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Ribosomal Protein L11 Associates with c-Myc at 5 S rRNA and
tRNA Genes and Regulates Their Expression®
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The c-Myc oncoprotein promotes cell growth by enhancing
ribosomal biogenesis. Overexpression of c-Myc and aberrant
ribosomal biogenesis lead to deregulated cell growth and
tumorigenesis. Hence, c-Myc activity and ribosomal biogenesis
must be tightly coordinated during normal homeostasis. We
previously found that ribosomal protein L11 inhibits c-Myc
activity by blocking the recruitment of its co-activator transfor-
mation/transcription domain-associated protein (TRRAP) to
the promoter regions of c-Myc target genes that are transcribed
by RNA polymerases I and II. In this study, we extended the role
of L11 to the regulation of c-Myc-driven transcription of the 5 S
rRNA and tRNA genes by RNA polymerase III. L11 co-resided
with c-Myc at the 5 S rRNA and tRNA genes and significantly
inhibited the binding of TRRAP to these genes. Knocking down
endogenous L11 enhanced c-Myc-dependent transcription of
these genes. Interestingly, in response to ribosomal stress
induced by the treatment of cells with a low dose of actinomycin
D or serum starvation, L11 binding to these genes was increased,
and inversely TRRAP binding to these genes was decreased.
Consistently, knockdown of L11 rescued the reduction of the
expression of these genes by the two treatments. These results
demonstrate that L11 suppresses c-Myc-dependent and RNA
polymerase III-catalyzed transcription of 5 S rRNA and tRNA
genes in response to ribosomal stress, ensuring a tight coordi-
nation between c-Myc activity and ribosomal biogenesis.

The c-Myc oncoprotein is a critical transcription factor that
is essential for cell growth, proliferation, and development. It
regulates the expression of numerous genes involved in cell
cycle, apoptosis, differentiation, angiogenesis, metabolism,
stem cell renewal, and neoplastic transformation (1, 2). How-
ever, deregulated overexpression of c-Myc contributes to
~70% of human cancers (3). Constitutive or induced expres-
sion of the c-myc transgene leads to neoplastic and malignant
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phenotypes in mice (4-7). Thus, it is essential to maintain the
proper physiological level and activity of c-Myc during normal
cell homeostasis.

One of the important functions of c-Myc is to regulate ribo-
somal biogenesis (8). Ribosomal biogenesis is a tightly regulated
cellular process that requires coordinated transcription medi-
ated by all three RNA polymerases (Pols)® in order to ensure
efficient and accurate production of ribosomes. c-Myc
enhances the transcription of many ribosomal biogenesis-re-
lated genes catalyzed by RNA Pol II, such as those encoding
ribosome assembly proteins, translation initiation and elonga-
tion factors, and ribosomal proteins (9-12). c-Myc also
enhances RNA Pol I-catalyzed rRNA synthesis (13-15) and
RNA Pol IlI-mediated 5 S and tRNA transcription (16).
Although these are essential functions for c-Myc in regulating
cell growth and proliferation, overuse of them would convert
this transcriptional factor into an oncogenic factor and favor
tumor growth. Indeed, deregulation of c-Myc activity as men-
tioned above and/or of ribosomal biogenesis has been highly
associated with tumorigenesis (17).

In our previous attempt to understand the coordination
between ribosomal biogenesis and c-Myc activity, we revealed
that ribosomal protein L11 acts as a novel c-Myc inhibitor via a
feedback mechanism (18). L11 binds to c-Myc at Myc box 11, a
critical region required for all known c-Myc functions. This
binding leads to inhibition of the recruitment of the TRRAP
co-activator and subsequent reduction of histone acetylation at
promoters of c-Myc target genes, including RNA Pol II-tran-
scribed nucleolin, E2F2, eIF4E, and RNA Pol I-transcribed pre-
rRNA genes (18). Consequently, L11 suppresses the expression
of these genes. However, it remains unclear whether the inhib-
itoryeffectofL11 onc-Mycactivityisubiquitously truetoc-Myc-
dependent gene transcription catalyzed by all three RNA Pols,
because the promoter organizations for RNA Pol I and II target
genes are different from those for RNA Pol III target genes, such
as 5 S rRNA and tRNA genes.

Interestingly, regardless of the difference in their target pro-
moter architectures, mechanisms underlying c-Myc-mediated
transcription by all RNA Pols appear to be similar. For instance,
similar to the case of c-Myc-induced transcription by RNA Pol
I and II, the TRRAP co-activator is also required for c-Myc-

3 The abbreviations used are: Pol, polymerase; Act D, actinomycin D; IB,immu-
noblot; IP, immunoprecipitation; ChIP, chromatin immunoprecipitation;
RT, reverse transcription; qPCR, quantitative PCR; siRNA, small interfering
RNA; TRRAP, transformation/transcription domain-associated protein.
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mediated transcription by RNA Pol III of the 5 S rRNA and
tRNA genes, and c-Myc can bind to these genes and promote
the association of TRRAP with them, although no typical E-box
elements specific for c-Myc-binding were identified in the pro-
moters of these genes (19). Because the 5 S rRNA and tRNA
genes are essential for ribosomal biogenesis and translation, the
expression of these genes must also be tightly regulated for
normal cell growth. Otherwise, overexpression of RNA Pol I1I-
specific transcription factor, Brfl, results in highly specific ele-
vation of tRNA and 5 S rRNA expression and oncogenic trans-
formation in cells (20). Strikingly, overexpression of the RNA
Pol IlI-transcribed tRNAM® alone is sufficient to drive cell pro-
liferation and induce tumors in mice (20). This study suggests
that deregulated overexpression of Pol III activity may contrib-
ute to tumorigenesis too.

To further consolidate the role of L11 in regulating c-Myc-
specific transcriptional activity, we have carried out a series of
experiments to test whether L11 also regulates c-Myc-depen-
dent transcription of class III genes by RNA Pol III. Indeed, our
study as presented here shows that L11 can inhibit c-Myc-de-
pendent transcription of the 5 S rRNA and tRNA genes. L11
bound to c-Myc at the 5 S rRNA and tRNA genes, and this
binding leads to reduction of TRRAP association with these
genes. Knockdown of endogenous L11 significantly enhanced
c-Myc-mediated transcription of these genes. Interestingly,
L11 reduction of TRRAP association with these genes was
responsive to ribosomal stress (also called nucleolar stress)
induced by the treatment of cells with either a low dose of acti-
nomycin D (Act D) or serum starvation. This reduction was
alleviated by knockdown of endogenous L11. Taken together,
these results not only validate a general role for L11 in regulat-
ing c-Myc transcriptional activity but also demonstrate that
L11-mediated negative regulation of c-Myc is responsive to
ribosomal stress. This L11-c-Myc feedback regulation may
contribute to a tight coordination between c-Myc activity and
ribosomal biogenesis.

MATERIALS AND METHODS

Cell Lines, Plasmids, and Antibodies—Human lung non-
small cell adenocarcinoma H1299 cells and human osteosar-
coma U20S cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 50
units/ml penicillin, and 0.1 mg/ml streptomycin at 37 °Cina 5%
CO, humidified atmosphere as described previously (21).
pD40-His/V5-c-Myc, FLAG-tagged L11 (FLAG-L11), FLAG-
TRRAP, and Myc-tagged L11 plasmids have been described
previously (18). Anti-FLAG M2 (Sigma), anti-V5 (Invitrogen),
polyclonal anti-c-Myc (N262, Santa Cruz Biotechnology, Inc.),
monoclonal anti-c-Myc (9E10, Zymed Laboratories Inc.), and
anti-TRRAP (sc-5405, Santa Cruz Biotechnology, Inc.) anti-
bodies were purchased. Rabbit polyclonal anti-L11 was gener-
ated as described (22).

Cotransfection, Immunoblot (IB), and Co-immunoprecipita-
tion (co-1P) Analyses—Cells were transfected with plasmids as
indicated in the figure legends using TransIT®-LT1 reagents
following the manufacturer’s protocol (Mirus Bio Corp.). The
cells were harvested at 48 h posttransfection and lysed in lysis
buffer consisting of 50 mm Tris/HCl (pH 8.0), 0.5% Nonidet
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P-40, 1 mm EDTA, 150 mm NaCl, 1 mm phenylmethylsulfonyl
fluoride, 1 mm dithiothreitol, 0.25 wg/ml pepstatin A, and 1 mm
leupeptin. Co-IP and IB analyses were performed as described
(23).

Reverse Transcription and Quantitative Real-time PCR Anal-
ysis (RT-qPCR)—Total RNA was isolated from cells using Qia-
gen RNeasy minikits (Qiagen). Reverse transcriptions were per-
formed using iScript reagents (Bio-Rad) following the
manufacturer’s protocol. Quantitative PCR was performed on
an ABI StepOne real-time PCR system (Applied Biosystems)
using SYBR Green mix (Bio-Rad) as described previously (18).
All reactions were carried out in triplicate. Relative gene
expression was calculated using the ACT method following the
manufacturer’s instructions. The primers used were as follows:
5'-GATTCCACCCATGGCAAATTC-3' and 5'-AGCATCG-
CCCCACTTGATT-3’ (glyceraldehyde-3-phosphate dehydro-
genase); 5'-GGCCATACCACCCTGAACGC-3" and 5'-CAG-
CACCCGGTATTCCCAGG-3' (5 S rRNA); 5'-CCTTCGAT-
AGCTCAGCTGGTAGAGCGGAGG-3' and 5'-CGGAATC-
GGAACCAGCGACCTAAGGATGTCC-3' (tRNA™™); 5'-
GTCAGGATGGCCGAGTGGTCTAAG-3' and 5 -CCACG-
CCTCCATACGGAGAACCAGAAGACCC-3' (tRNA™Y).

RNA Interference—The 21-nucleotide siRNA duplexes with a
3'-dTdT overhang were synthesized by Dharmacon (Lafayette,
CO). The target sequences were 5'-GGTGCGGGAGTAT-
GAGTTA-3' for L11, 5'-CAGAAATGTCCTGAGCAAT-3’
for c-myc, and 5'-AAGTTCCTGAGGAACATGCGC-3' for
L29 as described (18). The scrambled II RNA duplex was used
as a control (23). Transfection of siRNA was performed as pre-
viously described using siLentFect™ Lipid (Bio-Rad) following
the manufacturer’s protocol (23). The cells were harvested at
48 h post transfection for IB and RT-qPCR assays.

Chromatin Immunoprecipitation (ChIP)-qPCR—ChIP anal-
ysis was performed as described (18) using anti-c-Myc (N262),
anti-L11, or anti-TRRAP antibodies. Immunoprecipitated
DNA fragments were analyzed by qPCR amplification. The
primers were 5'-ACGGCCATACCACCCTGAA-3' and 5'-
GCCAAAGAAAAAGCCTACAGCA-3’ (for 5 S rRNA); 5'-
AGGACAACGGGGACAGTAAG-3' and 5'-TCCACCAGA-
AAAACTCCAGCC-3' (for tRNA™"); 5'-GCGGAAAGTCC-
AGTGATCCA-3" and 5'-GGAATCGAACCAGCGACC-
TAAG-3’ (for tRNA™"); and 5'-CTTGGCTGATCCATCT-
GCCT-3’" and 5'-TCCCATATCCTCGTCCGACT-3" (for
ARPPO). For detection of co-occupancy of both c-Myc and L11
in promoters, H1299 cells were transfected with V5-c-Myc
alone or together with FLAG-L11. After cross-linking and son-
ication, the cell lysates were immunoprecipitated with anti-
FLAG antibodies. The immunoprecipitated FLAG-L11 pro-
tein-DNA complexes were eluted with 0.1 mg/ml FLAG
peptide (Sigma) using methods as described (23). Eluates were
then immunoprecipitated with anti-V5 antibody followed by
DNA purification and qPCR amplification as described above.

RESULTS

Ablation of Endogenous L11 Enhances c-Myc-dependent
Transcription of 5 S rRNA and tRNA Genes—It has been shown
that c-Myc directly binds to 5 S rRNA and tRNA genes and
enhances their transcription catalyzed by RNA Pol III (16, 19).
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FIGURE 1. Endogenous L11 regulates c-Myc-mediated transcription of
the 5 S rRNA and tRNA genes. A, knockdown of endogenous L11 increases
the level of endogenous c-Myc. U20S cells were transfected with siRNAs as
indicted followed by IB analysis using antibodies as indicated.
B, knockdown of endogenous L11 enhances c-Myc dependent transcription
ofthe 5 S rRNA, tRNA™", and tRNA™" genes. U20S cells were transfected with
siRNAs as indicated, followed by RT-qPCR assays to determine the relative
expression of the 5 S rRNA, tRNA™", and tRNA"®" genes compared with that of
glyceraldehyde-3-phosphate dehydrogenase mRNA. Error bars indicate
mean * S.D.
Because we recently showed that L11 inhibits c-Myc-depen-
dent transcription of pre-rRNA, nucleolin, E2F2, and elF4E
genes, which are transcribed by RNA Pol I and II, respectively
(18), we wanted to determine whether L11 plays a ubiquitous
role in regulating c-Myc-mediated transcription of all three
classes of genes by further testing if it affects c-Myc-dependent
transcription of the 5 S rRNA and tRNA genes by RNA Pol IIL
First, we tested if ablation of endogenous L11 would affect
c-Myc-mediated transcription of these genes. Consistent with
our previous observations (18), knocking down endogenous
L11 markedly induced the level of c-Myc protein (Fig. 14, com-
pare lane 2 with lane I). To determine whether the effect of L11
knockdown on gene expression is dependent on c-Myc activity,
we also depleted endogenous c-Myc using siRNA as shown in
Fig. 1A (lanes 3 and 4). These siRNA-transfected cells were
subjected to RT-qPCR analysis to examine the expression of the
5 S rRNA and tRNA genes. As shown in Fig. 1B, knockdown of
endogenous L11 enhanced the expression of the 5 S rRNA,
tRNA™", and tRNA"*" genes by 2-fold. This enhancement was
c-Myc-dependent because further ablation of endogenous
c-Myc by siRNA drastically reduced the L11 siRNA-induced
expression of the above genes. These results suggest that L11
indeed inhibits c-Myc-induced transcription of the 5 S rRNA
and tRNA genes in cells.

L11 Binds to the 5 S rRNA and tRNA Genes—Unlike the
rDNA genes, which harbor a number of E-box elements, the 5 S
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FIGURE 2. L11 binds to the 5 S rRNA and tRNA genes. ChIP-qPCR assays
were conducted to detect the binding of endogenous c-Mycand L11 in the 5
S rRNA and tRNA genes in H1299 cells using anti-c-Myc (N262) or anti-L11
antibodies. Error bars indicate mean = S.D.

rRNA and tRNA gene promoters do not usually contain typical
E-box elements (19). However, c-Myc does bind to these genes,
and the binding is important for their c-Myc-dependent
expression (16, 19). To elucidate how L11 regulates c-Myc-me-
diated transcription of these genes, we next tested if L11 asso-
ciates with c-Myc at these genes using ChIP-qPCR assays
because we previously showed that L11 physically associates
with c-Myc at the promoters of several RNA Pol I- and II-tran-
scribed genes (18). The binding of L11 to the rDNA genes was
used as positive control (18) (Fig. 2). Consistent with the report
by another group (19), endogenous c-Myc readily bound to the
rDNA genes as well as the 5 S rRNA, tRNA™", and tRNA™""
genes (Fig. 2). Interestingly, endogenous L11 also specifically
associated with each of these genes using the anti-L11 antibody,
but not the IgG control (Fig. 2). This result confirms that
endogenous L11 can associate with the 5 S rRNA and tRNA
genes in cells.

L11 Associates with c-Myc at the 5 S rRNA and tRNA Genes—
To further test if L11 associates with c-Myc at the 5 S rRNA and
tRNA genes, we introduced V5-c-Myc alone or V5-c-Myc with
the FLAG-L11 plasmid into H1299 cells through transfection
followed by sequential ChIP-qPCR assays as described previ-
ously (18). The sequential co-IP of the L11-c-Myc complex
using anti-FLAG antibodies followed by anti-V5 antibodies is
shown in Fig. 3A. The second co-IP using the anti-V5 antibody
immunoprecipitated a significant amount of FLAG-L11, sug-
gesting that this complex is indeed a core-L11-c-Myc complex
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FIGURE 3.L11 co-resides with c-Mycin the 5 S rRNA and tRNA genes. A, co-IP between ectopic L11 and c-Myc. H1299 cells were transfected with FLAG-L11
with or without V5-c-Myc. The cell lysates were first immunoprecipitated with anti-FLAG antibodies (lanes 3 and 4). The FLAG-L11-associated proteins were
eluted with FLAG peptide, and the elution was then immunoprecipitated with anti-V5 antibodies (lanes 5 and 6), followed by an IB assay. B and C, sequential
ChIP-gPCR assays were conducted to detect the binding of L11 to c-Myc at the 5 S rRNA and tRNA genes. H1299 cells were transfected with FLAG-L11 with or
without V5-c-Myc. The cells were cross-linked, and the cell lysates were immunoprecipitated with anti-FLAG antibody. The FLAG-L11 protein-DNA complexes
were eluted with FLAG peptide, and 10% of eluates were used for DNA purification and qPCR amplification (B). The rest of the eluates were subjected to a
second IP using anti-V5 antibody, followed by gPCR amplification (C) to detect the 5 S rRNA and tRNA genes. D, overexpression of c-Myc enhances L11 binding
tothe 5 SrRNA, tRNA™", and tRNA"®" genes. H1299 cells were transfected with FLAG-L11 alone or together with c-Myc. The cells were subjected to ChIP-qPCR
assays to detect the binding of L11 to the aforementioned genes. Protein expression of the transfected genes is shown on the right. E, knockdown of
endogenous c-Myc decreases L11 binding to the 5 S rRNA, tRNA™", and tRNA™" genes. U20S cells were transfected with scrambled (scr) or L11 siRNA, followed
by ChIP-qPCR assays to detect the binding of L11 to the aforementioned genes. Protein expression of the transfected genes is shown on the right. The
expression of c-Myc and L11 is also shown on the right. Error bars indicate mean = S.D.

and therefore suitable for the following sequential ChIP assays.
After cross-linking and sonication of the transfected cells, cell
lysates were firstimmunoprecipitated with the anti-FLAG anti-
body, followed by elution using FLAG peptides to affinity-pu-
rify the FLAG-L11-associated protein-DNA complexes (23).
Eluted protein-DNA complexes were then immunoprecipi-
tated with the anti-V5 antibody. As shown in Fig. 3B, the anti-
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FLAG antibody readily immunoprecipitated the genomic
regions of the 5 S rRNA, tRNA"*, and tRNA™", but not ARPPO
(as a control), genes. Importantly, subsequent anti-V5 IP of the
eluted FLAG-L11-associated protein-DNA complexes showed
the co-occupancy of L11 and c-Myc at the aforementioned
genes (Fig. 3C), as compared with control IP without FLAG-L11
expression. Of note, the -fold increase of immunoprecipitated
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FIGURE 4. L11 reduces the binding of TRRAP to the 5 S rRNA and tRNA genes. A, H1299 cells transfected with control or FLAG-L11 plasmid were subjected to IB
with anti-c-Myc or anti-FLAG antibodies. B and C, L11 reduces the binding of TRRAP to the 5 S rRNA and tRNA™®" genes. The transfected cells in A were subjected to
ChIP-qPCR assays using goat anti-TRRAP, control goat IgG, rabbit polyclonal anti-c-Myc (N262), or control rabbit IgG, followed by detection of the 5 S rRNA, tRNA-,
and tRNA™" genes. D and E, L11 competes with TRRAP for binding to the 5 S rRNA and tRNA"®" genes. H1299 cells transfected with FLAG-TRRAP in the presence of
increasing amounts of Myc-tagged L11 were immunoblotted with antibodies as indicated (D). The transfected cells were also subjected to ChIP assays using anti-FLAG
antibody, followed by detection of the TRRAP binding to the 5 S rRNA, tRNA"®", and tRNA™" using qPCR assays (E). Error bars indicate mean * S.D.

DNA in the secondary anti-V5 IP was higher than that in the
first anti-FLAG IP compared with IgG control, indicating the
increased purity of the L11-c-Myc-DNA complex in the sec-
ondary co-IP. These results indicate that L11 binds to c-Myc at
the 5 S rRNA and tRNA genes.

To further test if L11 binding to above genes requires c-Myc,
we examined the L11 binding to aforementioned genes upon
either overexpression or knockdown of c-Myc. H1299 cells
were transfected with FLAG-L11 in the absence or presence of
V5-c-Myec. The cells were subjected to ChIP-qPCR assays using
anti-FLAG antibodies. As shown in Fig. 3D, co-expression of
c-Myc enhanced the binding of L11 to the 5 S rRNA, tRNA™",
and tRNA™" genes approximately 2-fold in all cases. Con-
versely, when endogenous c-Myc was knocked down, the bind-
ing of L11 to these genes was decreased by 2—3-fold (Fig. 3E).
Taken together, these results further support the statement
that L11 associates with c-Myc at the aforementioned gene
promoters.

L11 Inhibits the Recruitment of the c-Myc Coactivator TRRAP
at the 5 S rRNA and tRNA Genes—To test whether L11 affects
the recruitment of the c-Myc co-activator TRRAP to the 5 S
rRNA and tRNA genes, we conducted ChIP-qPCR assays in
H1299 cells transfected with control or FLAG-L11 vector.
Indeed, the binding of TRRAP to the 5 S rRNA, tRNA"", and
tRNA ™" genes was reduced by 3—4-fold when L11 was overex-
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pressed (Fig. 4C). By contrast, the c-Myc level (Fig. 44) and the
binding of c-Myc to the above genes (Fig. 4B) were not changed
significantly, suggesting that L11 competes with TRRAP for
binding to c-Myc at these genes. To further confirm this result,
we co-transfected the cells with TRRAP with increasing
amounts of L11, followed by ChIP-qPCR assays. As shown in
Fig. 4D, ectopic L11 did not significantly change the level of
ectopic TRRAP. However, the binding of ectopic TRRAP to the
5STRNA, tRNA™", and tRNA™" genes was drastically reduced
by overexpression of L11 in a dose-dependent manner (Fig. 4E).
These results further confirm that L11 inhibits the recruitment
of TRRAP to the 5 S rRNA, tRNA"™", and tRNA™" genes by
competing with it for binding to c-Myec.

L29 Does Not Regulate c-Myc-mediated Transcription of the 5
S rRNA and tRNA Genes—To test if L11 regulation of c-Myc-
induced transcription of the 5 S rRNA and tRNA genes is spe-
cific, we examined the role of L29, which does not bind to
c-Myc and does not regulate c-Myc-driven transcription of the
nucleolin gene (18), on the transcription of the 5 S rRNA and
tRNA genes. As shown in Fig. 54, knockdown of L29 did not
significantly affect the levels of the 5 S rRNA, tRNA™”, and
tRNA™" genes. Also, unlike L11, overexpression of L29 did not
inhibit the TRRAP binding to the 5 S rRNA, tRNA™", and
tRNA™" genes (Fig. 5B). Together, these results suggest that
L11 inhibition of c-Myc-driven transcription of the 5 S rRNA,
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FIGURE 5. c-Myc transcription of the 5 S rRNA and tRNA genes is not
affected by L29. A, knockdown of L29 does not affect the expression of the 5
S rRNA, tRNA™", and tRNA™" genes. U20S cells were transfected with scram-
bled or L29 siRNA. The levels of the 5 S rRNA, tRNA"Y and tRNA™" in the cells
were analyzed by using RT-qPCR. The knockdown efficiency of L29 mRNA is
shown on the right. B, overexpression of L29 does not affect the binding of
TRRAP to the 5 S rRNA, tRNA"Y, and tRNA™" genes. H1299 cells transfected
with control or FLAG-L29 plasmid were subjected to ChIP-qPCR assays using
goat anti-TRRAP or control goat IgG, followed by detection of the 5 S rRNA,
tRNA"", and tRNA™" genes. The expression of FLAG-L29 is shown on the right
using IB with anti-FLAG antibodies. Error bars indicate mean = S.D.

tRNA™", and tRNA"*" genes is specific to L11 but not a general
effect of all individual ribosomal proteins.

L11 Is Required for Ribosomal Stress-induced Reduction of the
5 S rRNA and tRNA Genes—To analyze the physiological sig-
nificance of L11 inhibition of c-Myc-dependent transcription
of the 5 S rRNA and tRNA genes, we examined whether L11
plays a role in the expression of these genes in response to
ribosomal (nucleolar) stress, as L11 has been shown to mediate
p53 activation in response to such stress induced by a low dose
of Act D and serum starvation (24, 25). Initially, we found that
treatment of cells with Act D and serum starvation reduced the
expression of the 5 S rRNA, tRNA™", and tRNA™" genes by
~25-40% (statistically significant), as determined by RT-qPCR
assays (the columns with scrambled siRNAs in Fig. 64). Inter-
estingly, this reduction was dependent on L11 because knock-
down of L11 abolished the reduction of these genes by Act D
and serum starvation (the columns with L11 siRNA in Fig. 6A).
These results suggest that L11 regulation of c-Myc-mediated
expression of the 5 S rRNA and tRNA genes is responsive to
ribosomal stress.

L11 Binding to the 5 S rRNA and tRNA Genes Displays a
Reverse Profile to That of TRRAP Binding to These Genes in
Response to Ribosomal Stress—To determine how L11 plays a
role in c-Myc regulation of the 5 S rRNA and tRNA gene
expression in response to ribosomal stress, we performed
ChIP-qPCR assays to test the occupancy of L11 and TRRAP at
these genes following Act D treatment or serum starvation. As
shown in Fig. 6B, TRRAP binding to the 5 S rRNA, tRNA"*",
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and tRNA™Y" genes was all significantly reduced in response
to Act D treatment for 12 h or serum starvation for 24 h. By
contrast, the association of L11 with these genes was
increased (Fig. 6B). Of note, Act D treatment did not signif-
icantly affect c-Myc binding to the aforementioned genes,
whereas serum starvation slightly reduced (<2-fold) the
binding of c-Myc to these genes. In contrast, TRRAP binding
to these genes was dramatically decreased (up to 5-fold) (Fig.
6B), suggesting that the reduction of TRRAP recruitment to
above RNA Pol III-catalyzed genes was not merely due to the
reduction of c-Myc binding in the serum-starved cells.
Taken together, these results indicate that L11 competes
with TRRAP for binding to the 5 S rRNA and tRNA genes in
response to ribosomal stress, further supporting the role of
L11 in inhibition of c-Myc-driven transactivational activity
toward the RNA Pol III-catalyzed transcription of the 5 S
rRNA and tRNA genes by RNA Pol III.

DISCUSSION

We have previously shown that L11 regulates c-Myc-medi-
ated transcription of the pre-rRNA and several other genes by
RNA Pol I and II, respectively (18). In this study, we show that
L11 also regulates c-Myc-mediated transcription of the 5 S
rRNA and tRNA genes by RNA Pol III. L11 binds to c-Myc and
inhibits the recruitment of TRRAP at the 5 S rRNA and tRNA
genes (Figs. 2—4). Knocking down L11 enhances c-Myc-de-
pendent transcription of these genes (Fig. 1). Together with
our previous findings (18), these results suggest that L11 can
regulate c-Myc-mediated ribosomal biogenesis, forming a
tight coordination between c-Myc and ribosomal biogenesis
because the L11 gene itself is a transcriptional target of
c-Myc (18).

L11 competes with TRRAP for binding to c-Myc at the 5 S
rRNA and tRNA genes, a mechanism utilized by L11 to inhibit
c-Myc-mediated transcription by Pol I and Pol II of genes that
contain E-box elements at their promoters (18). Because no
E-box elements exist in the 5 S rRNA and tRNA gene promot-
ers, it remains unclear how c-Myc associates with these genes.
One possibility could be that c-Myc may associate with these
genes through transcriptional machineries, such as TFIIIB (16),
rather than the E-box elements and then recruit its co-activa-
tor(s), such as TRRAP, to enhance the transcription of the tar-
get genes (19). Our current results support the notion that
c-Myc associates with the 5 S TRNA and tRNA genes. Also, our
study shows that L11 binding to c-Myc results in marked
decrease of TRRAP binding to these genes and consequent
reduction of their expression. Moreover, L11 regulates
c-Myc levels because knockdown of endogenous L11 results
in drastic increase of c-Myc protein (Fig. 1) and mRNA levels
(26), although the underlying mechanisms still remain
unclear. Thus, it appears that L11 regulates c-Myc-mediated
transcription of the 5 S rRNA and tRNA genes via regulation
of both the activity and the level of c-Myc (Fig. 7). By con-
trast, L29, another ribosomal protein from the 60 S ribosome
subunit, does not bind to c-Myc (18). Knockdown of 129
neither affects the levels of c¢c-Myc (18) nor induces the
expression of target genes. Also, L29 does not compete with
TRRAP for binding to these target gene promoters (18) (this
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study). Together, these results
suggest that the regulation of
c-Myc by L11 is specific.

Because up-regulation of the 5 S
rRNA and tRNA gene transcrip-
tion by overexpression of Pol III-
specific transcription factor Brfl
or even overexpression of Pol III-
transcribed tRNAM®* alone can
induce oncogenic transformation
in cells and induce tumors in mice
(20), our results showing the inhibi-
tion of c-Myc-mediated 5 S rRNA
and tRNA expression by L11 also
imply that L11 may function to
suppress cell transformation and
tumorigenesis mediated by aber-
rant overexpression of c-Myc. This
would be a tempting topic for future
exploration.

Interestingly, we also observe that
L11 suppresses c-Myc activity in
response to ribosomal stress. We
show that ribosomal stress caused
by treatment of cells with a low
dose of Act D or serum depriva-
tion reproducibly decreased the
level of the 5 S rRNA and tRNA
transcription, and this reduction is
dependent on L11, because knock-
down of L11 abolished ribosomal
stress-induced reduction of the
expression of these genes. Fur-
thermore, the elevation of L11
binding to the 5 S rRNA and tRNA
genes was well correlated with the
decline of TRRAP binding to these
genes in response to ribosomal
stress (Fig. 6). It has been pro-
posed that ribosomal stress can
increase the free form of L11 that
is dissociated from the large ribo-
some complex and then released to
the nucleoplasm, where it can target
c-Myc (24), leading to a decrease in
TRRAP binding at target gene pro-
moters. Also, in response to riboso-
mal stress, c-Myc binding to the
aforementioned genes was slightly
decreased, particularly in serum-
starved cells (Fig. 6B), and the level
of c-Myc was decreased (data not
shown), suggesting that regulation
of c-Myc level by L11 may also con-
tribute to the c-Myc inhibition by
this ribosomal protein in response
to ribosomal stress (Fig. 7). Future
studies are necessary to determine
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whether L11 can suppress c-Myc activity in response to other
types of stress or physiological signals and to determine how
L11 is activated in these conditions.

In summary, our study supports a critical and general role for
L11 in the feedback regulation of c-Myc activity that is involved
in transcription catalyzed by all three RNA Pols. By doing so,
L11 may serve as a molecule coordinator between c-Myc and
ribosomal biogenesis specifically (Fig. 7) and/or between cell
growth and ribosomal biogenesis in general. This feedback reg-
ulation may also act as an intrinsic mechanism or surveillance
for controlling cell transformation and tumorigenesis because
defects of this pathway could lead to deregulated c-Myc activity
and tumorigenesis. Recently, it was shown that haploinsuffi-
ciency of L11 and other ribosomal proteins, due to loss of func-
tion gene mutations or deletions, occurs in patients with Dia-
mond-Blackfan anemia (27, 28), an inherited disorder with
bone marrow failure and increased incidence of cancer forma-
tion (29). It will be interesting to test if c-Myc activity is
enhanced and contributes to cancer susceptibility in this disor-
der in the near future. Finally, because L11 has been also shown
to activate p53 by repressing MDM2 activity (22, 24, 25, 30), it is
thus certain that L11 is crucial for monitoring cell growth and
proliferation by up-regulating the p53 activity and down-regu-
lating the c-Myc activity. Dissecting how a cell may coordinate
the L11 regulation of these two independent pathways in
response to ribosomal stress would be another enticing project
to pursue.
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