c-myc mRNA at its 3°-UTR. 293 cells were co-transfected
with control or miR-130a mimic together with control
pGL3-promoter vector or pGL3-myc 3’UTR, which
contains a full-length c-myc 3’-UTR at the 3* end of
luciferase  mRNA, followed by measuring relative
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Figure 1: L11 associates with miR-130a. (A) Identification of miR-130a as a L11-associated miRNA. 293 cells transfected with
control or Flag-L11 were subjected to RNA-IP using anti-Flag antibody followed by detection of indicated miRNAs using RT-qPCR. The
expression of Flag-L11 is shown in the right panel. (B—C) L11 associates with miR-130a in cells. Lysates from 293 (B) and U20S (C)
cells transfected with Flag-L11 were immunoprecipitated with control mouse IgG or anti-Flag antibody, followed by RT-qPCR detection

of miR-130a.

luciferase activity. As shown in Fig. 3A, overexpression
of miR-130a significantly reduced the luciferase activity
in cells transfected with pGL3-myc-3’UTR, but not the
control pGL3 vector, suggesting that miR-130a targets
c-myc mRNA through its 3’-UTR. We then searched for
the potential miR-130a binding sites at the c-myc 3’-
UTR. Although no conserved seed sequence for miR-
130a binding was noted, analysis using RNA22 program
as described [23], which allows seed mismatches [49],
identifies three putative non-canonical “seedless” miR-
130a binding sites (BS-1, BS-2, and BS-3) in the 5° of
the c-myc 3’-UTR with the miRNA:mRNA free folding
energy cutoff —20 Kcal/mol (Fig. 3B). Therefore, we
tested whether miR-130a targets c-myc mRNA at these
sites using luciferase reporters containing different
fragments of c-myc 3’-UTR (Fig. 3C). As shown in Fig.
3D, overexpression of miR-130a significantly reduced
the luciferase activity in cells expressing pGL3-myc-
3°’UTR-FL or pGL3-myc-3’"UTR-F1 plasmid containing

the three putative miR-130a binding sites, whereas it did
not significantly affect such activity in cells transfected
with other pGL3 reporter containing c-myc 3’-UTR
fragments lacking these sites (F2, F3 or F4) (Fig. 3D).
Further, deletion of the first putative binding sites (BS-1,
nt 21-42) (pGL3-myc-3’"UTRABS1) with folding energy
below the stringent cutoff (—25 Kcal/mol) [49] completely
abolished the inhibition of luciferase activity upon miR-
130a overexpression (Fig. 3D). Together, these results
suggest that miR-130a targets c-myc mRNA through
binding to the BS-1 site. To further confirm the miR-
130a targeting of c-myc mRNA, we performed miR-
130a transfection followed by RNA-IP using anti-Ago2
antibodies. As shown in Figs. 3E and 3F, both miR-
130a and c-myc mRNA, but not U6 or GAPDH mRNA,
were significantly enriched in the anti-Ago2, but not the
control IgG, immunoprecipitates in cells transfected with
miR-130a mimic. Thus, miR-130a directly targets c-myc
mRNA at its 3’-UTR.
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Figure 2: miR-130a regulates c-Myc levels. (A-B) Overexpression of miR-130a decreases c-Myc levels. U20S (A) or WI38 (B)
cells transfected with control or miR-130a mimics were assayed for the relative expression of miR-130a normalized with U6 snRNA
(top panels), c-myc mRNA normalized with GAPDH mRNA (middle panels) by RT-qPCR, and c-Myc protein levels (bottom panels) by
IB. *p < 0.01, compared with control transfected cells. (C—D) Inhibition of miR-130a increases c-Myc levels. U20S (C) or WI38 (D)
cells transfected with control or miR-130a hairpin inhibitors were assayed for the relative expression of c-myc mRNA normalized with
GAPDH mRNA (middle panels) by RT-qPCR and c-Myc protein expression (bottom panels) by IB. *p < 0.01, compared with control

transfected cells.

Overexpression of miR-130a suppresses cell
proliferation

To understand the biological function of miR-130a
inhibition of c-Myc, we examined whether miR-130a
affects cell proliferation. To this end, U20S cells were
transfected with control or miR-130a mimic followed
by cell cycle analysis. As shown in Fig 4A and 4B,
overexpression of miR-130a significantly reduced
the percentage of S phase cells with the concomitant
accumulation of G1 phase cells, indicating the inhibition
of cell cycle progression by miR-130a. BrdU incorporation
assays (Figs. 4C, 4D) also showed significant reduction of
S-phase cells by miR-130a transfection. These data clearly
indicate that miR-130a negatively regulates cell cycle
progression and proliferation.

c-Myc is down-regulated following UV
irradiation dependently on L11

To determine the physiological relevance of the L11-
miR-130a regulation of c-Myc, we asked whether L11
recruits miR-130a to target c-Myc in response to stress.
It has recently been shown that c-Myc protein is reduced
by treatment of cells with UV irradiation [29] and DNA

damaging agents [30], although the underlying mechanism
is not completely understood. In agreement with these
studies, we observed that c-Myc protein is reduced by UV
treatment in U20S cells (Fig. 5SA and 5C). Interestingly,
c-myc mRNA was also significantly reduced by UV
treatment in a dose- and time-dependent manner (Figs.
5B and 5D), indicating that c-Myc is regulated at mRNA
levels as well in response to UV-induced DNA damage.
Also consistent with the previous study (30), UV-mediated
c-Myc reduction was partially rescued by the treatment
with the proteasome inhibitor MG132 (Fig. 5E). Thus,
UV treatment leads to both degradation of existing c-Myc
protein and the reduction of c-myc mRNA. Of note, the
c-Myc reduction is not a general consequence of cellular
response to UV irradiation, as the levels of several other
tested proteins, including HuR, elF4G, and ribosomal
protein L5 (RPLS5), were not decreased following UV
treatment (Fig. 5F).

We have previously shown that the c-myc mRNA
is down-regulated in response to ribosomal stress via the
recruitment of miRISC to c-myc 3’-UTR by L11 [22].
Ribosomal stress is characterized by the disruption of
the nucleolus, resulting in the relocation of the nucleolar
components including ribosomal proteins (e.g. L11) into
the nucleoplasm and the cytoplasm [40, 41]. Intriguingly,
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Figure 3: miR-130a targets c-myc mRNA through its 3’-UTR. (A) Overexpression of miR-130a reduces the activity of luciferase
reporter with c-myc 3°-UTR. 293 cells transfected with control pGL3 or pGL3-myc-3’UTR in the presence of (-gal plasmid together
with control or miR-130a mimic as indicated were assayed for the relative luciferase activity normalized to B-gal expression. *p < 0.01,
compared with cells transfected with pGL3-myc-3’UTR and control miRNA mimic. (B) Three putative miR-130a binding sites (BS-1,
BS-2 and BS-3) in the c-myc 3°-UTR predicted by RNA22 program. (C) Schematic diagram of the pGL3-myc-3"UTR vectors. The first
nucleotide after stop codon is indicated as “1”. (D) miR-130a regulates c-Myc via BS-1. 293 cells transfected with control or miR-130a
mimic together with the indicated pGL3 or pGL3-myc-3’UTR vectors were assayed for the relative luciferase activity normalized to [3-gal
expression. *p < 0.01, compared with cells transfected with control miRNA mimic and corresponding luciferase reporters. (E-F) Ago2
associates with miR-130a at c-myc mRNA. U20S cells transfected with control or miR-130a mimic were subjected to RNA-IP using
control IgG or anti-Ago2 antibody, followed by RT-qPCR detection of c-myc and GAPDH mRNA (E) as well as U6 and miR-130a (F).

disruption of the nucleolus also occurs in cells following transfected with scrambled or L11 siRNA were exposed to
DNA damage, including UV irradiation [42]. Thus, UV irradiation. As shown in Figs. 5G and 5H, knockdown
we tested whether L11 may be involved in c-Myc of L11 partially abolished the reduction of both c-Myc
down-regulation following UV treatment. U20S cells protein (compare the ratio of lane 4 to lane 2 with the
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Figure 4: miR-130a inhibits cell proliferation. (A-B) Overexpression of miR-130a inhibits cell cycle progression. U20S cells were
transfected with control or miR-130a mimic for 48 hours. The cells were trypsinized, stained with PI, and analyzed by flow cytometry. The
histograms of PI staining from one representative experiment indicating the G1 (2N DNA), G2/M (4N DNA) and S (between G1 and G2/M
phases) phases are shown in panel (A). The mean percentages of cells in different cell cycle phases from three independent experiments are
shown in panel (B). *p < 0.05; **p < 0.01, compared with control transfected cells. (C—D) BrdU incorporation assays. U20S cells were
transfected with control or miR-130a mimic as above. At 48 hour post-transfection, the cells were incubated with BrdU for another 10
hours. The cells were fixed and stained with anti-BrdU antibodies (red) and DAPI (blue) (C). The average of BrdU-positive cells is shown

in (D). **p <0.01, compared with control transfected cells.

ratio of lane 3 to lane | in Fig. 5G, p <0.01) and mRNA
(Fig. 5H) caused by UV treatment, indicating that L11
plays a role in c-Myc down-regulation in response to UV
irradiation.

L11 promotes the recruitment of miR-130a to
c-myc mRNA in response to UV treatment

We then examined whether L11 promotes the
recruitment of the miR-130a-loaded miRISC to c-myc
mRNA in response to UV treatment. First, U20S cells
treated with or without UV were subjected to RNA-IP
using control IgG or anti-L11 antibodies, followed by
RT-qPCR assays. As shown in Fig. 6A, L11 binding to
c-myc mRNA was drastically increased in cells treated
with UV compared to the control cells, confirming that UV
treatment promotes the L11 binding to c-myc mRNA. Our

previous study showed that L11 binds to the 3’-end (nt 361
to 470) of the c-myc 3’-UTR [22]. To verify that UV
treatment promotes L11 binding to the c-myc 3°-UTR, we
transfected 293 cells with pGL3, pGL3-myc-3’UTR-FL,
or pGL3-myc-3"UTR-F1 plasmid as diagramed in Fig. 3C
(the F1 fragment contains the miR-130a binding site, but
lacks the L11-binding site), followed by UV treatment. As
shown in Fig. 6B, UV treatment significantly reduced the
luciferase activity in cells expressing pGL3-myc-3"UTR-
FL, but not the control pGL3 or pGL3-myc-3’UTR-F1
plasmid lacking the L11 binding site. Consistently, UV
treatment significantly increased the binding of L11 to the
luciferase mRNA in cells transfected with pGL3-myc 3°-
UTR, but not the control pGL3 or pGL3-myc-3’UTR-F1
(Fig. 6C). These data reveal that UV treatment increases
the L11 binding to the ¢-myc 3’-UTR and inhibits c-Myc
expression.
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Figure 5: L11 is involved in UV-induced c-Myc downregulation. (A-D) UV irradiation decreases c-Myc levels. U20S cells
were exposed to different dosages of UV (A) (B) or 40 J/m? UV for different times (C) (D). The cells were assayed for the expression of
c-Myec protein by IB (A) (C) and c-myc mRNA by RT-qPCR (B) (D). (E) MG132 treatment partially rescued the c-Myc reduction by UV
treatment. U20S cells treated with 40 J/m? UV were cultured in the presence or absence of 40 uM MG132 for 6 hours followed by IB. (F)
UV treatment does not reduce the levels of HuR, eIF4G and ribosomal protein L5 (RPL5). U20S cells were treated with different dosages
of UV for 6 hours and assayed by IB. (G—H) Knockdown of L11 abolished the c-Myc reduction by UV treatment. U20S cells transfected
with scrambled or L11 siRNA were treated with 40 J/m* UV for 6 hours. The cells were subjected to IB detection of c-Myc protein (G) and
RT-qPCR detection of c-myc mRNA (H). *p <0.01, compared to scrambled RNA transfected cells.

To examine whether L11 promotes the recruitment
of miR-130a-loaded miRISC to c-myc mRNA in
response to UV, U20S cells treated with or without
UV were subjected to IP with anti-Ago2, anti-L11
antibodies, or control IgG. As shown in Figs. 6D and
6E, the binding of Ago2 to both ¢-myc mRNA and miR-
130a was markedly increased in the cells treated with
UV compared to the controls. L11 binding to miR-130a
was also drastically increased in cells treated with UV
(Fig. 6F). Interestingly, although L11 recruits miR-24 to
the ¢-myc 3°-UTR in response to ribosomal stress (22),
the binding of L11 and Ago2 to miR-24 following UV
treatment was much less robust compared to that of miR-
130a (Figs. 6E and 6F), suggesting that miR-130a plays
a prevalent role over miR-24 in c-Myc down-regulation
in response to UV irradiation. In addition, co-IP analysis

showed that the interaction between L11 and Ago2 was
increased in both U20S (Fig. 6G) and 293 cells (data not
shown) by UV treatment. This interaction is specific, as
we did not detect the interaction between L11 and the
elF4G, an essential scaffold protein in the translation
initiation elF4E complex that allows ribosome binding
to the 5’-cap of mRNAs during an early step in the
initiation of translation (59) and may also play a role
in miRNA-mediated translation inhibition (60), in
cells either treated with or without UV (Fig. 6H).
Together, these results demonstrate that L11 promotes
the recruitment of miR-130a-loaded miRISC to c-myc
mRNA and down-regulates c-myc mRNA in response to
UV irradiation.

Finally, we found that inhibiting miR-130a by the
miR-130a inhibitor significantly abolished UV-induced
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Figure 6: L11 recruits miR-130a-loaded miRISC to c-myc mRNA in response to UV irradiation. (A) UV treatment increases
the L11 binding to c-myc mRNA. U20S cells treated without or with UV were subjected to RNA-IP using control IgG or anti-L 11 antibodies,
followed by RT-qPCR assays. (B—C) L11 inhibition of c-Myc in response to UV requires its binding to the c-myc 3’-UTR. 293 cells transfected
with pGL3, pGL3-myc 3’-UTR-FL, or pGL3-myc 3’-UTR-F1 were treated with or without UV. The cells were then assayed for the relative
luciferase activity normalized to f-gal expression (B) and subjected to RNA-IP using anti-L11 antibodies, followed by RT-qPCR detection
of the luciferase mRNA. (D) UV treatment increases Ago2 binding to c-myc mRNA. U20S cells treated with or without UV were subjected
to RNA-IP using control IgG or anti-Ago2 antibodies, followed by RT-qPCR detection of ¢-myc mRNA (D). (E-F) UV treatment increases
the binding of L11 and Ago2 to miR-130a, and, to a less extent, to miR-24. U20S cells treated with or without UV were subjected to RNA-
IP using control IgG or anti-Ago2 (E) or anti-L11 (F) antibodies, followed by RT-qPCR detection of miR-130a, miR-24 and the control U6
RNA. (G-H) UV treatment increases the L11 binding to Ago2, but not e[F4G. U20S cells treated with or without UV were subjected to co-IP
with anti-Ago2 (G) and anti-eIF4G (H) antibodies followed by IB. (I-J) Inhibiting miR-130a abolishes c-Myc reduction by UV treatment.
U20S cells transfected with control or miR-130a inhibitor were treated with or without UV. The cells were assayed for the expression of
c-myc mRNA by RT-qPCR (I) and c-Myc protein by IB (J). *p < 0.05, compared the ratio of lane 4 to lane 3 with the ratio of lane 2 to lane 1.
In all above assays, cells were treated with 40 J/m? UV and harvested at 6 hours post-treatment.

reduction of c-Myc mRNA (Fig. 61, compare the ratio these results demonstrate that L11 plays an important
of column 4 to column 3 with the ratio of column 2 to role in c-Myc down-regulation in response to UV
column 1) and protein (Fig. 6], compare the ratio of irradiation by promoting miR-130a-loaded miRISC to
lane 4 to lane 3 with the ratio of lane 2 to lane 1). Thus, c-myc mRNA.
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L11 recruits miR-130a to target c-myc mRNA in
the cytoplasm

To test how L11 targets c-myc mRNA in response
to UV treatment, we examined whether UV treatment
could increase L11 levels in the cytoplasm. U20S cells
treated with or without UV were fractionated into the
cytoplasm, nucleoplasm and nucleolar fractions, followed
by IB. As shown in Fig. 7A, UV treatment significantly
increased the levels of L11 in both the nucleoplasm and
the cytoplasm, whereas the nucleolar L11 was reduced

by UV treatment. This is consistent with previous report
showing that UV damage causes nucleolar disruption [42].
RNA-IP assays using the cytoplasmic and nucleoplasmic
lysates with control or anti-L11 antibodies showed that
UV treatment significantly increased the L11 binding to
both ¢-myc mRNA (Fig. 7B) and miR-130a (Fig. 7C) in
the cytoplasm, but not in the nucleoplasm. These results
indicate that in response to UV damage, L11 is released
form the nucleolus to the cytoplasm where it recruits
miR-130a/miRISC to the c-myc 3’-UTR, leading to c-myc
mRNA decay.

Figure 7: UV irradiation promotes L11 interaction with miR-130a and c-myc mRNA in the cytoplasm. (A) UV treatment
releases L11 from the nucleolus into the nucleoplasm and the cytoplasm. U20S cells treated with or without 40 J/m?> UV for 6 hours were
subjected to isolation of cytoplasm (Cyto), nucleoplasm (Np), and the nucleolus (No) fractions, followed by IB detection of indicated
proteins. Tubulin, SP1, and nucleolin (C23) were used as cytoplasm, nucleoplasm and nucleolar markers, respectively. (B—C) UV treatment
increases L11 binding to miR-130a and c-myc mRNA in the cytoplasm. The cytoplasmic and the nuclear (Nuc) fractions isolated from
U20S cells treated with or without 40 J/m> UV for 6 hours were immunoprecipitated with anti-L11 antibodies or control rabbit IgG,

followed by RT-qPCR detection of c-myc mRNA (B) and miR-130a (C).
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DISCUSSION

Herein, we have identified that miR-130a is a novel
L11-associated miRNA that suppresses c-Myc expression.
Several lines of evidence demonstrate that miR-130a
directly targets c-myc mRNA: (1) Overexpression of miR-
130a reduced the levels of c-Myc protein and mRNA,
whereas inhibiting endogenous miR-130a significantly
increased the levels of c-Myc protein and mRNA (Fig. 2);
(2) miR-130a expression reduced the luciferase reporter
activity in cells transfected with pGL3-c-myc 3°-UTR, but
not the control pGL3 plasmid (Fig. 3A). Further mapping
analysis with pGL3-c-myc 3’-UTR mutants showed
that miR-130a binds to the 5” end BS-1 region (nt 21-
42) in the c-myc 3°-UTR (Fig. 3D); (3) RNA-IP assays
showed that c-myc mRNA was enriched in anti-Ago2
immunoprecipitates when miR-130a is overexpressed in
cells (Fig. 3E). Functionally, we show that overexpression
of miR-130a significantly inhibited cell cycle progression
and suppressed cell proliferation (Fig. 4). These results
indicate that miR-130a can suppress cell proliferation via
targeting c-myc mRNA.

miR-130a has recently emerged as a key miRNA
that inhibits cancer cell proliferation, invasion and
migration by targeting other cellular proteins that
promote cell proliferation or have oncogenic potential.
For example, miR-130a targets MET receptor tyrosine
kinase to suppress lung cancer cell migration and promote
TRAIL-induced apoptosis [43]. miR-130a, jointly with
miR-203 and miR-205, targets several components in the
MAPK and androgen receptor (AR) pathways to induce
apoptosis and cell cycle arrest in prostate carcinoma cells
[44]. miR-130a also targets ATG2B and DICERI1 to inhibit
autophagy and trigger killing of chronic lymphocytic
leukemia cells (50). Consistently, miR-130a has been
shown down-regulated in multiple cancers [43, 44, 50]
and leukemias [51], Together with our observation that
miR-130a directly targets c-Myc, these results reveal that
miR-130a may possess tumor suppressor function.

Interestingly, we found that L1l promotes the
recruitment of miR-130a to c-myc mRNA to suppress
c-Myc expression in response to UV irradiation. UV has
been shown to induce c-Myc protein degradation and it
was thought that c-Myc down-regulation is part of the
global cell response to DNA damage, complementary
to the activation of p53 to stall cell cycle progression,
thereby preventing genomic instability [29]. Our results
here showed that UV also causes c-myc mRNA decay
through an L11- miR-130a-mediated mechanism. UV
treatment significantly increased the binding of L11
and Ago2 to miR-130a and c-myc mRNA as well as the
interaction between L11 and Ago2 (Fig. 6). Knockdown
of L11 (Figs. 5G and 5H) or inhibiting miR-130a (Figs.
61 and 6J) significantly blocked UV treatment-induced
c-Myc reduction. These results reveal that upon UV
treatment, L11 promotes miR-130a-loaded miRISC to

target c-myc mRNA. Our finding is additionally supported
by a recent study showing that UV triggers a cell-cycle-
dependent relocalization of Ago2 into stress granules and
various miRNA-expression changes, which mediate gene
regulation earlier than most transcriptional responses
[52]. Thus, c-Myc down-regulation via miRNA-mediated
mRNA decay is a specific cellular response to UV
irradiation, rather than a general cellular stress outcome.

Our study also suggests that L11 acts as a stress-
induced accessory factor to facilitate Ago2-miR-130a
loading onto c¢c-myc mRNA. Under normal condition,
miR-130a weakly associates with Ago2 and the basal level
of c-myc mRNA targeting by Ago2 is minimal (Fig. 6),
likely due to the lack of significant amount of free L11
or proper modification of L11. Upon UV irradiation,
L11 is relocalized from the nucleolus to the cytoplasm
where it targets miR-130a to c-myc mRNA (Fig. 7). This
is consistent with the notion that UV irradiation disrupts
the nucleolus [42] and thus inducing ribosomal stress.
It is interesting to examine whether posttranslational
modification of L11 may contribute to this process. Of
note, we have previously shown that L11 binds to the 3’-
end of c-myc 3’-UTR [22] whereas miR-130a-binding
site is located at the 5’-end of c-myc 3’-UTR (Fig. 3D),
suggesting that structural accessibility contributes to
this L1l-recruited miR-130a-c-myc mRNA complex.
The 5° BS-1 (nt 21-42) region contains a loop structure
(consistent with the recent finding that single stranded
(loop) sites are more accessible for Ago2 binding and
more likely to be true miRNA targets [53]), that is located
close to the 3’ end in predicted secondary structure of
c-myc 3’-UTR (not shown), suggesting that the secondary
structure of the c-myc 3’-UTR is accessible to the L11-
miR-130a-Ago2 complex. Alternatively, L11 binding
may change the c-myc 3’UTR conformation, allowing the
targeting by miR-130a/miRISC. Nevertheless, our results
strongly suggest that upon UV irradiation, L11 recruits
miR-130a-loaded miRISC to target c-myc 3’-UTR, leading
to c-myc mRNA decay, demonstrating a novel mechanism
underlying c-Myc downregulation in response to UV-
induced DNA damage.

EXPERIMENTAL PROCEDURES

Cell culture and UV irradiation

Human embryonic kidney epithelial 293 cells
and human osteosarcoma U20S cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS),
50 U/ml penicillin and 0.1 mg/ml streptomycin at 37°C
in a 5% CO, humidified atmosphere. Human diploid
lung fibroblast WI38 cells were cultured in DMEM
supplemented with 15% FBS and MEM nonessential
amino acids (Gibco) [22, 54]. Cells were irradiated with
UV-C at 50%—70% confluency in the absence of medium
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without the lid as described previously [55]. After UV
irradiation, the medium was added to the plates.

Plasmids and antibodies

The Flag-tagged LI11 (Flag-L11) and pGL3-
myc 3’UTR luciferase reporter plasmids were
described previously [22], except that the mutant with
the deletion of the BS-1 (pGL3-myc-3’UTRABSI)
was constructed by PCR using pGL3-myc 3’UTR
plasmid as a template. The primers used are: 5'-
CGCTCTAGAGGAAAAGTAAGGAAAACGATAGCAA
TCACCTATGAACTTG-3' (forward) and 5'-CGCTCTAGA
TTGGCTCAATGATATATTTGCCA G-3' (reverse). The
PCR product was then cloned into pGL3-promoter plasmid
(Promega) at the Xba I site and sequenced. Anti-Flag (M2;
Sigma), rabbit polyclonal anti-Ago2 (Millipore), mouse
monoclonal anti-Ago2 (Abcam), and mouse polyclonal
anti-Myc (Y69; Abcam) antibodies were purchased.
Rabbit polyclonal anti-L11 antibodies were previously
described [56].

Transfection, immunoblot, and
co-immunoprecipitation analyses

Cells were transfected with plasmids using
TransIT-LT1 (Mirus Bio Corporation, for U20S cells),
TransFectin (Bio-Rad, for 293 cells), or Lipofectamine®
2000 (Invitrogen, for WI38 cells) reagents following the
manufacturers’ protocols. Cells were harvested at 48 hours
posttransfection and lysed in lysis buffer consisting of
50 mM Tris-HCI (pH 8.0), 0.5% Nonidet P-40, 1 mM
EDTA, 150 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM dithiothreitol (DTT), 1 pug/ml
pepstatin A, and 1 mM leupeptin. Equal amounts of
cell lysates were used for immunoblot (IB) analysis
as described previously (54). Co-immunoprecipitation
(co-IP) was conducted as described previously [22, 54].

Immunoprecipitation of protein-associated
RNAs (RNAIP)

Immunoprecipitation of RNA-protein complexes
was performed as described [22]. Briefly, cells were lysed
in polysome lysis buffer (100 mM KCI, 5 mM MgCl,
10 mM HEPES [pH 7.0], 0.5% Nonidet P-40, 1 mM DTT,
100 U/ml RNase inhibitor) supplemented with 20 mM
EDTA and protease inhibitors on ice for 20 minutes. After
centrifugation, the supernatants were pre-cleared with
protein A-Sepharose beads and then diluted (1:10 [vol/
vol]) in NT2 buffer (50 mM Tris [pH 7.4], 150 mM NacCl,
1 mM MgCl,, 0.05% Nonidet P-40, 1 mM DTT, 100 U/ml
of RNase inhibitor) supplemented with 20 mM EDTA and
protease inhibitors and incubated with primary antibodies
at 4°C for 4 hours, followed by incubation with protein A/G
beads for an additional 2 hours. The beads were washed
five times with NT2 buffer supplemented with protease

inhibitors. The bead-bound protein-RNA complexes were
then treated with DNase I and proteinase K and eluted
twice with NT2 buffer containing 0.1% SDS. RNAs were
extracted from the elution with phenol-chloroform and
ethanol precipitation and subjected to RT-qPCR assays.

Luciferase reporter assays

Cells were transfected with pCMV-B-galactoside
(B-gal) and luciferase reporter plasmid pGL3, pGL3-myc-
3’UTR or its mutants, together with control or miR-130a
mimic. Luciferase activity was determined and normalized
by calculating B-gal activity as described previously [22].

RT-qPCR analysis

Total RNA was isolated from cells using TRIzol
reagent (Invitrogen) or Qiagen miRNeasy mini Kit
(Qiagen, Valencia, CA). Reverse transcriptions were
performed as described [22, 57]. qPCR was performed
using an ABI StepOne real-time PCR system (Applied
Biosystems) and iTaqTM Universal SYBR Green
Supermix (Bio-Rad) for mRNA expression determinations
as described previously [22, 57]. Analysis of mature
miRNAs expression was performed using a TagMan
miRNA assay kit (Applied Biosystems) following
the manufacturer’s protocol [22]. All reactions were
carried out in triplicate. Relative gene expression levels
were calculated using the ACt method following the
manufacturer’s instructions. The primers for c-Myc,
luciferase and GAPDH were previously described [22].

RNA interference (RNAi) and miRNA
transfection

The 21-nt siRNA duplexes with a 3’ dTdT overhang
were synthesized by Dharmacon Inc. (Lafayette, CO).
The target sequences for L11 and control scramble II
RNA were previously described [22]. The miRIDIAN
miR-130a mimic, negative control cel-miR-67 mimic,
miRIDIAN miR-130a hairpin inhibitor and miRIDIAN
microRNA inhibitor negative control were purchased
from Dharmacon Inc. These siRNA duplexes (100 nM)
and miRNA mimics/inhibitors (25 to 50 nM) were
introduced into cells using SilentFect lipid reagent (Bio-
Rad) following the manufacturer’s protocol. The cells
were analyzed 48 hours after transfection.

Cell cycle analysis

Cells were harvested, washed with PBS buffer and
stained with propidium iodide (PI; Sigma) staining buffer
(50 pg/ml PI, 200 pg/ml RNase A, and 0.1% Triton X-100
in PBS) at 37°C for 30 min. The cells were measured for
DNA content using a Becton Dickinson FACScan flow
cytometer. Data were analyzed using FlowJo software
program.
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Bromodeoxyuridine (BrdU) incorporation assay

BrdU incorporation assays were conducted as
described previously [56, 58]. Briefly, cells were labeled
with 10 uM BrdU for 10 hours and then fixed with 95%
ethanol and 5% acetic acid and treated with 2M HCI
containing 1% Triton X-100. The cells were stained
with monoclonal anti-BrdU antibody (Roche), followed
by staining with Alexa Fluor 546 (red) goat anti-mouse
antibodies and 4°, 6’-diamidino-2-phenylindole (DAPI).
Stained cells were imaged in five randomly selected fields
with an EVOS fluorescence microscopy. The BrdU-positive
cells were counted and quantified using the ImageJ software.

Cell fractionations

Cytoplasmic and nuclear fractions were isolated
from cells as previously described [22]. To isolate
nucleolar fraction, the nuclear pellets were resuspended in
buffer S1 containing 0.25 M sucrose and 10 mM MgCL,
layered over buffer S2 containing 0.35 M sucrose and
0.5 mM MgCl,, and centrifuged at 1,430g for 10 min at
4°C. The pelleted nuclei were resuspended in buffer S2
followed by sonication. The sonicated nuclei were then
layered over buffer S3 containing 0.88 M sucrose and
0.5 mM MgCl, and centrifuged at 3,000g for 10 min
at 4°C. The pellet contained purified nucleoli, and the
supernatant represented the nucleoplasm [22].

Statistical analysis

All the statistical differences were analyzed by
Student’s z-test. p < 0.05 was considered statistically
significant.
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