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ABSTRACT

The torrent of RNA-seq data becoming available not only furnishes an overview of the entire transcriptome but also provides tools
to focus on specific areas of interest. Our focus on the synthesis of ribosomes asked whether the abundance of mRNAs encoding
ribosomal proteins (RPs) matched the equimolar need for the RPs in the assembly of ribosomes. We were at first surprised to find,
in the mapping data of ENCODE and other sources, that there were nearly 100-fold differences in the level of the mRNAs encoding
the different RPs. However, after correcting for the mapping ambiguities introduced by the presence of more than 2000
pseudogenes derived from RP mRNAs, we show that for 80%-90% of the RP genes, the molar ratio of mRNAs varies less than
threefold, with little tissue specificity. Nevertheless, since the RPs are needed in equimolar amounts, there must be sluggish or
regulated translation of the more abundant RP mRNAs and/or substantial turnover of unused RPs. In addition, seven of the RPs
have subsidiary genes, three of which are pseudogenes that have been “rescued” by the introduction of promoters and/or
upstream introns. Several of these are transcribed in a tissue-specific manner, e.g., RPLT0L in testis and RPL3L in muscle,
leading to potential variation in ribosome structure from one tissue to another. Of the 376 introns in the RP genes, a single

one is alternatively spliced in a tissue-specific manner.
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INTRODUCTION

As the central element in the production of proteins, the ri-
bosome is key to the regulation of growth and development.
Molecular structures from yeast (Ben-Shem et al. 2011) and
humans (Anger et al. 2013) demonstrate that the ribosome is
a fixed, unique arrangement of proteins and RNA molecules,
mostly conserved over geological time scales. Yet recent work
suggests that there may be more flexibility in both the struc-
ture and function of the ribosome than has been appreciated
(for review, see Xue and Barna 2012).

The eukaryotic ribosome is composed of four RNA mole-
cules and 80 ribosomal proteins (RPs), assembled through a
complex series of steps requiring the participation of nearly
300 RNA and protein cofactors (for review, see Thomson
et al. 2013; Woolford and Baserga 2013). Although much
of the detailed analysis of this process has been carried out
in S. cerevisiae, genome comparisons and recent experimental
work suggest that much the same process occurs in mamma-
lian cells, although with additional complexities (Tafforeau
et al. 2013). The assembly process requires the nearly simul-
taneous presence of an equimolar amount of nearly all the
80 RPs. There are two types of exceptions: (1) In yeast, eight
of the 79 RPs are not essential for reasonable growth (Steffen
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et al. 2012), and in mammals, a few RPs, such as 122
(O’Leary et al. 2013) and L40 (Lee et al. 2013) seem to be dis-
pensable for ribosome assembly and for cell growth; none are
known to be dispensable for the development of an intact an-
imal; and (2) the stalk proteins, P1 and P2, are present in two
copies per ribosome and exchange between a cytoplasmic
pool and mature ribosomes (for review, see Gonzalo and
Reboud 2003).

Ribosomes are abundant. An efficient cell would synthe-
size equimolar amounts of each of the RPs. Is that in fact
the case? Indeed some evidence suggests that the cell produc-
es far more of each of the RPs than needed, rapidly degrading
any molecules not selected to form the complete ribosome
(Lam et al. 2007). However, accumulating examples of path-
ological effects due to haploinsufficiency of genes encoding
RPs (for review, see Raiser et al. 2014) question that notion.
The discovery that Diamond-Blackfan anemia can be caused
by haploinsufficiency of RPSI19 (Draptchinskaia et al. 1999)
or a number of other RP genes (Farrar et al. 2011), that 5q
myelodysplastic syndrome is caused by the loss of one copy
of RPS14 (Ebert et al. 2008), and that haploinsufficiency
for RPSa can lead to congenital asplenia (Bolze et al. 2013)
suggests that adequate supplies of the RPs can be limiting.
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Finally, increased focus on the role in disease of the ribo-
some and its synthesis has come from the realization that ri-
bosome assembly is carefully monitored by the cell, when
defective ribosome assembly due to imbalance in the produc-
tion of RPs can lead to accumulation of p53, and in some cas-
es to apoptosis (for review, see Vlatkovic et al. 2014).

These considerations prompted us to exploit the massive
amount of information now available through genomic ini-
tiatives to ask three specific questions about human ribo-
somes and their synthesis:

1. What genes are used to produce RPs? Are they the same in
all tissues?

2. Isthere equimolar representation of mRNAs encoding the
80 RPs?

3. To what degree does alternative splicing of RP gene tran-
scripts lead to alternative RPs? Is there tissue specificity?

As will be evident below, the answers to these questions
(partially summarized in Table 1) not only reveal limitations
to conventional genomic analysis but also provide intriguing
insights into potential ribosome heterogeneity.

RESULTS AND DISCUSSION

Proteome analysis of the ribosomal proteins

Can proteome analysis reveal whether the cell, indeed, has
equimolar amounts of the 80 RPs? These are difficult exper-
iments, but the Aebersold and Mann laboratories (Beck et al.
2011; Nagaraj et al. 2011) have used advanced mass spec-
trometry methods to measure the abundance of many thou-
sands of individual proteins in two human cell lines. The
results for RPs, extracted from their Supplemental Files, are
shown in Supplemental Table S1. Two points are clear: RPs
are abundant, and there remains a substantial scatter between
the proteins and between the laboratories. Within one labo-
ratory, however, the data are more consistent, allowing
Geiger et al. (2012) to conclude that the ribosomal proteins
are expressed at about the same levels in the 11 cell lines
they studied. Nevertheless, these data are far from sufficient
to confirm that cells have equimolar amounts of the 80 RPs.

Genes encoding ribosomal proteins and their
derivatives

As in most mammals, the human genome carries a single
copy of a gene encoding each of the 80 ribosomal proteins
(Uechi et al. 2001), with the few exceptions to be described
below. A valuable compilation of data on the ribosomal pro-
teins and their genes in many organisms is available at http
://ribosome.med.miyazaki-u.ac.jp (Nakao et al. 2004).

The exceptions include S4, which is encoded by one gene
on the X chromosome, RPS4X, and two on the Y chromo-
some, RPS4Y1&2. Another is the dual copies of RPS17 due

TABLE 1. Summary of data on ribosomal protein genes

Number Tissue- Alternative
of active Number of specific splicing

RP genes pseudogenes  expression >1%
L10 2° 33 NES YES
L10A 1 14

L11 1 5

L12 1 49 YES
L13 1 14

L13A 1 29 YES
L14 1 9

L15 1 23

L17 1 55

L18 1 14

L18A 1 19

L19 1 22

L21 1 145

L22 2 25

123 1 14

L23A 1 82

124 1 10 YES
L26 2 40

L27 1 15 YES
L27A 1 8

128 1 6

129 1 38

L3 2 14 YES

L30 1 19

L31 1 66

132 1 39

L34 1 40

L35 1 9

L35A 1 37

L36 1 24

L36A 2° 55

L37 1 25

L37A 1 9

L38 1 6

L39 2° 47 YES

L4 1 9

L40P 1 11

L41 1 22

L5 1 40 YES
L6 1 32

L7 1 64

L7A 1 77

L8 1 6

L9 1 36

PO 1 11 YES
P1 1 15 YES
P2 1 5 YES
S_RACK1 1 3

S10 1 33

S11 1 8

S12 1 34 YES

S13 1 11

S14 1 10

S15 1 13

S15A 1 40

S16 1 11

S17 2 18

S18 1 14

(continued)
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TABLE 1. Continued

RP Number Number of Tissue- Alternative
of active  pseudogenes specific splicing
genes expression >1%
S19 1 7
S2 1 63
S20 1 35
S21 1 9
S23 1 9
S24 1 30 YES—tissue
specific
S25 1 10
S26 1 61
S27 2 30 YES
$27AP 1 22
S28 1 11
S29 1 32
S3 1 7
S30° 1 3
S3A 1 60
S4 3 24
S5 1 8 YES
S6 1 24
S7 1 18
S8 1 10
S9 1 4
SA 1 75

Bold highlights RPs encoded by >1 functional gene.
“Indicates the second gene is a rescued pseudogene.
PIndicates an RP gene with an N-terminal ubiquitin fusion.

to a ~300 kb tandemly duplicated region of chromosome 15.
Neither S4 nor S17 has multiple genes in the mouse. In addi-
tion, there are several interesting variations on the canonical
RP genes. RPL3L, RPL22L, RPL26L, and RPS27L are duplicat-
ed copies of the original gene, carrying introns in nearly iden-
tical positions. All but RPL26L have similar duplicates in the
mouse. For convenience, we term these the “Like” genes, as
indicated in their genetic names. RPL7L and RSL24D] are re-
lated to RPL7 and RPL24, respectively, but are more likely to
be involved in ribosome assembly and not present in the ma-
ture ribosome (Dunbar et al. 2000; Kappel et al. 2012;
Babiano et al. 2013).

The human genome is not lacking for RP sequences, how-
ever. It carries more than 2000 pseudogenes derived from
processed RP mRNAs (Zheng et al. 2007; Balasubramanian
et al. 2009). Perhaps the abundant production of ribosomes
in the developing oocyte provides the opportunity for reverse
transcribed mRNAs to enter the germ line. Three of the pseu-
dogenes have been rescued, in both man and mouse. These
can be defined as pseudogenes because they have lost their
normal introns and promoters. Yet they are active. RPL36aL
is transcribed from a site some 1545 bp upstream, within
<100 bp of the divergent initiation site of the MGAT?2 gene.
Since it is now clear that most promoters drive divergent tran-
scription (Seila et al. 2009), we suggest that RPL36aL has been
“fixed” in the “on” position, an example of a recent prediction
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(Wu and Sharp 2013). Excision of a 1422 nt intron from the
5" UTR leaves the translation initiation site intact. RPL39L is
similar except that there is no apparent gene to provide a tran-
scription origin. Its two introns in the 5 UTR total nearly
18,000 nt. Most intriguing is RPL10L, a processed pseudogene
that has been activated without the help of either introns or
external transcription start sites. Is it coincidence that each
of the three activated pseudogenes is derived from a gene on
the X chromosome?

Mapping RNA-seq output for RP genes

One aim of this study is to determine the level of mRNAs de-
rived from each of the RP genes and to ask whether there is
equimolar representation of the different mRNAs to yield
the equimolar amount of RPs needed to construct ribosomes.
However, examination of the data provided in a number of
publications proved problematical due to enormous variabil-
ity in the read counts for different RP genes from different
sources. Many essential genes had few if any reads, whereas
others had tens of thousands. An example is shown in
Supplemental Table S2, from which a portion is excerpted
for Table 2. Columns B and E of Supplemental Table S2
show read counts taken from the mapping (bam) file of
RNA-seq analysis of HeLa and of HIhESC cell long PolyA+
RNA. It is evident that there is a >100-fold range in the read
counts for different RP genes, a range that is not consistent

TABLE 2. Read counts for selected genes

Hela Hela
GSM765402 GSM765402
CSHL bam file Masked bam file

Gene read count read count
RPL6 67,130 192,948
RPL7 5054 295,472
RPL7A 88,097 232,501
RPL19 69,936 95,341
RPL21 4065 125,046
RPL22 41,413 86,645
RPS16 39,859 52,177
RPS17 993 216,538
RPS18 127,362 217,466
RPS27A 97,442 244,093
RPS28 2923 21,472
RPS29 43,492 55,998
ATP5B 324,660 325,827
PKM 452,235 456,232
TPT1 249,643 261,038

Fastq files representing the sequencing data for Hela cells, as well
as bam files representing the mapped fastq files, were obtained
from the ENCODE website (GSM765402 replica 1). Read counts
extracted from the bam files using the hg19 coordinates of the
UCSC genome browser (http://genome.ucsc.edu/) are shown in
column 2. The fastq file was also mapped to the “masked” genome
as described in Materials and Methods; read counts derived from
this mapping are shown in column 3. See Supplemental Table S2
for a complete set of the data for both HeLa and H1 hESC cells.
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between the two cell lines of Supplemental Table S2. Although
it is possible that this wide range is a biological phenomenon,
we suggest that it is due to mapping difficulties caused by the
presence in the human genome of the numerous pseudogenes
described above. Indeed, for some cases the original bam files
attributed a larger fraction of the RP reads to pseudogenes
than to the original gene.

Several mapping programs have been devised to identify a
region of the genome from which a specific sequencing read
originated: TopHat (Trapnell et al. 2012), GSNAP (Wu and
Nacu 2010), Bowtie2 (Langmead and Salzberg 2012), and
STAR (Dobin et al. 2013), among others. However, the se-
quence of most of the pseudogenes is almost identical to
that of the authentic mRNA. Thus, many reads derived
from RP mRNAs will map to multiple locations in the ge-
nome, especially considering that most programs allow for
two to three errors per 100 base calls. Although different pro-
grams deal with this problem in different ways, none has a
failsafe way of linking a read to the authentic gene.

As an attempted solution to this problem, we mapped reads
from selected data sets to a “masked” genome: the complete
human genome (hgl9), in which all the RP pseudogenes (de-
rived from the list at http:/pseudogenes.org/psidr/) as well
as one of the duplicate copies of RPS17, were masked as N’s
(see Materials and Methods). Discrepancies between read
counts, and identification of the sites to which “missing” reads
had mapped, led to the identification of 46 additional pseudo-
genes, which have been added to the list (Supplemental Table
S3). Since any individual read is limited to one “hit” in the ge-
nome, any read corresponding to an RP transcript will be
credited to the original gene.

Read counts using our analysis compared to the read counts
originally reported by The ENCODE Project Consortium
(2011) are shown in Supplemental Table S2, with excerpts
in Table 2. Mapping against the masked genome yields be-
tween 45% and 80% more reads for the RP genes, but the
same number of reads for the control genes. The “lost” reads
are not distributed uniformly. When mapped against the
whole genome, genes such as RPL7 have lost practically all
their reads; others have almost the same number. Since our
interest is in the molar ratio of the mRNAs encoding RPs,
we conclude that mapping with the masked genome provides
more reliable estimates of the actual mRNA levels. We suggest
that it is unwise to rely on the mapping data for ribosomal
protein genes as provided in the bam files of many of the se-
quencing consortia.

Is it justified to mask the pseudogene sequences? Are any of
the pseudogenes active? Since many of the pseudogenes de-
rived from RP genes lie within the introns of expressed genes,
they are being transcribed, but presumably not in a way that
would provide functional mRNAs encoding RPs. As a general
approach, we examined the RP pseudogenes for the chroma-
tin signs of actual or potential transcription, H3K4me3 and
H3K27Ac, using the ENCODE data (Djebali et al. 2012) dis-
played in the UCSC browser. Although each of the authentic

RP genes has a robust signal for both histone marks, the pseu-
dogenes for the most part have no signal or a very weak one. A
typical example, comparing RPS19 with one of its pseudo-
genes, is shown in Figure 1. The only cases with substantial
amounts of these chromatin marks over a pseudogene are
when the pseudogene is within an intron near the transcrip-
tion start site of another gene. On the other hand, for the cases
described above in which a pseudogene has been “rescued,”
such as RPL36aLl and RPL39L, the chromatin marks are
clearly evident. These chromatin marks are remarkably uni-
form from one cell type to another. In the case of RPLIOL,
the H3K4me3 and H3K27Ac chromatin marks are negative
for cell lines but are robust in mouse testis, where the gene
is transcribed.

In the end, any analysis of sequencing data requires some
compromises. It is possible that some pseudogenes are mar-
ginally active, at least in some tissues. However, using the
masked genome, their transcripts are likely to be counted
as coming from the mother gene; such an attribution will still
provide a measure of the coding capacity for a given RP. Only
if the pseudogene has diverged sufficiently to encode a pro-
tein with different function will it be missed when using
the masked genome.

Once the number of reads has been determined, the con-
ventional measure of the relative number of mRNAs derived
from different genes is the RPKM (Reads Per Kilobase of
mRNA per Million mapped reads). An additional compro-
mise is necessary for the appropriate value of K. The RefSeq
mRNAs for a number of RP genes have long 3’ UTR sequenc-
es, increasing the length used for K. However, in some cases,
we find few if any reads within the extended 3’ UTR.
Therefore, based on such analysis of a number of data sets,

RPS19

H3K27Ac hESC
Ii H3K4me3 hESC

H3K4me3 Hela

furstfionate 4~

H3K4me3 many

WRPS19(6)
H3K27Ac hESC

H3K4me3 hESC

H3K4me3 Hela

L

H3K4me3 many

FIGURE 1. Chromatin signatures of authentic and pseudo RP genes. A
snapshot from the UCSC browser showing the ChIP analyses of
H3K27Ac and H3K4me3 from several cell lines at RPS19 and at the
RPSI9 pseudogene on chré: 110,883,378—110,883,818. “Many” refers
to a number of cell lines that have been overlaid.
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we have corrected the K values for a few RP mRNAs
(Supplemental Table S4). A recent analysis of polyadenylation
sites largely confirms these corrections and provides interest-
ing examples of tissue-specific differences in 3’ termination
sites for some RP transcripts (Lianoglou et al. 2013).

Finally, to facilitate comparison of the data on RP tran-
scripts over many data sets, we have normalized most of the
data. The normalized value for RPx is RPKMx*80/>RPKM
for any given data set. In this way, if all the 80 RPs were rep-
resented by equal numbers of mRNAs, then each would
have a value of 1.0. The extent to which the actual value dif-
fers from 1 is a measure of the deficiency or excess mRNA
for that RP.

Stoichiometry of mRNAs encoding RPs

As an example of the protocol, the analysis of data sets of three
tissues from the Illumina Human Body Map (GSE30611),
heart, liver, and testis, is shown in Supplemental Table S5,
with a more complete analysis in Supplemental Table S6. A
number of points are clear.

The read counts are substantial, consistent with ribosomal
protein genes being among the most active in the cell. In this
case, they make up from 1.2% to 3.3% of the total reads, de-
pending on tissue. Consistently, brain and heart have less rep-
resentation of the RP genes, with more active tissues and cell
lines usually approaching 5% of the total (Supplemental
Tables S2, S6).

From the normalized RPKM columns, it is clear that
mRNAs encoding most of the RPs are within a fairly small
spread, between ~0.5 and ~1.5. Thus, there is about a three-
fold variation in the relative numbers of the mRNAs encoding
the different RPs, but with a few outliers. In any individual
data set, however, the range can be much larger, perhaps
five- to sixfold. Overall, there is substantial consistency be-
tween the Body Map data and other comparable tissue data
(Supplemental Table S6, indicated in red; Brawand et al.
2011) (GSM752691). Comparison of these data sets with a
number of others, mostly from a variety of tissue culture cells,
shows substantial uniformity. Certain proteins such as
L41land S27 have two- to threefold more mRNAs than the av-
erage (see far right columns of Supplemental Table S6, where
the RP genes are sorted according to overall abundance of
their mRNAs). Surprisingly, S17, in spite of its gene being pre-
sent at twice the copy number because of a duplicated chro-
mosome fragment, has nearly the average level of mRNA.
Other proteins, such as L36, S26, S5, and S30, have less than
half the average number of mRNAs. Interestingly, S19
mRNA is consistently low in both of these data sets but not
in some others. Nevertheless, this is a provocative finding in
light of the effects of haploinsufficiency of RPS19 in Dia-
mond-Blackfan anemia (Draptchinskaia et al. 1999). Finally,
P1 and P2 are represented by above average mRNA as might
be expected for genes encoding proteins found in more
than one copy per ribosome.

1008 RNA, Vol. 20, No. 7

These results are at significant odds with the report that
there can be 100-fold differences in the levels of the various
RP mRNAs in several tissues of the developing mouse em-
bryo (Kondrashov et al. 2011). Whether this represents dif-
ferences in experimental protocol or intriguing aspects of
tissue differentiation remains to be seen.

Unfortunately, differences in RNA and/or library prepara-
tion between different laboratories can lead to inconsistent
results. Thus, for a number of genes, one data set consistent-
ly records higher read counts than the other, e.g., RPLI5,
RPL22, RPL34, RPL9, and RPS3a are higher in the Body
Map than in the Brawand et al. (2011) data, whereas RPL13,
RPL28, and RPL36 are lower in the Body Map data (Sup-
plemental Table S6). We observed a similar situation in com-
paring data on the same cell line generated by different
laboratories. An additional cause of potential variation may
arise from the observation that RP mRNA abundance is sub-
ject to circadian rhythm (Jouffe et al. 2013), rarely recorded
for RNA-seq data sets.

The scatter in the data from different sources is sufficiently
large that it is generally not possible to identify tissue-specific
differences in the abundance of mRNAs derived from indi-
vidual RP genes. One clear exception is the low level of
mRNA from RPL3 in both skeletal and heart muscle, which
is somewhat offset by the increased transcription of RPL3L
in those tissues (Supplemental Tables S3, S4). Perhaps this
is another example of autoregulation as has been reported
for the RPL22/RPL22L pair (O’Leary et al. 2013).

The three tissues shown in Supplemental Table S5 are all
from males. The one functioning RP gene on the Y chromo-
some, RPS4Y1, generally contributes ~20%—-25% of the total
mRNA encoding S4. RPS4Y2 appears silent, although other
analyses suggest it is active in testis and prostate (Lopes et
al. 2010). Comparing the data across the tissues represented
in the Body Map (Supplemental Table S6), the expression
of RPS4X is consistently greater in female than in male tis-
sues. Surprisingly, a data set from Xist negative cells (Vallot
et al. 2013) showed no increase in the expression either of
RPS4X, or of RPL36A and RPL39, both of which are on the
X chromosome.

As mentioned above, there are seven “Like” genes, from
second copies of RP genes or from rescued pseudogenes de-
rived from RP genes. Contributions of these “Like” genes are
summarized in Supplemental Table S7. Although this table
represents only the Body Map data set, similar values and
tissue specificities were observed in a variety of human as
well as mouse data sets. Although the “rescued” pseudogene
RPL36AL contributes ~40% or more to the supply of L36a in
most tissues, other “Like” genes make only a low, relatively
tissue-nonspecific contribution to the supplies of that pro-
tein. Nevertheless, RPL22L has some key function in hemato-
poietic stem cell development (Zhang et al. 2013), and its
expression is substantially increased in RPL22™'~ mice
(O’Leary et al. 2013). There are several cases of tissue specif-
icity: RPL39L is highly expressed in testis, somewhat in brain.
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RPLIOL is expressed almost exclusively in testis, as has been
observed biochemically (Sugihara et al. 2010). RPL3L is high-
ly expressed in heart and skeletal muscle, but barely at all
elsewhere. This partially makes up for a substantial reduction
in transcripts of RPL3 in those tissues. Because of the overall
similarity of the “Like” proteins with their parents, we as-
sume that they can take their place in the ribosome, as has
been shown directly for L10L, L22L, and L39L (Sugihara
et al. 2010; Stadanlick et al. 2011). Thus, one of the most in-
triguing results from the tissue comparisons in Supplemental
Tables S6 and S7 is that there are clearly distinct tissue differ-
ences in ribosomes, e.g., L3L has likely replaced L3 in ~25%
of the ribosomes of muscle tissue. Since about a quarter of the
amino acids differ between the two proteins, the effects on
the structure of the ribosome could be significant. Testis,
which seems to be the most active in expressing the “Like”
proteins, could have a variety of different ribosomes. Aside
from the case of 138, whose absence appears to affect the
translation of a specific class of mRNAs (Kondrashov et al.
2011), we know basically nothing about the influence of
RPs on the translation of specific cellular mRNAs.

To ask whether the differences in mRNA level encoding
the different RPs are reflected, or compensated, in transla-
tion, we have analyzed several sets of data from ribosome
profiling experiments (Hsieh et al. 2012; Loayza-Puch et al.
2013; Stumpf et al. 2013). In general, the relative amount
of mRNA encoding each RP that is protected by ribosomes
is similar to that in the total transcriptome. This is interesting
because RP mRNAs are the original members of the “tracks
of pyrimidine” (TOP) mRNA class whose translation is reg-
ulated under the influence of growth conditions (Meyuhas
and Dreazen 2009), yet there is no evidence for the specific
suppression of translation of those mRNAs that appear to
be in excess. Regulation of translation can occur through up-
stream ORFs (Hinnebusch and Lorsch 2012). Only two of the
RP gene transcripts, those encoding L3 and L29, have an
AUG upstream of the authentic translation initiation site;
neither of these has an unusually high level of mRNA.
Although it is clear that many factors influence the rate of
translation, such as specific initiation factors (Mahoney
et al. 2009) or the secondary structure near the initiation co-
don (Gu et al. 2010), as yet there is insufficient data to estab-
lish whether there is control of the translation of individual
RPs at this level.

One mRNA about which we can speculate is that encoding
L41, which consistently has substantially more mRNA than
any of the other RP genes and also has by far the highest value
in ribosome profiling experiments. L41 is a unique protein,
with only 25 amino acids, of which 17 are arginine or lysine,
highly conserved throughout the eukaryotes, and occupying
an intimate location at the interface between the 60S and
40S subunits (Jenner et al. 2012). With such a short ORF,
the mRNA encoding L41 is translated by only one ribosome
at a time (Yu and Warner 2001). Furthermore, stretches of
basic amino acids are translated inefficiently, perhaps because

of their difficulty in traversing the ribosome “tunnel” (Char-
neski and Hurst 2013). For these two reasons, it is likely that
the efficiency of translation of L41 mRNA is lower and the
need for L41 mRNA is greater than for the other RPs.
Presumably specific features of many RPs or their mRNAs
contribute to influencing their rate of translation.

In summary, our analysis of these data sets suggest that RP
mRNAs are highly abundant, each representing >0.03% of
total mRNA number. Although there are not large differences
in the numbers of mRNAs for the different RPs, the repro-
ducible differences that are apparent imply either that there
are substantial variations in the efficiency of translation of
different mRNAs and/or that there are differences in the
amounts of proteins actually produced. Although there is
substantial evidence of nonribosomal functions for a limited
number of RPs (for review, see Warner and McIntosh 2009),
it seems likely that such functions would require only a small
fraction of the abundant output of those RPs. Thus, such
functions could be markedly affected by small fluctuations
in the amounts or the translation of RP mRNAs.

Splicing of ribosomal protein gene transcripts

It has been suggested that >95% of human genes undergo al-
ternative splicing (Pan et al. 2008; Wang et al. 2008). On the
other hand, ribosomal proteins are conserved across highly
diverged species, a necessity for their positioning in the com-
pact, complex structure of the ribosome. We approach alter-
native splicing of RP gene transcripts with two questions: To
what degree does alternative splicing affect the nature and the
structure of the ribosome? Are there situations in which alter-
native splicing of transcripts of an RP gene yields a protein
with an RNA binding motif fused to peptide element that
provides a nonribosomal function?

Most mapping programs provide a “junctions” file in
which are specified the locations and number of splicing
reads that span two exons. Thorough examination of the
mapping data from both cell lines and tissues reveals that
among all the RP transcripts, there is only a single case of tis-
sue-specific alternative splicing. As shown in Figure 2A, the
transcripts of RPS24 are spliced in three alternative ways, in-
cluding or excluding microexons of 19 or 22 nt, and yielding
predicted proteins that differ in their C-terminal amino acids
(Fig. 2B). Muscle and heart tissue largely splice AA’, whereas
liver and kidney are evenly divided between B and C. The tis-
sue specificity is reproducible not only between data sets but
also between species (Fig. 2C). Remarkably, it is possible to
observe the shift in splicing pattern as mouse ESC cells differ-
entiate into myoblasts (Fig. 2D; Trapnell et al. 2010). There is
also a significant difference between HeLa and H1 hESC cells
(see Supplemental Table S8). The S24 protein products due
to alternative splicing differ rather little, and the C terminus
of S24 is not highly conserved (Fig. 2E). Unfortunately, the
recent cryo-EM structure of human ribosomes (Anger et al.
2013) does not include the C terminus of S24, and the
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FIGURE 2. Alternative splicing of RPS24 transcripts: (A) A cartoon representing the alternative
splices observed for transcripts of RPS24 (not to scale). (B) The predicted C termini of S24 result-
ing from the three alternative splicing variations. (C) The percentage of splicing in each of the
three variations as a function of tissue and organism. (D) The percentage of splicing in each of
the three variations as myoblasts differentiate (data from Trapnell et al. 2010). (E) The C termini

of S24 in a number of organisms.

structure of the yeast ribosome (Jenner et al. 2012) is uninfor-
mative because of the differences in sequence (Fig. 2E). Is the
alternative splicing of RPS24 transcripts functional or is it
simply a by-product of the splicing factors characteristic of
skeletal muscle (Llorian and Smith 2011)?

Of the 376 introns in the RP genes, we have identified
only 14 that exhibit alternative splicing at a >1% level
(Supplemental Table S8). If the cutoff is lowered to ~0.2%,
a number of additional introns demonstrate alternative (er-
roneous?) splicing. Although, as described above, mRNA
quantitation often exhibits substantial scatter between data
sets generated by different laboratories, there is far better
agreement on the presence and the level of alternative splic-
ing events. With the exception of RPS§24, there does not ap-
pear to be significant tissue specificity to the alternative
splicing, but in most cases the data is insufficiently deep to
lead to confident conclusions. There may, however, be
some underlying regulation, since a longitudinal study of
one individual over a long time span (Chen et al. 2012) shows
substantial variation in some splicing variants (Fig. 3).
Initiation of transcription at different sites is often followed
by different splices that lead to the same exon2, which con-
tains the initiating ATG. Thus, for RPL17 there are reproduc-
ibly six 5 splice sites that all splice to the same 3 site,
upstream of the initiator ATG. We have not considered these
as alternative splices.

The alternative splices usually involve exon skipping, al-
though some involve aberrant 5 or 3’ sites. Supplemental
Table S8 shows there are six cases—RPLIO, RPLI2,
RPL13a, RPLPO, RPLP1 and RPS12—in which the predicted
mRNA would encode a protein made up of a portion of a RP
fused to a substantial number of downstream amino acids.
Although these alternatively spliced transcripts represent
only 1%—-2% of the level of the RP mRNAs, the fused proteins
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should have significant abundance since
RP mRNAs themselves are so abundant.
Thus, transcripts of RPSI2 are spliced,
at about a 1%—-3% level with no apparent
tissue specificity, to form an mRNA en-
coding a protein with 41AA of the RP
fused to 33 additional AA. This is con-
served in mouse tissues. Is this RNA
binding region used to carry the C-termi-
nal sequences to a target?

However, we have been unable to
identify any of the novel peptides predict-
ed in Supplemental Table S8, either in the
gpmdb proteome database (http:/gpmdb
.thegpm.org), or among the more than
150,000 human peptides analyzed in
Geiger et al. (2012). If synthesized, they
must be rapidly degraded. What is un-
knowable at present is whether some,
or all, of these aberrant splice events are
truly “alternative splicing” with a biolog-
ical function or “erroneous splicing” due to noise in the splic-
ing process.

Since many of the aberrant splicing events lead to termina-
tion codons within the open reading frame, the degree of ab-
errant splicing may be somewhat masked by nonsense-
mediated decay (NMD). Indeed, a regulated alternative splice
of intron 3 of the transcripts of RPL3 leads to rapid degrada-
tion by NMD (Cuccurese et al. 2005). Nevertheless, while
data sets from mouse cells in which NMD has been abolished
by deletion of either SMGI (Mcllwain et al. 2010) or UPF2
(Weischenfeldt et al. 2012) clearly show the accumulation
of the alternative splice junction in the RPL3 transcript,
they fail to show any substantial change in the amounts of
noncanonical splice junctions of RP genes described above.
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FIGURE 3. Alternative/aberrant splicing of transcripts of several RP
genes: Junction files were obtained from mapping of the fastq files ob-
tained in the analyses of the leukocytes of a single individual over many
months (Chen et al. 2012). The proportion of the noncanonical splice
events are indicated as a percentage. The time points are erratic (see
Chen et al. 2012).
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Conclusions

The analyses described above lead to several conclusions re-
garding the products of the genes encoding human ribosomal
proteins.

There is a roughly fivefold difference between the most
and least abundant mRNAs. This difference is reasonably
consistent over many data sets but can be exceeded in any
individual data set. Since each ribosome contains a single
copy of each RP, this variation implies that there is unequal
translation of the different mRNAs and/or that there is sig-
nificant degradation of unassembled RPs. Note that either
overexpression or underexpression of individual RPs can
lead to accumulation of p53 and apoptosis, and in some cas-
es to tumorigenesis (for review, see Raiser et al. 2014). It
is interesting that one of several breast tumor lines,
BT474, has a 10-fold amplification of a segment of chromo-
some 17 that includes RPL17 and RPL23, accompanied by a
10-fold excess of the mRNA for each (Sun et al. 2011). It
would be interesting to know if such an excess has any effect
on the cell.

There seems to be little tissue specificity for the major RP
genes, except that muscle has reduced transcripts from RPL3,
perhaps in compensation for the presence of transcripts from
RPL3L. On the other hand, there is substantial tissue specif-
icity for some of the “Like” RP genes (Supplemental Table
S7). Thus, there clearly are different populations of ribo-
somes in different tissues. Whether this leads to differences
in the translation of specific mRNAs is not known.

The presence of so many pseudogenes derived from RP
genes is intriguing. Although we have shown that very few
of them contribute to the formation of ribosomes, there
are arguments that they may to serve to modulate the activity
of their parental genes (Muro et al. 2011; Li et al. 2013).

With S24 the single product of tissue-specific alternative
splicing, it seems clear that transcripts of RP genes are far
less subject to alternative splicing than those of the average
gene. It remains to be seen whether the several instances of
different splices at the 1%-3% level and the many more at
the <0.5% level represent splicing errors or encode functional
proteins. Indeed, because RP mRNAs are among the most
abundant of the cell, alternate splicing of even a very small
proportion, yielding the fusion of an RNA binding domain
to some functional domain, could lead to enough product
to carry out important functions.

MATERIALS AND METHODS

Fastq files were downloaded from the Gene Expression Omnibus
(GEO). Because several of the RP mRNAs are quite short, we only
analyzed data from sources where the insert size was <300 bp.

Mapping of reads was carried out using STAR (Dobin et al. 2013),
with the parameters: outFilterMismatchNmax :1 mismatch per 25
bases read, and outFilterMultimapNmax :1 hit per read. The output
from STAR not only provides read count but also junction files that
identify the endpoints of splicing events.

The presence of many pseudogenes derived from RP mRNAs
complicates the task of mapping RNA-seq reads to authentic RP
genes. To avoid this problem, we constructed two artificial genomes:
an RP genome containing only the RP genes and some controls and
a masked genome for which the maskFastaFromBed utility from
BEDtools was used to mask, with Ns, all the pseudogenes listed
in the database http:/pseudogenes.org/psidr/. On comparing the
read counts obtained from mapping against the masked and the
RP genomes, it was clear that some reads were lost using the masked
genome. To resolve this issue, we used the FilterSamReads utility
from PICARD to identify locations in the masked genome that
mapped to RP genes in the RP genome. In this way, we identified
an additional 46 processed pseudogenes (Supplemental Table S3),
which were then masked to generate the final masked genome
against which the fastq files were mapped. We also selected a set
of control genes on the basis of abundant, relatively non-tissue-spe-
cific transcription. Pseudogenes derived from the set of control
genes were also masked. Masked FASTA files for human (hgl9)
and mouse (mm9) genomes are available upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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