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Abstract
Perturbations in ribosome biogenesis have been associated with cancer. Such aberrations activate p53 through the RPL5/
RPL11/5S rRNA complex-mediated inhibition of HDM2. Studies using animal models have suggested that this signaling
pathway might constitute an important anticancer barrier. To gain a deeper insight into this issue in humans, here we analyze
somatic mutations in RPL5 and RPL11 coding regions, reported in The Cancer Genome Atlas and International Cancer
Genome Consortium databases. Using a combined computational and statistical approach, complemented by a range of
biochemical and functional analyses in human cancer cell models, we demonstrate the existence of several mechanisms by
which RPL5 mutations may impair wild-type p53 upregulation and ribosome biogenesis. Unexpectedly, the same approach
provides only modest evidence for a similar role of RPL11, suggesting that RPL5 represents a preferred target during human
tumorigenesis in cancers with wild-type p53. Furthermore, we find that several functional cancer-associated RPL5 somatic
mutations occur as rare germline variants in general population. Our results shed light on the so-far enigmatic role of cancer-
associated mutations in genes encoding ribosomal proteins, with implications for our understanding of the tumor suppressive
role of the RPL5/RPL11/5S rRNA complex in human malignancies.

Introduction

Ribosome biogenesis is arguably the most energy-
consuming activity in the cell and therefore is tightly co-
ordinated with a multitude of cellular processes [1–5]. It
largely takes place within the nucleolus, where the 47S
precursor ribosomal RNA (rRNA) is transcribed and co-
transcriptionally assembled with most of the ribosomal
proteins (RPs) and 5S rRNA into the 90S pre-ribosome.
During maturation of the 90S pre-ribosome into pre-40S
and pre-60S ribosomal subunits, pre-rRNA is folded,
modified, and processed [2, 3]. Several additional ribosome
maturation and quality control steps occur in the nucleus
and in the cytoplasm [2, 3]. Mature human 80S ribosomes
are among the most complex molecular machines in the
cell, being composed of four rRNAs and 80 distinct RPs
[6]. In addition to binding mRNAs and catalyzing peptide
bond formation, ribosomes serve as a platform for the
regulation of specific mRNA translation programs by mul-
tiple signal transduction pathways as well as quality control
of nascent polypeptides, their folding, modification, and
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targeting [2, 7]. As such, ribosomes play a crucial role in the
execution of the genetic program [8].

Recent evidence points to causal associations between
inherited and acquired impairments of ribosome biogenesis
and cancer [2, 3, 9–11]. The underlying molecular
mechanisms through which specific impairments of ribo-
some biogenesis contribute to malignant transformation and
tumor progression are just beginning to emerge [2].

The nascent preribosomal complex composed of RPL5
(also known as uL18), RPL11 (also known as uL5), and 5S
rRNA assembles into 60S ribosomes, an essential step in
ribosome biogenesis [12–15]. In response to diverse
impairments of ribosome biogenesis the RPL5/RPL11/5S
rRNA complex is redirected from assembling into ribo-
somes to bind the human homolog of mouse double minute
2 (HDM2) and thereby block HDM2-mediated ubiquitina-
tion and degradation of the p53 tumor suppressor [2, 13–22].
This emerging signaling pathway was recently named the
Impaired Ribosome Biogenesis Checkpoint (IRBC, also
known as the ribosome biogenesis checkpoint) to empha-
size its distinction from other p53-activating signaling
pathways [2]. It has been speculated that activation of the
IRBC may constitute an important intrinsic barrier to cancer
development upon impairment of ribosome biogenesis
[2, 11]. The best evidence in support of this hypothesis has
emerged from mouse models [23–26]. The relevance of
RPL5 and RPL11 in human cancer pathogenesis was initi-
ally suggested by the discovery that heterozygous RPL5 and
RPL11 mutations are causative in Diamond–Blackfan ane-
mia (DBA), a rare inherited bone marrow failure syndrome
with a propensity to develop cancer [3, 27, 28]. Subse-
quently, several heterozygous RPL5 and RPL11 mutations
[29–34] or deletions at chromosome 1 harboring RPL5 and
RPL11 genes were identified in spontaneous human cancers
[33, 35, 36]. It is important to emphasize that the presence
of RPL5 and RPL11 genetic alterations in cancer suggests
but does not necessarily prove their role in cancer
pathogenesis.

In this study, we set out to comprehensively survey
somatic RPL5 and RPL11 mutations listed in The Cancer
Genome Atlas and International Cancer Genome Con-
sortium (TCGA and ICGC) datasets [37, 38] and test the
hypothesis that these mutations have been positively
selected during tumorigenesis due to their ability to func-
tionally disable activation of wild-type (wt) p53. We found
that the evidence supporting the significance of RPL11
mutations in cancer is rather weak. However, we have
identified several novel mechanisms by which RPL5
mutations may impair wt p53 activation as well as ribosome
biogenesis in multiple human cancer types, strongly sup-
porting mutational dysregulation of the RPL5 gene as an
important player in their pathogenesis.

Results

Mutations in the coding regions of the RPL5 and
RPL11 genes are rare but present in many cancer
types

Our TCGA/ICGC pan-cancer dataset (19,000 cancer sam-
ples across 49 cancer types) [37, 38] contains 139 RPL5 and
74 RPL11 cancer-associated mutations (Table 1 and Sup-
plementary Tables 1–3). Types of RPL5 and RPL11 muta-
tions, their gene location, and co-appearance with wt tumor
protein p53 (TP53) or mutant (mut) TP53 are summarized
in Table 1 and Supplementary Fig. 1 a, b. All RPL5 and
RPL11 mutations, for which this information is available,
are heterozygous (Supplementary Tables 2 and 3).

The majority of these RPL5 and RPL11 mutations are
missense mutations (RPL5, 66%; RPL11, 73%) (Table 1), a
feature that strikingly contrasts with missense mutations
representing only about 8% and 3% of total reported RPL5
and RPL11 DBA-associated mutations, respectively
[27, 39–44]. Importantly, there appears to be no overlap
between cancer-associated and DBA-associated RPL5 or
RPL11 missense mutations. These observations may guide
studies of mechanisms through which mutational dysregu-
lation of these genes leads to DBA and/or cancer.

Potentially pathogenic somatic mutations of RPL5 and
especially RPL11 are rare (Supplementary Table 4). The
highest frequency of RPL5 mutations has been reported in
melanoma (MELA, 3.4%), uterine corpus endometrial car-
cinoma (UCEC, 3.1%), and glioblastoma multiforme
(GBM, 2.6%), however, these cancers also had a higher
average number of mutations in other protein-coding genes
(Supplementary Tables 1 and 4). In the remaining cancer
types, the frequency of RPL5 mutations is lower than 1.5%
(Supplementary Table 4).

Table 1 Types of small-scale RPL5 and RPL11 cancer-associated
mutations and their co-appearance with wt TP53 or mut TP53.

Types of
mutations

Number of RPL5
mutations

Number of RPL11
mutations

Total wt TP53 mut
TP53

Total wt TP53 mut
TP53

Missense 92 62 30 54 37 17

Splice site 10 8 2 2 2 0

Nonsense 9 9 0 3 2 1

Frameshift 24 18 6 13 13 0

In frame del 2 2 0 1 0 1

Start gained 2 2 0 0 0 0

Stop loss 0 0 0 1 1 0

Total 139 101 38 74 55 19
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The ratio of nonsynonymous to synonymous
substitutions in the RPL5 and RPL11 genes across
the pan-cancer cohort is greater than random

Given the recognized difficulty and unreliability of
frequency-based estimates for the relevance of low-
frequency mutated genes in cancer development [45], we
turned to genomic and functional arguments afforded by the
available pan-cancer data. A closer inspection revealed that
the fraction of codon variants resulting in silent mutations
(the silent mutation fraction, for short) in the RPL5 protein-
coding region is 0.18, which is remarkably small (Fig. 1a),
indicating strong positive selection for the nonsynonymous
substitutions [46]. RPL11 showed the silent mutation frac-
tion of 0.21 (Fig. 1a). The observation that several well-
established cancer drivers show silent mutation fractions

very similar to those we report for RPL5 and RPL11 argues
in favor of the potential roles of mutant RPL5 and RPL11 in
cancer pathogenesis (Fig. 1a).

RPL5 but not RPL11 mutations are anti-correlated
with mutations in TP53

One possible reason for the positive selection of RPL5 or
RPL11 mutations during tumorigenesis is their ability to
functionally impair p53 signaling [2, 13, 20], thereby pro-
viding a mechanism alternative to disabling p53 itself in
tumors experiencing ribosome biogenesis stress. Thus,
mutual exclusivity between RPL5/RPL11 mutations and
mutated TP53 in individual tumors would increase the
likelihood that such RPL5 or RPL11 mutations could be
pathogenic and capable of disabling the IRBC checkpoint

Fig. 1 Assessment of positive selection of RPL5 and RPL11 mis-
sense mutations across the combined TCGA/ICGC pan-cancer
cohort. a The fraction of silent mutations in the protein-coding gen-
ome. The X-coordinate represents the fraction of silent in total single-
nucleotide replacements (SNRs), and the Y-coordinate the total number
of SNRs for each gene in our dataset. For the orientation, the outlier
cases framing this diagram are tumor suppressors TP53 and phos-
phatase and tensin homolog (PTEN), with the large number of muta-
tions and extremely small fraction of silent SNRs, Titin (TTN) the
longest human gene, with the largest number of mutations accumu-
lated along its length and the silent mutation fraction being close to
expected in random process, and Heat Shock Protein Family A
Member 1 Like (HSPA1L), with the fraction of silent mutations much

bigger than expected. The coordinates for RPL5, RPL11 and several
known cancer driver genes are shown in the expanded inset. b Cancer-
associated missense mutation clustering in RPL5 and RPL11 protein
structures. Clusters of mutated RPL5 or RPL11 amino acid positions
that co-occur with wt or mut TP53 are shown separately on the 3D
structure of the RPL5/RPL11/5S rRNA complex (cartoon representa-
tion), with the respective z-scores that indicate the likelihood of
clustering. Mutated amino acid residues are depicted as spheres. Dif-
ferent clusters of mutated residues are shown in different colors. The
RPL5 or RPL11 mutation clusters highlighted in the same color in
different panels are not identical. RPL5, RPL11, and 5S rRNA are
denoted in green, yellow, and brown, respectively.
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response that would otherwise trigger p53-dependent tumor
cell senescence [1, 47]. In this context, assessing the status
of p53 vis a vis RPL5/RPL11 in the combined TCGA/ICGC
dataset, we found that mutations in RPL5 (P= 0.058), but
not in RPL11 (P= 0.24), co-segregate with mutant TP53 in
a smaller number of cases than would be expected for a
random distribution (Supplementary Table 5), thus sug-
gesting a possible role for RPL5 mutations in functional
impairment of wt p53 in human cancers.

Positions of missense somatic mutations in RPL5 in
tumors with wt TP53 cluster on the RPL5 structure

Proper structure and function are often dependent on a
limited number of localized regions on the protein structure
[48], which are typically evolutionary conserved, modified
across paralogous genes [49], and disabled or modified by
mutations causing germline [50] and somatic [51, 52]
genetic diseases. We reasoned that a random process should
generate RPL5 or RPL11 mutations randomly scattered
across the 3D protein structure (Supplementary Fig. 2). To
the contrary, a nonrandom grouping of such mutations,
especially in functionally sensitive and conserved regions,
may reflect their positive selection during tumor develop-
ment. To assess nonrandomness of clustering of cancer-
related mutations relative to the RPL5/RPL11 protein
structure, we used a previously described method [53]. In
contrast to positions of RPL11 somatic mutations that do
not cluster in any particular structural regions, the number,
compactness, and size of the clusters among the RPL5
mutated residues specifically identified in tumors with wt
TP53 significantly exceed the values that would be expected
for a random process (z-score of 4.4), strongly supporting
their functional significance (Fig. 1b, the reproducible sta-
tistical evaluation of the clustering on RPL5 and
RPL11 structures is available on CodeOcean: https://
codeocean.com/capsule/0541628).

The evidence supporting the significance of RPL11
missense mutations in human cancers is weak

The relatively modest number of identified RPL11 muta-
tions, the predominant lack of their co-existence with wt
TP53, and scattering of the RPL11 mutated residues found
in TP53-wt background over the entire 3D structure of the
RPL11 protein imply that such mutations are unlikely to
significantly contribute to functional impairment of wt p53
in human cancers (Table 1, Fig. 1b, Supplementary Movie 1
and Supplementary Table 5). However, a small number of
specific RPL11 missense mutations may contribute to the
development of individual cancers, including those affect-
ing the amino acids at the RPL11/HDM2 interaction inter-
face, which have been previously shown to impair the

RPL11/HDM2-mediated checkpoint activation of p53 upon
impairment of ribosome biogenesis [31]. Consistent with
such possibility, we identified only three non-recurrent
RPL11 mutations that meet that criteria in cancer samples
harboring wt TP53 (K19E, F107V, and Y131C) in the
TCGA/ICGC pan-cancer dataset (Supplementary Table 3).
Given the modest occurrence of such functionally important
RPL11 missense mutations and their well-established
functions, we decided to mainly focus our functional stu-
dies on RPL5 missense mutations for which genomic and
structural evidence indicates a likely significant and wide-
spread role in human cancers (Fig. 1a, b and Supplementary
Tables 2, 5).

Clustering of missense mutations reveals the
importance of the RPL5 interaction interface with 5S
rRNA and RPL5’s folding core domain in human
cancers

Of the 30 amino acid residues in RPL5 affected by missense
mutations in cancers with wt TP53, 23 were localized in
several 3D clusters (Fig. 2a, Supplementary Movie 1). Of
these, 13 mostly evolutionarily conserved residues are
present in four distinct clusters located at the interaction
interface of RPL5 with 5S rRNA (shown in red in Fig. 2a).
Because of this shared feature and to simplify the pre-
sentation, we collectively term these four clusters “the 5S
rRNA interacting class of clusters”. We also observed three
additional clusters of mutated residues, which are not in
direct contact with 5S rRNA (shown in blue, magenta, or
orange in Fig. 2a).

Next, we decided to functionally characterize clustered
RPL5 mutants. H1299 human lung carcinoma cells were
transfected with constructs harboring flag-wt RPL5 or flag-
RPL5 clustered cancer-associated missense mutants
appearing in wt TP53 background and determined their
mRNA (Supplementary Fig. 3a) and protein (Fig. 2b)
expression levels. Flag-wt RPL5 and all flag-RPL5 mutant
transcripts were expressed at comparable levels, with the
exception of the flag-RPL5 G170C transcript, which was
partially lower (Supplementary Fig. 3a). Notably, the RPL5
mutated amino acid residues appearing in wt TP53 back-
ground did not affect RPL5 protein expression, with the
exception of mutations of evolutionarily conserved RPL5
residues R107, G169, G170, R248, and P251 forming a
cluster depicted in blue in Fig. 2a that showed a decreased
expression (Fig. 2b).

Next, we assessed the impact of RPL5 mutations loca-
lized in the 5S rRNA interacting class of clusters on the
RPL5/5S rRNA association in human lung cancer H1299
cells. We observed a strong association of transfected flag-
wt RPL5 with 5S rRNA (Fig. 2c). Conversely, mutations in
the 5S rRNA interacting class of clusters of RPL5 (G91D,
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G91S, N94D, Y226H, R54C, and G71E) impaired the flag-
RPL5/5S rRNA association (Fig. 2c). Representative
mutations in the 5S rRNA interacting class of clusters
(G91D and G71E) also prevented the association of flag-
RPL5 with HA-HDM2 (Fig. 2d), most likely because RPL5
association with the 5S rRNA is required for the formation
of a structurally stable RPL5/RPL11/5S rRNA complex
capable of binding HDM2 [13, 14, 20, 31]. However, these
results cannot exclude the possibility that mutations in the
5S rRNA interacting class of clusters prevent direct inter-
action between RPL5 and HDM2 (Fig. 2d) [16, 18, 19, 54],

a potential scenario addressed in the next series of
experiments.

To distinguish between the above two possibilities,
H1299 cells were transfected with HA-HDM2, wt flag-
RPL5, wt flag-RPL11, and flag-RPL5 N94D as indicated,
and the amount of transfected proteins that co-
immunoprecipitated with HA-HDM2 determined by Wes-
tern blot analysis (WB) (Fig. 2e). Wt flag-RPL5 alone, in
contrast to wt flag-RPL11, was weakly associated with HA-
HDM2 (Fig. 2e). However, wt flag-RPL5 was efficiently
recruited to HA-HDM2 in the presence of wt flag-RPL11
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(Fig. 2e). Unlike the wt flag-RPL5, the cancer-associated
mutant in the 5S rRNA interacting domain of RPL5
(N94D) was inefficiently recruited to HA-HDM2 in the
presence of wt flag-RPL11 (Fig. 2e). These results suggest
that the 5S rRNA forms a bridge between RPL5 and
RPL11, which is essential for the RPL11-dependent
recruitment of RPL5 to HDM2 (Fig. 2e). Consistent with
these results, expression of neither wt flag-RPL5 nor wt
flag-RPL11 alone increased the amount of 5S rRNA that
co-immunoprecipitated with HA-HDM2. Furthermore, in
contrast to the wt flag-RPL5, co-expression of the cancer-
associated RPL5 mutated in the interaction interface with
5S rRNA (N94D) failed to cooperate with wt flag-RPL11
in the recruitment of 5S rRNA to HA-HDM2 (Fig. 2f).

Thus, the results shown in Fig. 2e, f further substantiate the
model, in which the interaction between RPL5 and RPL11
through 5S rRNA is required for the recruitment of the
entire RPL5/RPL11/5S rRNA complex to HDM2
[13, 14, 31], most likely through the interaction of RPL11
with HDM2 (Supplementary Movie 1), and demonstrate
that RPL5 mutations in the 5S rRNA interacting class of
clusters impair the formation of the HDM2-binding RPL5/
RPL11/5S rRNA complex.

We reasoned that these RPL5 mutations also undermine
the endogenous ribosome-free RPL5/RPL11/5S rRNA/
HDM2 complex the formation of which is a prerequisite for
p53 activation under ribosome biogenesis stress conditions
observed under in vivo cancer settings [2, 13, 20]. In con-
trast to the bulk of mutations within the 5S rRNA inter-
acting class of clusters, the D147H mutation did not impair
the association of RPL5 with the 5S rRNA or HDM2/
RPL11 complex (Fig. 2c, d).

To determine why the RPL5 missense mutations affect-
ing evolutionarily conserved residues R107, G169, G170,
R248, and P251 that form a cluster distant from RPL5’s 5S
rRNA-binding surface (depicted in blue in Fig. 2a) show
decreased protein levels (Fig. 2b), we first performed
immunofluorescence staining of transfected flag-RPL5
proteins carrying the indicated mutations (Fig. 2g). We
observed an increased aggregation of G169V, G170C,
R248Q, and P251S RPL5 mutants (Fig. 2g). These aggre-
gates were most likely removed by centrifugation during
lysate preparation, explaining the reduced levels of these
RPL5 mutant proteins detected in WB analysis (Fig. 2b).
On the other hand, the R107C mutant is more susceptible to
proteasomal degradation as the proteasome inhibitor
MG132 could largely restore its protein level (Fig. 2g and
Supplementary Fig. 3b). Given the importance of this
cluster in RPL5 protein stability, we surmised it represents
the folding core of the globular part of RPL5, and termed it
“the folding core cluster” [55]. We suggest that mutational
dysregulation of this region may represent a very efficient
mechanism to destabilize and thus functionally inactivate
RPL5 in cancers retaining wt TP53.

Two remaining clusters of missense mutations
affecting six nonconserved amino acid residues located
on the RPL5 surface far from its 5S rRNA-binding
interface (shown in magenta or orange in Fig. 2a) did not
impair the RPL5/5S rRNA interaction (Fig. 2c) or RPL5
protein abundance (Fig. 2b). Taken together, RPL5
missense mutations in the 5S rRNA interacting class of
clusters and the folding core cluster (Fig. 2a–g) are likely
to be under positive selective pressure during the
development of cancers retaining wt TP53 because of
their negative impact on the formation of the HDM2-
blocking and hence p53-activating RPL5/RPL11/5S
rRNA complex.

Fig. 2 Functional characterization of clustered RPL5 missense
mutations. a A close-up view of clusters of amino acid residues
affected by RPL5 mutations co-occurring with wt TP53 on the 3D
structure of the RPL5/RPL11/5S rRNA complex (cartoon representa-
tion). Mutated amino acid residues are indicated as spheres. The 5S
rRNA interacting class of clusters and the folding core clusters are
depicted in red and blue, respectively. Two remaining uncharacterized
clusters are shown in magenta and orange. RPL5, RPL11, and 5S
rRNA are depicted in green, yellow and brown, respectively. Recur-
rent mutations are shown bold and underlined. b Expression of wt flag-
RPL5 or flag-RPL5 harboring the indicated clustered or nonclustered
missense mutations appearing in wt TP53 background assessed by WB
analysis using anti-flag antibody. Actin was used as a loading control.
The experiment was repeated four times (N= 4). c Quantification by
qRT-PCR of 5S rRNA co-immunoprecipitated with transfected wt
flag-RPL5 or indicated flag-RPL5 mutants from cell lysates. The
experiment is representative of three independent experiments (N= 3).
Three technical replicates per condition are shown (N= 3). The error
bars show the standard deviation (±SD) from the mean. *P < 0.05.
d Cells were transfected with constructs coding for HA-HDM2, wt
flag-RPL5, specific flag-RPL5 mutants, and wt flag-RPL11 as indi-
cated. Whole-cell lysates were immunoprecipitated using anti-HA
antibody and the amount of HA-HDM2 or HA-HDM2-associated flag-
RPL5 and flag-RPL11 proteins assessed by WB analysis using anti-
HDM2 or anti-flag antibody, respectively (lower panel). Input levels
are shown in the upper panel. Actin was used as a loading control.
Results are representative of three independent experiments (N= 3).
Cells were transfected with constructs coding for the indicated proteins
and whole-cell lysates were immunoprecipitated with anti-HA anti-
body. e The amount of HA-HDM2 and HA-HDM2-associated flag-
RPL5 and flag-RPL11 proteins was assessed by WB analysis using
anti-HDM2 or anti-flag antibody, respectively (lower panel). Input
levels are shown in the upper panel. Actin was used as a loading
control. Results are representative of three independent experiments
(N= 3). f The amount of 5S rRNA co-immunoprecipitated with HA-
HDM2 from whole cell lysates was determined by qRT-PCR (lower
panel). Three technical replicates per condition are shown (N= 3). The
error bars show the standard deviation (±SD) from the mean. *P <
0.05. The experiment is representative of three independent experi-
ments (N= 3). g Representative images of immunofluorescence
staining of flag-RPL5 proteins carrying the indicated mutations in the
folding core cluster with anti-flag antibody. Scale bars, 10 µm. The
experiment is representative of four independent experiments (N= 4).
In all experiments shown in b–g, transfected H1299 cells were cul-
tured for 48 h before analysis. Specific RPL5 mutants in b–g are
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RPL5 missense mutations in the 5S rRNA interacting
class of clusters and the folding core cluster impair
wt p53 activation

Upon impairment of ribosome biogenesis, the RPL5/
RPL11/5S rRNA complex binds HDM2, which inhibits its
E3 ligase activity toward p53, resulting in p53 stabilization
[2]. Thus, we next examined the impact of representative
clustered cancer-associated missense RPL5 mutations
appearing in wt TP53 background on HDM2-mediated
degradation of wt p53 [54]. In contrast to wt RPL5, three
RPL5 proteins harboring distinct mutations (G71E, G91D,
and N94D) in the RPL5’s interaction interface with 5S
rRNA were inefficient in their ability to cooperate with wt
RPL11 in the inhibition of HDM2-mediated p53 degrada-
tion (Fig. 3a). This, together with the previous observation
that the 5S rRNA-binding RPL11 R75Q mutant fails to
cooperate with wt RPL5 in inhibiting HDM2-mediated p53
degradation [54] further supports the model, in which the
cooperation of RPL5 and RPL11 in promoting HDM2-
dependent p53 stabilization depends on their ability to
interact with each other through the 5S rRNA [2].

To extend these findings, we evaluated the impact of
representative clustered RPL5 mutations on the induction of
wt p53 protein in human A549 cells upon treatment with
5 nM actinomycin D (ActD), a drug that selectively inhibits
RNA polymerase I (Pol I), and consequently triggers the
IRBC [20] (Fig. 3b). Ectopic expression of the exogenous
wt RPL5 did not further increase ActD-induced p53 protein
levels. Notably, parallel expression of the 5S rRNA inter-
acting class of clusters mutants (G91D, N94D, and G71E)
and the folding core cluster mutants (G169V and R248Q)
strongly impaired ActD-induced p53 accumulation (Fig. 3b),
most likely because of the inability of such RPL5 mutants to
participate in the formation of the p53-activating IRBC
complex. Moreover, RPL5 mutants R54C and D147H also
caused a limited yet significant decrease in p53 induction
(Fig. 3b). Interestingly, this negative effect of the D147H
mutant on p53 activation occurred in the absence of any
obvious impairment of the RPL5/5SrRNA binding (Fig. 2c).
However, the 3D structure suggests that mutational repla-
cements of the amino acid residue D147 might alter the
formation of a salt bridge between D147 and R54 across
two separate beta-strands, thus reducing local conforma-
tional stability of RPL5 within the RPL5/RPL11/5S rRNA
complex and consequently impairing its p53-activating
functions [56, 57] (Supplementary Fig. 4). In contrast, the
R196L mutation located in an uncharacterized cluster
located on the RPL5 surface did not impair ActD-driven
induction of p53 (Fig. 3b). These results support the
hypothesis that RPL5 mutations affecting the interaction of
RPL5 with 5S rRNA or its folding core may have been
positively selected in incipient cancer cells to impair wt

p53 stabilization under conditions of tumorigenesis-
associated ribosome biogenesis stress.

Specific RPL5 and RPL11 mutants fail to incorporate
into ribosomes

Earlier studies demonstrated that under unperturbed condi-
tions and hence ongoing ribosome biogenesis, the nascent
wt RPL5/RPL11/5S rRNA complex incorporates into
ribosomes, and that a complete disruption of any compo-
nent of this complex leads to a very early block in ribosome
biogenesis [2, 12–14]. Thus, we decided to assess the
impact of representative cancer-associated RPL5 or RPL11
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Fig. 3 The effects of clustered RPL5 cancer-associated mutations
on wt p53 protein expression. a H1299 cells were transfected with
constructs coding for wt flag-p53, wt HDM2, wt flag-RPL5, wt flag-
RPL11, and specific cancer-associated flag-RPL5 mutants as indicated.
Cell lysates were prepared 30 h after transfection, analyzed by WB
using anti-flag or anti-HDM2 antibody. Actin was used as a loading
control. b A549 cells were transfected with constructs coding for wt
flag-RPL5 or the indicated flag-RPL5 mutants. After 32 h, cells were
left untreated or treated with 5 nM ActD for 16 h, followed by staining
with anti-p53 antibody and immunofluorescence analysis. Data
represent the mean ± SE (standard error). *P < 0.05; **P < 0.01; ***P
< 0.0001 indicate statistical significance. For details about statistical
analysis see Supplementary Table 7.
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missense mutations on the incorporation of RPL5 or
RPL11 into ribosomes. Flag-RPL5 proteins harboring
mutations affecting the RPL5/5S rRNA association (G91D,
N94D, G71E, and R54C) or RPL5 stability (G169V and
G170C) were not found in the ribosome fraction (Fig. 4a).
Notably, the D147H mutation in the 5S rRNA interacting
class of clusters and the nonclustered F3C mutation located
at the extreme N-terminus, both found in the TP53-wt
tumors, also inhibited the incorporation of RPL5 into
ribosomes (Fig. 4a), despite their preserved normal
expression levels and their ability to associate with 5S
rRNA (Fig. 2b, c).

All tested RPL11 missense mutations that preclude the
interaction between RPL11 and HDM2 [31], also abolished
the incorporation of RPL11 into ribosomes (Fig. 4b), pos-
sibly delineating competitive binding of HDM2 and 28S
rRNA to RPL11 residing in the nascent RPL5/RPL11/5S
rRNA complex (Fig. 4c, d).

Thus, these cancer-associated mutations may prevent the
incorporation of RPL5 or RPL11 into ribosomes either by
impairing the nascent RPL5/RPL11/5S rRNA complex
formation (Figs. 2c–f, 4a) or its critical molecular interac-
tions (RPL5 residues F3 and D147 or RPL11 residues at its
interaction interface with HDM2) with 28S rRNA during
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Fig. 4 Assessment of the impact of representative cancer-
associated RPL5 or RPL11 missense mutations on RPL5 or
RPL11 incorporation into ribosomes. H1299 cells were transfected
for 48 h with wt flag-RPL5 or indicated flag-RPL5 mutants in a and wt
flag-RPL11 or indicated flag-RPL11 mutants in b. Total cell lysates or
ribosomal fractions were analyzed by WB using anti-flag, anti-RPS6,
anti-RPL5, anti-RPL11, or anti-actin antibody. Specific RPL5 mutants
in a are highlighted in color according to the cluster to which muta-
tions they harbor belong (see Fig. 2a), whereas RPL11 mutants har-
boring mutations at its interaction interface with HDM2 are depicted in
purple in b. The RPL11 F107V mutant in b was undetected because it
forms aggregates that were removed by centrifugation during pre-
paration of cell lysates. Results shown in a and b are representative of

four (N= 4) and three (N= 3) independent experiments, respectively.
Specific endogenous RPs are indicated with “endo”. c The 3D struc-
ture of the RPL5/RPL11/5S rRNA/HDM2 complex (cartoon repre-
sentation) is shown. RPL5, RPL11, 5S rRNA, and a fragment of
HDM2 encompassing amino acids 293–334 are depicted in green,
yellow, brown, and light blue, respectively. RPL5 residues F3 and
D147 are shown in gray and red, respectively. RPL11 residues at its
interaction interface with HDM2 are depicted in purple. d RPL5
residues F3 (gray) and D147 (red) and RPL11 residues at its interac-
tion interface with HDM2 (purple) are in direct contact with 28S rRNA
(orange) in the large ribosomal subunit. The remaining RPs are shown
in cyan.

3450 I. Oršolić et al.



ribosome biogenesis (Fig. 4a–d). The inability of these
cancer-associated mutant RPL5 or RPL11 proteins to
incorporate into ribosomes may lead to decreased ribosome
numbers, particularly when the remaining wt RPL5 or
RPL11 allele becomes limiting for ribosome biogenesis,
potentially leading to the dysregulation of protein synthesis
[11]. Taken together, these findings emphasize the fact that
specific cancer-associated RPL5 and RPL11 missense
mutations may impair both wt p53 activation and RPL5 or
RPL11 incorporation into ribosomes (Figs. 3 and 4), both of
which may have important impact on tumorigenesis.

Cancer-associated RPL5 missense mutations overlap
with rare variants in the general population

We noted that 13 cancer-associated RPL5 missense
mutations identified in our dataset overlap with rare var-
iants in the general population (frequencies between 6.2e
−05 and 4.1e−06) (Supplementary Table 2). Nine of
these 13 mutations were present in the TP53-wt tumors
(Table 2 and Supplementary Table 2) and six of these nine
mutations affected clustered amino acid residues, includ-
ing the R54 residue mutated in seven samples (Table 2).
We showed that five of these mutations have significant
negative effects on either the RPL5/5S rRNA interaction
(Y226H, G91S, R54C, A77T) (Fig. 2c and Table 2) or
RPL5 stability (R107C) (Fig. 2g, Supplementary Fig. 3b
and Table 2). We suggest that such functionally relevant
germline variants might, under conditions that cause
ribosome biogenesis stress in a certain tissue or cell type
later in life, accelerate tumor development via bypassing
the p53 checkpoint.

Discussion

In this study, we performed a comprehensive analysis
involving close to 19,000 samples across 49 cancer types to
detect features of positive selection on low-frequency RPL5
mutations during cancer development that are likely to be
overlooked in small-scale studies. Our ensuing functional
analysis of representative mutants show that a large fraction
of these mutations impair the formation of the p53-
activating IRBC complex either by disrupting the RPL5/
5S rRNA interaction (the 5S rRNA interacting class of
clusters) or limiting RPL5 availability (the folding core
cluster mutations or frameshift and nonsense mutations)
(Table 2 and Fig. 5a, b). Our results cannot exclude the
possibility that the ribosome-free RPL5/RPL11/5S rRNA
complex might also modulate additional functions of
HDM2 that are p53-independent and that specific RPL5
mutations could potentially interfere with these functions in
the context of tumorigenesis [58, 59].

Furthermore, in addition to impairing p53 activation,
many of these RPL5 mutants cannot be incorporated into
early ribosomes [2] (Fig. 4). Under such conditions, ribo-
some numbers might be decreased, especially when RPL5
produced from the remaining wt RPL5 allele cannot com-
pensate for a mutated RPL5 allele in ribosome biogenesis,
potentially altering protein synthesis and tumorigenesis.

On the other hand, several cancer-associated RPL5
mutants that can be incorporated into ribosomes (Fig. 4),
may potentially contribute to the generation of hetero-
geneous ribosomes. Whether or not such ribosomes possess
any specific defect in protein synthesis remains to be
investigated.

Given that all identified RPL5 and RPL11 mutations in
human cancers are heterozygous, it is important to keep in
mind that their effects on p53 activation and ribosome
production are exerted in the presence of one wt RPL5 or
RPL11 allele.

Furthermore, while less frequent, several specific RPL11
missense mutations affecting residues located within the
interaction interface with HDM2 (Fig. 4b–d) and RPL11
frameshift and nonsense mutations (Table 1) may impair
both IRBC activation [31] and ribosome synthesis in spe-
cific cancers. Taken together, these findings suggest exis-
tence of several underlying molecular mechanisms by
which mutations in the coding regions of RPL5, and pos-
sibly RPL11, might contribute to the pathogenesis of human
cancers. Moreover, we identified a number of recurrent
nonclustered RPL5 missense mutations co-appearing with
wt TP53, including mutations affecting amino acid residues
at RPL5’s interaction interface with 5S rRNA (A77T and
K258N) and the E82K mutation found in six cancer patients
(Table 2). Further characterization of these nonclustered
mutations is required to understand their potential func-
tional contribution to tumorigenesis.

In addition to mutations analyzed in this study, epige-
netic modifications of the RPL5 and RPL11 genes, deletions
of chromosomal regions harboring RPL5 and RPL11, or
mutations in RPL5 and RPL11 regulatory regions or the
IRBC complex binding sites in HDM2 [2, 3, 33, 35, 36]
might also play a role in human cancer.

Identification of several rare RPL5 germline variants
overlapping the sporadic function-affecting cancer-asso-
ciated mutations might suggest their role in susceptibility to
cancer [60]. This possibility needs careful consideration
since such germline variants might be harmless to the
organism as a whole, especially under unstressed physio-
logical circumstances, even if they cause a substantial effect
on the molecular level. It also remains to be determined why
individuals harboring functional germline RPL5 variants
apparently lack clinical features of DBA, such as aplastic
anemia and developmental defects [3]. It could be argued
that more detrimental germline heterozygous RPL5
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frameshift and nonsense mutations or DBA-specific mis-
sense mutations are required for the clinical manifestation of
these specific DBA traits [3].

Moreover, our functional and structural characterization
of cancer-associated missense RPL5 and RPL11 mutations
combined with the molecular structure modeling study of the
wild-type complex [31] led to the identification of several
critical molecular interactions between the RPL5/RPL11/5S

rRNA complex and 28S rRNA (Fig. 4c, d). These specific
heterozygous RPL5 or RPL11 mutations might, under cer-
tain cell growth conditions, alter ribosome numbers and/or
function in cancer cells without preventing the RPL5/
RPL11/5S rRNA checkpoint complex formation (Fig. 4a, b).

Conceptually, our present analyses, together with the
available evidence suggest that many of the RPL5 mutations
found in human cancers harboring wt p53 likely impact

Table 2 Summary of cancer-associated RPL5 mutations co-occurring with wt TP53 across specific cancer types and their functional significance.

fs frameshift mutations, SCG start codon gained.

Clustered RPL5 mutations are highlighted in color according to the cluster to which they belong (see Fig. 2a). Cancer-associated RPL5 mutations
that overlap with rare germline variants in the general population are boxed. Recurrent mutations are depicted in bold.

RPL5 mutations occurring in both wt and mut TP53 tumors: N57fs, M236fs, A77T, R293W, E82K, R209H, R107H, A205V, and Y207H.
aNonsense mutations. RPL5 mutations occurring in both wt and mut TP53 tumors: N57fs, M236fs, A77T, R293W, E82K, R209H, R107H,
A205V, and Y207H.

3452 I. Oršolić et al.



tumorigenesis in a dual mode. First, such mutants impair
ribosome biogenesis, thereby altering proteosynthesis and
creating a scenario that would trigger the RPL5/RPL11/5S
rRNA/HDM2/p53 checkpoint. Second, as many of the
mutants disable this IRBC checkpoint, cancer cells
expressing such RPL5 mutants are unable to fully activate

the checkpoint and hence they can avoid the p53-mediated
tumor suppressive impact such as cellular senescence.
These combined effects could then fuel tumorigenesis
without suffering from p53-imposed growth inhibition or
cell death even in tumors with wt p53. RPL5/RPL11
mutants can also be selected for in tumors in which ribo-
some biogenesis stress is evoked by oncogenes such as
Myc, or chemotherapeutics that target ribosome biogenesis/
proteosynthesis [1, 2, 47]. In tumors with mut p53 (selected
for example due to the endogenous oncogene-induced
replication stress [61]), the tumor evolutionary pressure to
select for the RPL5 mutants that also disable the IRBC
mechanism of p53 activation would be much reduced,
consistent with our findings. In addition, our study provides
a paradigm for future investigations of the relevance of low-
frequency mutated genes in cancer development.

Materials and methods

Information sources

As our primary information source we used data generated
by the TCGA Research Network [37] (http://cancergenome.
nih.gov/), currently available as the Genomic Data Com-
mons (GDC) Legacy Archive (https://portal.gdc.cancer.gov/
legacy-archive), and the ICGC data portal [38] (https://dcc.
icgc.org/release [26]). The two databases partially overlap
—for the patients/donors for which this is the case, the
information was taken from ICGC. For the frequency esti-
mate of genetic variants in the general population we relied
on the Genome Aggregation Database (gnomAD), version
2.0.2. (http://gnomad.broadinstitute.org/) [62].

Patients vs. specimens

For the cases where the same mutation was reported for the
same patient in specimens or samples with multiple labels,
it is counted only once, irrespective of the specimen type
(i.e., primary vs. metastatic). Conversely, two mutations are
counted as appearing in the same patient irrespective of the
specimen they were reported in. This enables us to sidestep
the problems of specimen relabeling between the two
databases, and to include in the analysis the conflicting and
nonoverlapping mutation sets reported even for the same
type of specimen, both problems beyond the scope of this
work. For RPL5 and RPL11 mutations, the provenance is
listed for each mutation in Supplementary Tables 2 and 3.

Mutations considered in this work

We focus our attention on small localized mutations, which
can potentially disable at least one aspect of protein
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function. Mutations with speculative impact, such as silent,
deep intronic, and UTR variants are ignored here. In the
context, where we specifically consider silent mutations, for
example, when discussing silent-to-nonsilent mutation ratio,
the fact is spelled out. A certain percentage of the missense
mutations is expected to have only minor consequence for
the protein function. In this work we choose not to rely on
the heuristic methods of estimating their impact. Rather, we
count them all as potentially harmful and test their impact
directly. Frameshift and nonsense mutations introduce pre-
mature stop codons which, in the majority of cases, render
the gene nonproductive via nonsense mediated decay [63].
These mutations thus effectively behave as haploinsuffi-
ciency of RPL5 or RPL11, known to cause inborn DBA in
humans [27, 28], and partially recapitulate the DBA phe-
notype in mice [25, 26]. We therefore count them all as
harmful.

TCGA/ICGC data analysis

The TCGA and ICGC data were analyzed using an ad hoc
pipeline written mostly in Python and available on Github
(https://github.com/dogmaticcentral/CG). It reorganizes the
data found in TCGA/ICGC to remove the possible dupli-
cation of variants from the same donor, disregard unreliable
variant calls from low-depth regions (where such informa-
tion is available), and enable search for (anti) correlations
among somatic mutations in protein-coding genes in the
same donor. Otherwise, the pipeline itself does not intro-
duce any algorithmic innovations. The pipeline relies in part
on SciPy: Open source scientific tools for Python
(http://www.scipy.org/) and Matplotlib [64]. Protein struc-
ture illustrations were created using PyMol (https://pymol.
org/2/). Mapping of amino acid residues affected by muta-
tions on RPL5 and RPL11 proteins was performed using
cBioPortal Mutation Mapper (http://www.cbioportal.org/
tools.jsp).

Structural models

The structural model of RPs and rRNA used in this work is
based on the cryo-electron microscopy model of porcine
mature ribosome [65] and on the crystallographic structure
of the HDM2- RPL11complex [31] deposited in the RCSB
PDB [66] (https://www.rcsb.org/structure/4xxb) with IDs
3J7R and 4XXB.

Clustering of mutations in proteins

Statistical assessment of the non-randomness of cluster-
ing of an arbitrary selection of residues on the protein
structure was performed as described previously [53].
The method is oblivious to the source of the selection,

and merely reports how likely or unlikely it is to form the
similar number of similarly compact clusters by making a
random selection of the same size on the protein
sequence. The likelihood is quantified as the z-score—the
distance of the clustering score from the average, mea-
sured in units of standard deviation. The distribution of
the score values depends on the shape of the protein fold;
in particular, this distribution is not Gaussian, and results
in a nontrivial relation between the P value and the z-
score. We take that two residues belong to the same
cluster if any of their two atoms come to within 4.5 Å
from each other. When assessing the clustering in pre-
defined TP53 mutational background (wt or mut), the
positions were taken into consideration if and only if they
carried replacements unique to that background. For
example, position 77 on RPL5 was not included in esti-
mating the nonrandomness of clustering in either wt or
mut TP53 case, because in our dataset A77 is only seen
replaced by T, and that in both wt and mut TP53 context.
As a counterexample, position 107 was included in the
estimate for wt TP53 even though it is mutated from R to
H in both TP53 contexts, because R107C appears
exclusively with wt TP53. A reproducible version of this
calculation is available on CodeOcean (https://codeocea
n.com/capsule/0541628).

Plasmid construction and site-directed mutagenesis

The cDNA coding for wt RPL5, RPL11, or p53 was
amplified by PCR from human cDNA library using Pfu
DNA polymerase (Stratagene, La Jolla, CA, USA) and
specific primers listed in Supplementary Table 6. cDNAs
were inserted between the NdeI and EcoRI sites of
pcDNA4/TO vector (Invitrogen, Carlsbad, CA, USA),
which was previously modified to express a flag-tag at the
N- terminus and do not contain NdeI restriction site out-
side of the multiple cloning site. pCDNA4flag-RPL5 and
pCDNA4flag-RPL11 plasmids were used as templates for
site directed mutagenesis which was carried out using
Change IT Multiple Mutation Site Directed Mutagenesis
Kit (USB Affymetrix, Cleveland, Ohio, USA) as pre-
viously described [67]. Primers used for site-directed
mutagenesis are listed in Supplementary Table 6. For
expression of HA-HDM2 or HDM2, the expression
plasmids pCMV-HA3-HDM1B and pCHDM1A-HDM2
were used.

Cell culture, transfection, and treatments

A549 and H1299 cell lines were obtained from the Amer-
ican Type Culture Collection (ATCC). They were grown,
maintained, transfected, and treated as described in Sup-
plementary materials and methods.
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Immunofluorescence analysis

A549 or H1299 cells were transfected with plasmids
encoding wt flag-RPL5 or specific flag-RPL5 mutants and
analyzed as described in Supplementary materials and
methods.

WB analysis

It was performed as previously reported [20]. Details are
provided in Supplementary materials and methods.

Immunoprecipitation

The detailed procedure of sample preparation and analysis
are provided in Supplementary materials and methods.

RNA extraction, reverse transcription, and
quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using Tri reagent (Invitrogen)
according to manufacturer’s protocol. Isolated RNA was
reversely transcribed with high-capacity cDNA kit (Applied
Biosystems, Carlsbad, CA, USA). qRT-PCR was performed
using Power SYBR Green master mix (Applied Biosys-
tems) on an ABI Prism 7300 sequence detector (Applied
Biosystems) using the 2-ΔΔCT method for analysis. Pri-
mers specific for 5S rRNA, Flag-RPL5, and GAPDH are
listed in Supplementary Table 6.

Isolation of the ribosomal fraction

Ribosomes from transfected H1299 cells were isolated as
previously reported [20]. Ribosome pellets were resus-
pended in Laemmli buffer, subjected to SDS-PAGE, and
immunoreactive bands were detected by WB analysis using
the indicated antibodies.

Statistical analysis

Details are provided in Supplementary materials and
methods and in Supplementary Table 7.
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