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The c-Myc oncoprotein promotes cell growth by enhancing

ribosomal biogenesis through upregulation of RNA poly-

merases I-, II-, and III-dependent transcription. Over-

expression of c-Myc and aberrant ribosomal biogenesis

leads to deregulated cell growth and tumorigenesis.

Hence, c-Myc activity and ribosomal biogenesis must be

regulated in cells. Here, we show that ribosomal protein

L11, a component of the large subunit of the ribosome,

controls c-Myc function through a negative feedback me-

chanism. L11 is transcriptionally induced by c-Myc, and

overexpression of L11 inhibits c-Myc-induced transcrip-

tion and cell proliferation. Conversely, reduction of endo-

genous L11 by siRNA increases these c-Myc activities.

Mechanistically, L11 binds to the Myc box II (MB II),

inhibits the recruitment of the coactivator TRRAP, and

reduces histone H4 acetylation at c-Myc target gene pro-

moters. In response to serum stimulation or serum starva-

tion, L11 and TRRAP display inverse promoter-binding

profiles. In addition, L11 regulates c-Myc levels. These

results identify L11 as a feedback inhibitor of c-Myc and

suggest a novel role for L11 in regulating c-Myc-enhanced

ribosomal biogenesis.
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Introduction

c-Myc is a transcription factor that regulates the expression of

numerous genes involved in proliferation, cell growth, differ-

entiation, apoptosis, metabolism, and neoplastic transforma-

tion (reviewed by Grandori et al, 2000; Pelengaris et al,

2002a; Adhikary and Eilers, 2005). Maintaining the proper

level of c-Myc expression is essential for normal cellular

functions and animal development, as homozygous deletion

of c-myc is embryonic lethal in mice (Davis et al, 1993) and

cells lacking c-Myc exit the cell cycle and do not proliferate

(de Alboran et al, 2001; Trumpp et al, 2001). However,

deregulated expression of c-Myc contributes to tumorigenesis

(Pelengaris et al, 2002b; Adhikary and Eilers, 2005).

Overexpression of c-Myc is observed in various human

tumors (reviewed by Nesbit et al, 1999; Pelengaris et al,

2002a). Constitutive or inducible expression of c-myc trans-

gene leads to neoplastic pre-malignant and malignant

phenotypes in mice (Adams et al, 1985; Felsher and Bishop,

1999; Pelengaris et al, 1999, 2002b). Thus, precise regulation

of c-Myc expression and transcriptional activity is critical for

normal cellular function.

Two critical domains are required for c-Myc biological

activity. The C-terminal basic helix-loop-helix leucine zipper

(bHLH/LZ) domain of c-Myc heterodimerizes with its partner

protein Max (Amati et al, 1992; Luscher and Larsson, 1999;

Pelengaris et al, 2002a; Adhikary and Eilers, 2005) and med-

iates sequence-specific DNA recognition of E-box elements.

The N-terminal transcriptional activation domain (TAD) of c-

Myc contains two conserved segments termed Myc box (MB) I

and II. The MB I is implicated in regulation of c-Myc protein

stability through a phosphorylation-dependent ubiquitylation-

mediated proteasomal degradation pathway, which involves

multiple protein kinases, protein phosphotase 2A, prolyl iso-

merase Pin 1, and Fbw7 containing E3 ubiquitin ligase

(Moberg et al, 2004; Sears, 2004; Welcker et al, 2004; Yada

et al, 2004; Yeh et al, 2004; Arnold and Sears, 2006, and

reviewed by Dai et al, 2006a). The MB II is critical for all

known c-Myc functions. Several critical coactivators of c-Myc

that have been shown to be essential for c-Myc-mediated

transcription bind to the MB II. First, TRRAP (McMahon

et al, 1998), a core component of the TIP60 and GCN5 histone

acetyltransferase (HAT) complexes, is recruited to c-Myc target

gene promoters through binding to MB II. These complexes

mediate histone acetylation and facilitate transcription of c-

Myc target genes (McMahon et al, 2000; Park et al, 2001; Frank

et al, 2003; Bernardi et al, 2004). Second, TIP48/TIP49

ATPases, components of chromatin remodeling complexes,

also interact with c-Myc at MB II and their ATPase activity is

required for c-Myc-induced transformation (Wood et al, 2000).

Third, the F-box protein Skp2, a component of the SCFskp2 E3

ligase complex, binds to c-Myc at the MB II and mediates its

ubiquitylation and degradation (Kim et al, 2003; von der Lehr

et al, 2003). However, Skp2-mediated degradation is required

for c-Myc transactivation, suggesting that Skp2 is an important

coactivator for c-Myc-regulated transcription as well (Kim

et al, 2003; von der Lehr et al, 2003). Recently, an HECT

domain containing E3 ligase, named HectH9, has been shown

to bind to the TAD of c-Myc and to ubiquitylate this protein

through a Lysine-63 linked ubiquitin (Adhikary et al, 2005).

This ubiquitylation also enhances c-Myc activity by facilitating

recruitment of coactivator p300 acetyltransferase (Adhikary

et al, 2005). Hence, the N-terminal TAD is crucial for regulating

c-Myc stability and activity.

The importance of c-Myc activity for normal cell growth

may be in part attributed to its recently identified role in
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ribosomal biogenesis (reviewed by Ruggero and Pandolfi,

2003; Oskarsson and Trumpp, 2005). Ribosomal biogenesis

is a tightly regulated process requiring coordinated transcrip-

tion mediated by all three RNA polymerases to ensure

efficient and accurate production of ribosomes (reviewed by

Ruggero and Pandolfi, 2003; White, 2005). Deregulation

of ribosomal biogenesis also contributes to tumorigenesis

(reviewed by Ruggero and Pandolfi, 2003). c-Myc appears

to be a major player in controlling ribosomal biogenesis, as it

has been shown to regulate transcription by these RNA

polymerases (Adhikary and Eilers, 2005; Oskarsson and

Trumpp, 2005). Specifically, c-Myc has recently been shown

to enhance Pol I-catalyzed rRNA synthesis (Arabi et al, 2005;

Grandori et al, 2005; Grewal et al, 2005) as well as Pol III-

mediated 5S and tRNA transcription (Gomez-Roman et al,

2003). In addition, Pol II-mediated transcription of genes

encoding ribosome assembly proteins, and translation initia-

tion and elongation factors is stimulated by c-Myc as well

(Coller et al, 2000; Guo et al, 2000; Boon et al, 2001; Menssen

and Hermeking, 2002). In spite of the expanding list of c-Myc

target genes, it remains unclear how c-Myc activity is regu-

lated during ribosomal biogenesis to maintain homeostasis.

Here, we report that ribosomal protein L11 controls c-Myc

function through a negative feedback mechanism. L11 is

transcriptionally activated by c-Myc, whereas L11 in turn

inhibits c-Myc transactivational activity by binding to the

MB II region of c-Myc and inhibiting the recruitment of the

TRRAP coactivator and subsequent histone H4 acetylation at

the c-Myc target gene promoters. Consistently, reduction of

endogenous L11 increases c-Myc activity. Our results demon-

strate that L11 is a feedback inhibitor of c-Myc.

Results

Overexpression of L11 inhibits c-Myc transactivation

activity

Previous work from our lab and others revealed that several

ribosomal proteins including L11 negatively regulate cell

cycle progression by inhibiting MDM2 and thus activating

p53 (Lohrum et al, 2003; Zhang et al, 2003; Bhat et al, 2004;

Dai and Lu, 2004; Dai et al, 2004, 2006b). L11 has also been

identified as a potential c-Myc transcriptional target by

several gene-expression profile-based studies (Coller et al,

2000; Guo et al, 2000; Boon et al, 2001; Menssen and

Hermeking, 2002) and c-Myc enhances ribosomal biogenesis

through upregulation of transcription of rRNA, tRNA, as well

as genes encoding ribosome assembly proteins, translation

initiation, and elongation factors. Altogether, these studies

prompted us to examine whether L11’s ability to negatively

regulate cellular proliferation and growth also involves sup-

pression of c-Myc activity in a negative feedback manner. To

this end, we first examined the effect of L11 on c-Myc-

dependent transcription of a luciferase reporter gene driven

by a c-Myc-responsive E box-containing E2F2 promoter.

As expected, c-Myc increased luciferase activity in H1299

cells (Figure 1A), and this effect was not observed when the

E boxes were mutated to prevent c-Myc-binding (Figure 1A).

By contrast, coexpression of L11 drastically reduced c-Myc-

dependent luciferase activity in a dose-dependent manner.

However, such effect was not observed when the mutant

E box E2F2 promoter was used (Figure 1A). This inhibition

was p53-independent, as H1299 cells are null for p53. This

inhibition was also ARF-independent, as L11 also inhibited

c-Myc transcriptional activity in ARF-null U2OS cells

(Figure 1B). Interestingly, the ability of c-Myc to activate

luciferase expression was more potent in ARF-deficient

U2OS cells (Figure 1B) than in ARF-proficient H1299 cells

(Figure 1A). This result possibly reflects the inhibitory

effect of ARF on c-Myc activity (Datta et al, 2004; Qi et al,

2004). This inhibition was specific to wild-type L11, as the

N-terminus-deleted mutant of L11 (L1166�178) that did not

bind to c-Myc (Figure 3A) had no effect on c-Myc transcrip-

tional activity (Figure 1B). These results suggest an inhibitory

effect of L11 on c-Myc transactivation activity independently

of p53 and ARF.

To test whether L11 inhibits c-Myc-induced expression of

endogenous target genes, we performed real-time PCR assays

to analyze two of the c-Myc target genes, E2F2 and nucleolin,

in cells. As shown in Figure 1C, overexpression of adenoviral-

encoded c-Myc induced the expression of both E2F2 and

nucleolin in U2OS cells. This effect was drastically reduced

when L11 is also overexpressed. Similar effects were also

observed in WI38 cells using adenovirus-encoding c-Myc and

L11 (Supplementary Figure S1B). These results indicate that

L11 inhibits c-Myc-activated transcription by Pol II.

c-Myc has also been shown to activate RNA Pol I-mediated

transcription of precursor rRNA (Arabi et al, 2005; Grandori

et al, 2005; Grewal et al, 2005). To test whether L11 can affect

this c-Myc activity, we conducted transfection experiments

followed by real-time reverse transcriptase–polymerase chain

reaction (RT–PCR) assays. Indeed, L11 significantly reduced

c-Myc-activated precursor rRNA synthesis as analyzed by

detecting the expression of the 50-external transcribed spacer

(ETS) sequence (nt 852–972) of precursor rRNA (Figure 1C).

We also performed a 3H-uridine-labeling rRNA assay, fol-

lowed by quantitative analysis of all rRNA precursors. As

expected (Arabi et al, 2005; Grandori et al, 2005; Grewal et al,

2005), c-Myc stimulated the synthesis of precursor rRNA, and

again L11 suppressed this stimulation (Supplementary Figure

S1C and D). Altogether, these results indicate that L11 also

suppresses c-Myc-induced RNA Pol I-catalyzed transcription.

Overexpression of L11 inhibits c-Myc-driven

cell proliferation

To determine whether L11 affects c-Myc-induced cell prolif-

eration, BrdU incorporation was measured in serum-starved

U2OS cells infected with recombinant adenoviruses encoding

c-Myc (Ad-c-Myc) and L11 (Ad-L11) individually or together

(Figure 1D). Quantification of BrdU incorporation showed

that c-Myc significantly increased the number of cells under-

going DNA synthesis as expected (Datta et al, 2004)

(Figure 1E). Consistent with the results in Figure 1A–C,

coexpression of L11 reduced the number of c-Myc-induced

S phase cells (Figure 1E). Furthermore, this inhibitory effect

was observed in p53-null mouse embryonic fibroblast, 10.1,

cells (Supplementary Figure S1E and F). These results de-

monstrate that L11 inhibits c-Myc-mediated cell proliferation

independently of p53 and ARF.

L11 binds to c-Myc in cells

To elucidate possible mechanisms underlying the inhibition

of c-Myc activity by L11, we tested whether L11 physically

associates with c-Myc. To this end, we expressed V5-tagged

c-Myc and Flag-tagged L11 individually or together in H1299
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cells followed by co-immunoprecipitation (co-IP)-immuno-

blot analyses with either anti-V5 or anti-Flag antibodies.

Indeed, c-Myc specifically co-immunoprecipitated with L11

by the anti-Flag antibody when coexpressed with Flag-L11

(Figure 2A). Conversely, L11 also specifically co-immuno-

precipitated with c-Myc by the anti-V5 antibody (Figure 2B).

We also observed that the untagged c-Myc specifically co-

immunoprecipitated with Flag-L11 by the anti-Flag antibody

(Figure 2C), suggesting that the N-terminal V5 tag would not

account for the Myc interaction with L11. Moreover, endo-

genous c-Myc and L11 were specifically co-immunoprecipitated

by either anti-L11 or anti-c-Myc antibodies (Figures 2D and E).

This association was ARF, p53, and MDM2 independent,

as L11 interacted with c-Myc in ARF-null U2OS cells

(Supplementary Figure 2A) and in p53�/�mdm2�/� MEF

cells (Supplementary Figure 2B). This interaction was also

rRNA independent, as it was detected when cell lysates were

pre-treated with RNase (Supplementary Figure 2C). Hence,

L11 can specifically interact with c-Myc independently of p53,

MDM2, ARF, and rRNA in cells.

N-terminal domain of L11 binds to MB II of c-Myc

To map c-Myc-binding domains of L11, we first constructed a

panel of Flag-tagged L11 deletion mutants. We co-introduced

wild-type L11 or its deletion mutants with V5-c-Myc into

H1299 cells and performed co-IP assays. As shown in

Figure 3A, c-Myc specifically co-immunoprecipitated with

the mutants containing N-terminal 65 amino acids (Flag-

L111�65 and Flag-L111�125), but not the mutant lacking these

residues (Flag-L1166�178), indicating that c-Myc interacts

with the N-terminus of L11 (Figure 3B), which was required

for suppression of c-Myc-activated transcription by L11

(Figure 1B).

To define L11-binding domains of c-Myc, we first con-

structed a set of c-Myc deletion mutants and found by similar

co-IP experiments that deletion of the N-terminal TAD of

c-Myc abolished its interaction with L11, whereas the trun-

cated N-terminal TAD-containing c-Myc, c-Myc1�144, efficiently

bound to L11 (Supplementary Figure S2D), indicating that L11

specifically associates with the TAD of c-Myc. The c-Myc TAD

contains conserved MB I and II motifs that are critical for

regulation of c-Myc protein stability and transactivation acti-

vity. To test which motif interacts with L11, we further

constructed a set of V5-tagged deletion mutants of TAD,

and found by similar co-IP assays that deletion of MB I

(c-Myc1�144/DMB I) retained its binding capacity to L11 similar

to c-Myc1�144, whereas the c-Myc N-terminal fragment that

retains MB I, but lacks MB II (c-Myc1�128), completely
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Figure 1 L11 inhibits c-Myc-dependent transactivation activity and reduces the percentage of cells in S phase. (A) L11 inhibits c-Myc-induced
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labeled with BrdU and subjected to anti-BrdU staining (red) and counter-stained with DAPI. Percentage of BrdU-positive cells is shown in (E).
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abolished its binding to L11 (Figure 3C). The requirement

of MB II for c-Myc to bind to L11 was further verified using a

V5-tagged c-Myc mutant that lacks MB II only (c-Myc/DMB II)

(Figure 3D). Taken together, these results reveal that L11

binds to the c-Myc MB II (Figure 3E), which is critical

for c-Myc function (Pelengaris et al, 2002a; Adhikary and

Eilers, 2005).

L11 binds to c-Myc at c-Myc target gene promoters

As L11 binds to the c-Myc MB II (Figure 3D) and this MB II

is known to bind to several critical c-Myc coactivators, such

as TRRAP, GCN5, TIP60 (McMahon et al, 1998; McMahon

et al, 2000; Frank et al, 2003), we wanted to test whether

L11 suppresses c-Myc activity by impairing the recruitment

of TRRAP to c-Myc target gene promoters. To this end, we

first tested whether L11 associates with the E box-containing

promoters of E2F2, nucleolin, and eIF-4E genes as well

as rDNA genes by chromatin immunoprecipitation (ChIP)-

PCR analysis. As shown in Figure 4A, endogenous L11

specifically associated with each of these c-Myc target

gene promoters, but not the control intron 5 region of l11

in H1299 cells. These results suggest that L11 associates

with c-Myc target gene promoters. To test whether the

association of L11 with c-Myc target gene promoters re-

quires c-Myc, we first determined whether manipulating

the levels of c-Myc in cells would affect the binding of

endogenous L11 to these promoters. As shown in Figure 4B,

overexpression of c-Myc enhanced the binding of L11 to the

nucleolin promoter. Conversely, knockdown of c-Myc mark-

edly reduced the binding of L11 to the nucleolin gene

promoter (Figure 4C). These results suggest that the L11

binding to a c-Myc target gene promoter may require the

binding of c-Myc in the same promoter.

To further examine whether L11 associates with c-Myc at

these promoters, we introduced V5-c-Myc or V5-c-Myc plus

Flag-L11 plasmids into H1299 cells, followed by sequential

ChIP assays. Flag-L11-associated protein–DNA complexes

were first affinity purified by anti-Flag IP and eluted by Flag

peptide competition (Dai et al, 2004). Eluted protein–DNA

complexes were then immunoprecipitated with the anti-V5

antibody. As shown in Figure 4D, the anti-Flag antibody

readily immunoprecipitated the promoter regions of E2F2,

nucleolin, and eIF-4E genes and 50-ETS sequence of rDNA

(Figure 4D, lane 8). Importantly, subsequent anti-V5 IP,

following anti-Flag IP showed the co-occupancy of L11 and

c-Myc at the aforementioned gene promoters (Figure 4D, lane

10) as compared to control IP without Flag-L11 expression

(Figure 4D, lane 9). Again, this association required the MB

II, as deletion of the MB II abolished the co-occupancy of L11

and c-Myc at the nucleolin gene promoter (Figure 4E). Taken

together, these results indicate that L11 binds to c-Myc at its

target gene promoters.

L11 inhibits the recruitment of c-Myc coactivator TRRAP

to and histone H4 acetylation at c-Myc target nucleolin

gene promoter

To test whether L11 affects the recruitment of the c-Myc

coactivator TRRAP to above c-Myc target gene promoters,

we conducted ChIP followed by real-time PCR assays in

H1299 cells transfected with control or Flag-L11 vector.

Indeed, the binding of TRRAP to the promoters of nucleolin

(Figure 5B), rDNA, eIF-4E, and E2F2 (Supplementary Figure

S3A–C) was reduced by two- to threefold by overexpression

of L11 in all cases. This reduction by L11 was dose-dependent,

as increasing amounts of L11 as shown in Figure 5C did not

significantly affect the level of ectopic TRRAP, but remarkably

inhibited the association of TRRAP with the nucleolin pro-

moter (Figure 5D). These results suggest that L11 inhibits the

recruitment of TRRAP to c-Myc target gene promoters by

competing with this c-Myc coactivator.

As TRRAP is associated with TIP60- or GCN5-containing

HAT complexes (McMahon et al, 2000; Frank et al, 2003), we

also examined histone H4 acetylation in these gene promo-

ters. Indeed, overexpression of L11 reduced the histone H4

acetylation at all of these promoters (Figure 5B and

Supplementary Figure S3A–C), but not in the control intron

5 region of l11 (Supplementary Figure S3D). It has been

shown that binding of c-Myc induces histone acetylation at

a single nucleosome in a Myc MB II/TRRAP-dependent

manner (Bouchard et al, 2001). We also tested whether the

reduction of histone H4 acetylation by L11 also occurs at the

nucleosome containing the E-box elements in the nucleolin

gene promoter. Using several pairs of primers encompassing

the E-box elements (P0) and the regions approximately two

nucleosomes away (P1) from the 50 and three nucleosomes
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away (P2) from the 30 of the E-box elements (Supplementary

Figure S3E), we observed that the inhibition of histone H4

acetylation by L11 indeed occurred only at the nucleo-

some that contains E-box elements (P0) (Supplementary

Figure S3F). These results suggest that L11 inhibits c-Myc

transactivation activity by inhibiting the recruitment of its

coactivator TRRAP and subsequently reducing histone H4

acetylation at c-Myc target gene promoters.

L11 and TRRAP inversely bind to a c-Myc target gene

promoter in response to serum stimulation or serum

starvation

To further analyze the physiological regulation of c-Myc by

L11 through inhibition of TRRAP binding to a c-Myc target

gene promoter, we performed ChIP-PCR assays to test the

dynamic occupancy of L11 at the nucleolin promoter and

compared to that of TRRAP following serum stimulation. As

shown in Figure 6A, endogenous c-Myc levels were extremely

low when U2OS cells were cultured in 0.2% fetal calf serum

for 72 h. Upon serum stimulation, c-Myc levels displayed a

‘bell’-shaped curve with a peak at 3–6 h and a drastic decline

at 12 h (Sears, 2004) (Figure 6A). Consistently, the expression

of c-Myc target gene nucleolin displayed a similar curve to

that of c-Myc levels as determined by real-time PCR assays

(Figure 6B). Interestingly, TRRAP binding to the nucleolin

promoter exhibited a curve (Figure 6C) similar to that for

c-Myc levels (Figure 6A) after serum stimulation. The same

was true for histone H4 acetylation at the nucleolin promoter

(data not shown). By contrast, the association of L11 with the

nucleolin promoter showed an inverse ‘bell’-shaped curve to

that of TRRAP (Figure 6C). Conversely, when exponentially

growing cells were starved in 0.2 % serum, L11 binding to the

nucleolin promoter was significantly increased in contrast to

the decrease of TRRAP binding to the same promoter

(Figure 6D). Taken together, these results suggest that L11

may compete with TRRAP for binding to the c-Myc target

gene promoter, in response to growth signals, further sup-

porting the idea that L11 binds to the MB II at c-Myc target

gene promoters (Figures 3C and 4) and inhibits the recruit-

ment of TRRAP to the promoters (Figure 5)

Reduction of endogenous L11 by siRNA enhances

c-Myc activity

To further test whether c-Myc activity is regulated by

endogenous L11, we determined whether transient depletion

of endogenous L11 affects c-Myc activity using RNA inter-

ference technique. Consistent with results in Figure 1, knock-

down of L11 by siRNA enhanced c-Myc-dependent luciferase

reporter activity driven by wild-type, but not mutant, E Box

containing E2F2 promoter (Figure 7A). Also, knockdown of

endogenous L11 enhanced the expression of endogenous

nucleolin, E2F2, and precursor rRNA determined by the

real-time RT–PCR assays (Figure 7B). This enhancement

was c-Myc-dependent, as further ablation of endogenous

c-Myc by siRNA drastically reduced the L11 siRNA-induced

expression of the above genes (Figure 7B). Correspondingly,
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knockdown of endogenous L11 significantly increased the

percentage of cells with BrdU incorporation (Figure 7C

and D). This effect was also c-Myc-dependent, as concomi-

tant knockdown of c-Myc inhibited the L11 siRNA-induced

BrdU incorporation (Figure 7C and D). These results suggest

that endogenous L11 also inhibits c-Myc transactivation

activity and cell cycle progression.

L11 regulates c-Myc levels

Whereas examining the level of endogenous c-Myc in the

above experimental setting using IB analyses, we found that

c-Myc levels were increased when L11 was transiently

knocked down by siRNA (Figure 7E and F). This increase

was, in part, due to the induction of c-myc mRNA levels (data

not shown). These results suggest that in addition to directly

regulating c-Myc transcriptional activity, endogenous L11

may be also involved in regulating c-Myc levels. Seemingly,

in line with this possibility was that overexpression of L11

led to the decrease of exogenous c-Myc as shown in Figures

2A and 3A and Supplementary Figures S1A. However, it is

important to note that these assays only detected soluble

c-Myc extracted in the NP-40 lysis buffer. When whole-cell
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lysates were used for IB assays, the total steady-state level of

c-Myc was markedly increased by overexpression of L11 in

both transfection experiments (Figure 7G) and adenoviral

infection assays (Figure 7H). These results suggest that

ectopic L11 may increase ectopic c-Myc levels by moving it

into NP-40-insoluble fractions, which contain chromatin-

bound and nucleolar proteins. Indeed, overexpression of

L11 relocalized ectopic c-Myc into the nucleolus (data not

shown), which might account, in part, for the induction of

exogenous c-Myc by L11. Of note, the possible role of

endogenous L11 in downregulating native c-myc mRNA and

protein levels as implied in the L11 knockdown assays (Figure

7E and F) might not apply to the expression of the exogenous

c-myc gene, as the recombinant c-myc gene and its mRNA do

not contain intrinsic regulatory elements, such as native

promoters, introns, 50- or 3-0UTRs, and thus would not be

subjected to the regulation at the mRNA levels, as would

endogenous c-Myc. This is probably why we could observe

only the increase of ectopic c-Myc levels upon overexpression

of L11 (Figure 7G and H). In accordance with this assump-

tion, overexpression of L11 did not cause any significant

change of endogenous c-Myc levels in H1299 cells

(Figure 5A). The latter might result from the combined out-

come of the dual, but inverse, effects of L11 on c-Myc protein

levels through a direct interaction and on c-myc mRNA levels

by an unknown mechanism(s). Taken together, these results

(Figures 1–7) suggest that L11 may affect c-Myc function

through at least two mechanisms: direct binding

to the MB II of c-Myc as demonstrated above, and regulat-

ing c-Myc protein and mRNA levels through yet unknown

mechanisms.

c-Myc activity is not regulated by ribosomal protein L29

Next, we wanted to test whether the inhibitory effect of L11

on c-Myc activity is a general effect of all individual

ribosomal proteins. To this end, we coexpressed V5-c-Myc

with each of three other Flag-tagged ribosomal proteins,

L29, L30, and S12, in H1299 cells followed by co-IP assays

using the anti-Flag antibody. As shown in Figure 8A, L11,

but not L29, L30, or S12, specifically co-immunoprecipitated

with c-Myc, indicating that none of L29, L30, and S12 binds

to c-Myc in cells. To further test whether the inability to

bind to c-Myc would be translated into the defect in

regulating its activity, we chose L29 for this test. Unlike

L11, which increases total levels, but decreases soluble

levels of ectopic c-Myc, L29 did not significantly affect the

soluble or total levels of ectopic c-Myc protein (Figure 8C).

Consistently, overexpression of L29 did not inhibit the

c-Myc-induced expression of the endogenous nucleolin

gene (Figure 8B). Also, unlike the case of L11 knockdown,

knocking down endogenous L29 did not increase the c-Myc

level (Figure 8E) and the expression of the endogenous

nucleolin gene (Figure 8D). Altogether, these results suggest

that the inhibitory effect of L11 on c-Myc activity is specific

to L11 rather than a general effect of all individual riboso-

mal proteins.
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c-Myc induces transcription of L11

Results from above observations suggest that L11 inhibits

c-Myc activity. Interestingly, ribosomal proteins including L11

have been identified as potential c-Myc transcriptional targets

(Coller et al, 2000; Guo et al, 2000; Boon et al, 2001; Menssen

and Hermeking, 2002). We next wanted to validate that c-Myc

indeed regulates L11 expression as this would suggest a feed-

back-regulatory loop between c-Myc and L11. By analyzing the

promoter and exon–intron sequences of the human l11 gene,

we found two canonical consensus c-Myc-binding (E box)

elements in introns 1 and 2, respectively, and one noncanonical

E box in exon 2 (Figure 9A). After introducing V5-tagged c-Myc

into human lung nonsmall cell carcinoma H1299 or human

osteocarcinoma U2OS cells, we conducted ChIP-PCR assays

using the anti-V5 antibody and the primers encompassing

intron 1 and 2 E box elements, as well as the intron 5 as a

control (Figure 9A). As shown in Figure 9B, c-Myc specifically

bound to the intron 1 and 2 E box elements in both H1299

(lane 4) and U2OS cells (lane 8), but not to the intron 5 region

(bottom panels). To compare the c-Myc-binding capacity to L11

promoter with other known c-Myc target gene promoters,

ChIP-real-time PCR assays were performed to quantitate the

immunoprecipitated DNAs. As shown in Figure 9D, a signifi-

cant amount of L11 promoter sequence was immunoprecipi-

tated by the anti-c-Myc antibody (30-fold change compare to

IgG control), which was more than one-third of the amount of

the nucleolin promoter (Figure 9D). Furthermore, serum sti-

mulation for 6 h enhanced c-Myc binding to the L11 promoter

by 3.5-fold, which is also almost the half of that for the

nucleolin gene promoter (Figure 9E). These results indicate

that L11 is indeed a physiological relevant target gene of c-Myc.

Consistent with above ChIP results, ectopic expression of c-Myc

induced the expression of endogenous l11 mRNA in H1299

(Figure 9C, lane 2), U2OS (Figure 9C, lane 4), and human

fibroblast WI38 cells (Figure 9C, lane 7), as well as L11 protein

levels in both H1299 and U2OS cells (Figure 9F). Furthermore,
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knockdown of endogenous c-Myc by siRNA markedly reduced

L11 mRNA and protein levels in U2OS cells (Figure 9G). Taken

together, these results demonstrate that c-Myc activates tran-

scription of l11, possibly through binding to its intron 1 and 2

E box elements. Thus, L11 inhibits c-Myc activity through

a potential feedback mechanism.
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Discussion

One of the most elegant natural mechanisms for cellular

homeostasis is feedback regulation that allows autoregulation

of a cellular process. Our study as described here unveils, for

the first time, that L11, a component of the ribosome, controls

c-Myc activity through a feedback-inhibitory mechanism.

Overexpression of L11 inhibits the transactivation activity of

c-Myc (Figure 1), whereas reduction of L11 by siRNA induces

this activity (Figure 7). Interestingly, the expression of l11

gene itself is induced by c-Myc (Figure 9), and thus forming

a negative autoregulatory feedback loop (Figure 9H).

Mechanistically, we show that L11 binds to c-Myc at the

MB II motif (Figure 3C and D), co-resides with c-Myc at its

target gene promoters (Figure 4), prevents the recruitment of

the coactivator TRRAP by c-Myc, and consequently inhibits

histone H4 acetylation at these promoters (Figure 5). Thus, a

key mechanism underlying the inhibition of c-Myc activity by

L11 appears to involve L11 association with c-Myc at its target

gene promoters, where it conceals c-Myc MB II, preventing

the loading of TRRAP-containing HATs and remodeling of

histones to a more transcriptionally active state.
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The inhibition of c-Myc activity by overexpression of L11 is

not due to a reduction of c-Myc protein levels, as L11

increased the total levels of ectopic c-Myc in cells (Figures

7G, H and 8C), although the soluble c-Myc was reduced by

overexpression of L11 (Supplementary Figures S1A and

Figures 2A, 3A and 8C). One explanation for these results is

that L11 may block c-Myc degradation similar to the case

of inhibition of MDM2 degradation by L11 (Dai et al, 2006b).

It has been shown that c-Myc degradation occurs at the

nucleolus (Welcker et al, 2004). We observed that overex-

pression of L11 relocalizes c-Myc into the nucleolus (data not

shown). Thus, it is possible that L11 may block the degrada-
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(G) Knockdown of endogenous c-Myc reduces L11 mRNA and protein levels. U2OS cells were transfected with c-Myc or scrambled siRNA. IB
was performed using antibody as indicated and l11 mRNA was examined by a semiquantitative RT–PCR assay. *Indicates nonspecific band
recognized by anti-c-Myc (N262). (H) A schematic for the L11-c-Myc feedback regulation versus the L11-MDM2-p53 regulatory loop.
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tion of c-Myc at the nucleolus and lead to the accumulation of

c-Myc in this compartment. Another possibility is that bind-

ing of L11 to c-Myc may block Skp2 binding to c-Myc, as Spk2

also binds to the MB II of c-Myc (Kim et al, 2003; von der

Lehr et al, 2003). Skp2 mediates c-Myc ubiquitination and

degradation. This degradation is required for c-Myc trans-

activation activity (Kim et al, 2003; von der Lehr et al, 2003).

Therefore, it is possible that, by blocking Skp2-mediated

c-Myc ubiquitination and degradation pathway, L11 impairs

the dynamic turnover of c-Myc, most possibly at the promoters

of c-Myc target genes. Consequently, L11 inhibits c-Myc activ-

ity. Although this hypothesis would be interesting for future

research, our results as presented here demonstrate that

binding to the MB II represents a crucial mechanism for L11

to inhibit c-Myc activity, as this binding would displace the

binding of the c-Myc coactivator TRRAP to the same region.

Surprisingly, knocking down endogenous L11 also in-

creased the level of c-Myc (Figure 7E and F). This increase

is probably, in part, due to the increase of c-myc mRNA level

when knocking down L11 (data not shown). It remains

unclear how L11 regulates c-myc mRNA levels. One possibi-

lity is that L11 may regulate c-Myc transcription. It has been

recently shown that several Drosophila ribosomal proteins

are associated with linker histone H1 and suppress transcrip-

tion of a set of genes (Ni et al, 2006). Interestingly, we

recently purified an L11-associated complex that also con-

tains the linker histone H1 using an affinity purification

method (data not shown). Thus, one of our future studies

would be to test whether L11 could associate with histone H1

in chromatin and repress c-Myc transcription. Another testa-

ble possibility would be that L11 might regulate c-myc mRNA

turnover. However, the regulation of c-myc mRNA and pro-

tein by knockdown of L11, although worthwhile for further

investigation, would not discount or conflict with our find-

ings that L11 represses c-Myc activity by directly binding to

this protein as discussed above. Also, this regulation may be

through an indirect and more complex process, as over-

expression of L11 did not simply reduce endogenous c-Myc

protein levels (Figure 5A), as discussed in the result section.

Taken together, at least two mechanisms may account for the

inhibitory effect of L11 on c-Myc: inhibiting the recruitment of

TRRAP to c-Myc target gene promoters by directly binding to

the MB II domain of c-Myc, and regulating c-Myc levels.

The regulation of c-Myc by L11 is specific to L11, because

other tested ribosomal proteins, such as L29, L30, and S12,

did not bind to c-Myc (Figure 8A). Further analyses show that

overexpression of L29 neither changes the c-Myc protein

levels nor reduces its activity in regulating the expression

of the target gene, nucleolin (Figure 8B and C). Also, unlike

the case of L11 knockdown, L29 knockdown does not

increase c-Myc levels and its activity (Figure 8D and E).

Thus, not all individual ribosomal proteins would regulate

c-Myc. Although our study does not absolutely rule out the

possibility that other untested ribosomal proteins may also

play a role in regulating c-Myc activity similar to that of L11,

our results as presented strongly demonstrate the role of L11

in repressing c-Myc activity as a feedback regulator.

The inhibition of c-Myc activity by L11 is also suggested in

cells in response to growth signals. In early response to serum

stimulation, c-Myc levels rapidly increased, whereas L11

binding to c-Myc target gene promoter inversely decreased

(Figure 6C), indicating that the repression of L11 on c-Myc

activity is de-repressed at a stage when c-Myc activity is

required for cells to proliferate. The elevated L11 molecules

by this enhanced c-Myc activity might be used for limiting

c-Myc activity at the later stage of serum stimulation to

prevent aberrant cell growth. Consistent with this notion,

when growth signals are removed, as in the case of serum

starvation (Figure 6D), L11 increasingly associates with

c-Myc in a target gene promoter to block TRRAP binding to

the same promoter, thus leading to inhibition of c-Myc-

dependent transcription. It has been shown that serum

starvation led to release of L11 from ribosome (Bhat et al,

2004). Thus, growth inhibition would reduce ribosomal

biogenesis and result in enhanced free form of L11 to target

c-Myc. Another possibility is that post-transcriptional mod-

ification may play a role in regulating the L11-c-Myc interac-

tion at c-Myc target gene promoter in response to growth

signals. Nevertheless, these results suggest that L11-c-Myc

regulatory loop is highly regulated in cells.

In summary, our findings extend the role of L11 in cell

proliferation regulation beyond regulating the MDM2-p53

feedback loop (Figure 9H) (Lohrum et al, 2003; Zhang et al,

2003; Bhat et al, 2004; Dai et al, 2006b). In this respect, L11

resembles the function of ARF, which regulates both the

MDM2-p53 pathway (Sherr and Weber, 2000) and c-Myc

function (Datta et al, 2004; Qi et al, 2004); but L11 works

independently of ARF and p53. It is likely that L11 may

primarily act as a ‘sensor’ of aberrant ribosomal biogenesis,

whereas ARF primarily acts as a ‘sensor’ of oncogenic stress

(Sherr and Weber, 2000). Because L11 activates p53 (Lohrum

et al, 2003; Zhang et al, 2003) and represses c-Myc activity,

one important question would be if L11 could prevent cell

transformation. More studies, such as genetic studies

in animals and identification of L11 mutations in human

cancers, are necessary to verify this prediction.

Materials and methods

Cell lines, adenoviruses, and plasmids
Human lung nonsmall cell adenocarcinoma H1299 cells, human
oesteosarcoma U2OS cells, mouse p53�/�/mdm2�/� MEFs, mouse
embryonic fibroblast 10–1 cells, human fibroblast WI38 cells, and
IMR90 cells were cultured as described previously (Dai et al, 2004).
Adenoviruses encoding full-length c-Myc and myc-tagged L11 were
described previously (Bhat et al, 2004; Yeh et al, 2004). CMV-empty,
CMV-b-gal, pD40-His/V5-c-Myc, E2F2-Luc, E2F2(-E-box)-Luc, and
CMV-c-Myc plasmids were described previously (Arnold and Sears,
2006; Yeh et al, 2004). Flag-tagged L11 (Flag-L11) plasmid has also
been described previously (Lohrum et al, 2003). Deletion mutants
of L11 with N-terminal Flag tag were generated by PCR and cloned
into pcDNA3-2Flag vector (Dai et al, 2006b). Deletion mutants of
c-Myc with N-terminal V5 tag were generated by PCR and cloned
into pcDNA3-V5 vector. Flag-tagged L29, L30, and S12 expres-
sion plasmids were generated by inserting the full-length cDNAs
amplified by RT–PCR from HeLa cells into the pcDNA3-2Flag
vectors (Dai et al, 2004). The primers used were: 50-CGCGGATC
CGCCAAGTCCAAGAACCACAC-30 and 50-CCGGAATTCCTACTCTGA
AGCCTTTGTAGG-30 for L29, 50-CGCGGATCCGTGGCCGCAAAGAAG
AC-30 and 50-CCGGAATTCTTACTTTTCACCAGTCTGTTCTGG-30 for
L30, and 50-CGCGGATCCGCCGAGGAAGGCATTGC-30 and 50-CGCT
CTAGATCATTTCTTGCATTTGAAATACTCTTC-30 for S12. All inserts
were confirmed by automatic sequencing. Flag-TRRAP expression
plasmid (CbSBS-Flag-TRRAP) was kindly provided by Dr Michael
D. Cole (Princeton University, New Jersey) (McMahon et al, 1998).

Immunoblot and immunoprecipitation analyses
Cell lysate preparation, immunoprecipitation, and immunoblot
analysis were performed as described previously (Dai et al, 2004),
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except that 300 mM NaCl was used in the lysis buffer in co-IPs
between endogenous c-Myc and L11. Anti-Flag M2 (Sigma),
polyclonal anti-V5 (Sigma), monoclonal anti-V5 (Invitrogen), anti-
c-Myc (N262, C33, and 9E10, Santa Crutz) antibodies were
purchased. Rabbit polyclonal anti-L11 was generated using purified
His-tagged full-length L11 protein (Dai and Lu, 2004) expressed in
Escherichia Coli as an antigen.

Luciferase reporter and transcription assays
See Supplementary data for details.

BrdU incorporation assays
BrdU incorporation assays were conducted as described previously
(Datta et al, 2004). Cells were incubated in the presence of 10mM of
BrdU for 5 h. Cells were then fixed with 95% of ethanol and 5% of
acetic acid, treated with 2 M HCl containing 1% Triton X-100, and
stained with the monoclonal anti-BrdU (Roche) antibody, followed
by staining with Alexa Fluor 546 (red) goat anti-mouse antibodies
and DAPI. Stained cells were analyzed under a Zeiss Axiovert 25
fluorescent microscope.

Reverse transcriptase-polymerase chain reaction and
quantitative real-time PCR analysis
Total RNA extraction and 32P-dCTP-labeled semiquantitative
RT–PCR reactions were performed as described previously (Dai
and Lu, 2004). The primers for amplifying GAPDH were used as
described previously (Dai and Lu, 2004). The primers for L11 were
50-TACAGTCAGAGCCAACCTCAG-30 and 50-AGATGAAGCTCCCAG
AATGCC-30. The primers for L29 were 50-GCCAAGTCCAAGAACCA
CAC-30 and 50-CTACTCTGAAGCCTTTGTAGG-30. Quantitative real-
time PCR was performed on an ABI 7300 real-time PCR system
(Applied Biosystems) using SYBR Green Mix (Applied Biosystems).
Relative gene expression was calculated using the DCt method,
following the manufacturer’s instruction. All reactions were carried
out in triplicate. The primer sequences used are listed in the
Supplementary Table S1.

RNA interference
The 21-nt siRNA duplexes with a 30 dTdT overhang were
synthesized by Dharmacon (Lafayette, CO). The target sequences
for L11 were 50-AAGGTGCGGGAGTATGAGTTA-30 (siRNA-1, used for

all experiments, except where indicated) (Bhat et al, 2004) and
50-AAGCATTGGTATCTACGGCCT-30 (siRNA-2) (Bernardi et al, 2004).
The target sequence for c-Myc was 50-AACAGAAATGTCCTGAG
CAAT-30 (Williams et al, 2003). The target sequence for L29 was
50-AAGTTCCTGAGGAACATGCGC-30. The scrambled II RNA duplex
was used as a control (Dai et al, 2004). Transfection of siRNA
was performed as previously described using siLentFectTM Lipid
(Bio-Rad), following the manufacturer’s protocol (Dai et al, 2004).

Chromatin immunoprecipitation (ChIP)-PCR
ChIP analysis was performed as described previously (Zeng et al,
2002) using anti-c-Myc (N262), anti-L11, anti-TRRAP (sc-5405,
Santa Cruz), or anti-acetyl histone H4 (06-866, Upstate Biotechnol-
ogies) antibodies. Immunoprecipitated DNA fragments were ana-
lyzed by semiquantitative and/or real-time PCR amplification using
primers for E2F2, nucleolin, eIF4E, rDNA, or l11 genes. The primers
are listed in Supplementary Table S1. 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 crosslinking
and sonication, the lysates were immunoprecipitated with anti-Flag
antibodies. The immunoprecipitated Flag-L11 protein–DNA com-
plexes were then eluted with 0.1 mg/ml of Flag peptide (Sigma)
using methods as described previously (Dai et al, 2004). The elutes
were then immunoprecipitated with anti-V5 antibody, followed by
DNA purification and PCR amplification as described above.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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