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ABSTRACT
Motivation: To perform a computational and statistical
study on a large set of gene expression data pertaining
six adult human tissues (brain, liver, skeletal muscle,
ovary, retina and uterus) for analyzing the expression of
ribosomal protein genes.
Results: Unexpectedly, in each of the considered tissues
large variations in the expression of ribosomal protein
genes were observed. Moreover, when comparing the
expression levels of 89 ribosomal protein genes in six dif-
ferent tissues, 13 genes appeared differentially expressed
among tissues.
Avalilability: The expression data of the ribosomal protein
genes together with supplementary material (complete
transcriptional profiles of the considered human tissues)
are freely available at the site GETProfiles (http://telethon.
bio.unipd.it/GETProfiles/).
Contact: danieli@bio.unipd.it

INTRODUCTION
The ribosome, the oldest molecular machinery to have
evolved in biological systems (Warner and Nierras, 1998),
is a large template-directed enzyme decoding mRNA into
proteins (Wimberly et al., 2000).

Recently we successfully applied a computational
approach to large-scale analysis of gene expression in
different human adult tissues (Bortoluzzi et al., 1998,
2000a,b,c). The basic assumption of the method (Okubo
et al., 1992) is that the level of activity and the tissue
expression pattern of a given gene may be inferred
from the number of corresponding ESTs obtained from
unbiased cDNA library(ies) from the considered tissue.
The validity of this ‘in-silico’ approach was proved by a
comparison with SAGE results (Bortoluzzi et al., 2000a).

In the course of a computational reconstruction of
transcriptional profiles of specific human tissues, we
observed that some Ribosomal Protein (RP) genes appear
highly expressed in some tissues, but not in others.

∗To whom all correspondence should be addressed.

Table 1. UniGene ID of the selected cDNA libraries considered by the
present study and total number of EST sequences and of UniGene clusters
retrieved per tissue

Tissue UniGene cDNA libraries (Lib. #) ESTs UniGene
clusters

Uterus 119, 312, 732, 733, 3600 95 776 11 688
Ovary 576, 652, 935, 1369, 1380, 3223, 3225 30 256 2 741
Brain 128, 859, 857, 15, 255 66 286 2 473
Liver 155 8 257 1 351
Skeletal muscle 24, 272, 500 30 231 3 688
Retina 177, 178, 228, 313 21 054 4 631

Because no systematic studies on the RP genes expres-
sion in tissues were produced so far, we attempted to
evaluate the expression of these genes in different human
adult tissues, by an ‘in-silico’ approach on a very large set
of data, obtained from UniGene (Bogusky and Schuler,
1995).

RESULTS AND DISCUSSION
UniGene (http://www.ncbi.nlm.nih.gov/UniGene/Hs.
Home.html) is a collection of entries corresponding to
human transcripts. Data were mined by using dedicated
software developed in our laboratory (Bortoluzzi et al.,
1998, 2000a).

The analysis involved six human tissues (uterus, ovary,
brain, liver, skeletal muscle and retina) for which a
sufficient number of ESTs, obtained from unbiased cDNA
libraries, was available in UniGene. The total number of
UniGene clusters and EST sequences retrieved per tissue
are reported in Table 1.

Catalogues of genes expressed in the different tis-
sues were produced, following previously established
procedures (Bortoluzzi et al., 2000a). They are avail-
able at a dedicated website (http://telethon.bio.unipd.
it/GETProfiles/). For each gene, the number of ESTs
obtained from a specific tissue was used for estimating
the expression level of the given gene in the tissue, as per
thousand of the total detected transcriptional activity.
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For each tissue, catalogued entries were classified into
three groups: highly expressed genes (more than 0.05%
of the total detected transcriptional activity in the tissue),
moderately expressed (from 0.05 to 0.012% of the total),
or weakly expressed (less than 0.012% of the total).
The number and the percentage of genes falling in each
expression category, for each considered tissue, are shown
in Table 2.

The entries corresponding to 89 RP genes were identi-
fied in each catalogue. The number of detected RP genes
differed from tissue to tissue, as shown in Table 2. The ex-
pression information for all the ‘nucleolar’ ribosomal pro-
teins (85 in total, allelic copies and isoforms included) and
for four mitochondrial ribosomal proteins was obtained.
The expression of RP genes represented on average the
10.3% of the total detected transcriptional activity (from
5.2 to 19.9%, according to the tissue).

RP genes seemed to be more expressed in skeletal mus-
cle and in ovary than in other tissues. No linear correla-
tion was found between the number of the expressed RP
genes per tissue and the total number of detected genes,
nor with the total number of ESTs per tissue (r2 = 0.26
and r2 = 0.02, respectively). More than 50% of the RP
genes appeared to be highly expressed in all the consid-
ered tissues, except uterus. In each considered tissue, the
percentages of highly expressed genes among RP genes,
was always significantly higher than the percentages of
highly expressed genes among the whole set of genes in
the tissue.

The number of EST sequences corresponding to each
RP gene in each considered tissue was obtained and
merged in a matrix of 89 rows (genes) per 6 columns
(tissues) (Table 3, columns 3–8). The expression level of
each RP gene in each considered human tissue, calculated
as per thousand of the total transcriptional activity of the
tissue (Table 3, columns 9–14), was pairwise compared
with those observed in other tissues.

The level of expression of different RP genes showed
considerable variation among tissues. In order to assess the
statistical significance of the observed differences, the Au-
dic and Claverie’s (1997) probability value, corrected for
multiple statistical tests (P∗

AC value), was calculated for all
the possible comparisons. Audic and Claverie’s formula
takes into account random fluctuations and differences in
sample size. The smaller the PAC value is, the more prob-
able it is that the observed differential expression reflects
regulated expression. We calculated a PAC value for each
of the pairwise comparisons between tissues for all the
considered genes. A correction of the calculated PAC value
was applied, in order to overcome the problem of multiple
statistical tests on the same data and because of the a pos-
teriori focusing on genes exhibiting significant variations.
The calculated P values were multiplied by nc (where n is
the total number of considered genes and c is the number

of comparisons between m tissues: c = (m(m − 1))/2).
Thresholds of statistical significance were established at
0.0001, 0.001 and 0.01.

Genes showing in a given tissue a level of expression
significantly higher than in all the other tissues were
considered as ‘differentially expressed’. RP genes signif-
icantly more expressed in a specific tissue than in others
were identified. These genes are reported in Table 3,
marked with asterisks, according to the established levels
of significance (one, two or three asterisks indicates that
all of the calculated P∗

AC values for the comparisons of
the level of expression in the considered tissue with the
expression levels in all the other tissues were below 0.01,
0.001 or 0.0001, respectively).

In addition, the R statistic, which has been recently pro-
posed as a score of differential expression (Stekel et al.,
2000), was calculated for all the considered RP genes in
order to identify those genes whose expression most var-
ied across different tissues. R scores have a χ2 distribution
with c degree of freedom, where c is the number of com-
parisons between tissues. When applied to present data,
any value of R greater than 35.61 is associated to a PR
value of less than 0.0001. All genes resulting differentially
expressed according to the calculated P∗

AC value show a
considerably high R score, ranging from 2178.5 and 72.8
(PR value from 0 to 2.43E − 12).

Thirteen RP genes were found to be differentially
expressed in specific human tissues. Five of them were
mostly expressed in ovary (RPL14, RPL38, RPS9,
RPS10 and RPS19, with very high statistical sig-
nificance, P∗

AC value < 0.0001). Eight were mostly
expressed in the skeletal muscle: RPL37, RPL37a,
RPL41, RPS17 and RPS25 (P∗

ACvalue < 0.0001);
RPS23 (P∗

ACvalue < 0.001); RPL44 and RPS13
(P∗

ACvalue < 0.01).
The histogram in Figure 1 shows the expression levels

per tissue of the thirteen differentially expressed RP genes.
Statistical analysis was carried out under very conser-

vative conditions. Moreover, the significance thresholds
were kept very stringent. In these conditions, ten out of
thirteen differentially expressed RP genes showed a P∗

AC
value less than 0.0001: all of them resulted associated to a
PR value less than 2.43E − 12.

The hypothesis tested by the Audic and Claverie and by
the R statistics are quite different. The PAC value refers to
the statistical significance of each observed difference in
all the pairwise comparisons. On the other hand, R statistic
tests the hypothesis that each value is consistent with the
others, i.e. with the mean of the means. The PR value will
reach statistical significance when at least two observed
values are different from one another.

We decided to consider as differentially expressed
only the RP genes for which expression levels resulted
statistically different according to both R and AC tests.
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Table 2. Percentages of genes falling in each expression category (highly, moderately and weakly expressed genes). In the last column, the estimated percentage
of the total transcriptional activity due to the expression of RP genes is shown

Tissue Catalogued genes Ribosomal protein genes
H M W H(%) M(%) W(%) Tot. no. H M W H(%) M(%) W(%) Total transcription(%)

Uterus 213 1907 9568 1.8 16.3 81.9 85 32 39 14 37.2 45.3 17.4 5.5
Ovary 380 1052 1309 13.9 38.4 47.8 76 69 6 1 90.8 7.9 1.3 19.9
Brain 566 1374 533 22.9 55.6 21.6 46 39 6 1 84.8 13 2.2 6.1
Liver 224 1127 0 16.6 83.4 0 59 40 19 0 67.8 32.2 0 5.2
Skeletal muscle 312 1067 2309 8.5 28.9 62.6 83 79 4 0 95.2 4.8 0 18.1
Retina 362 1609 2660 7.8 34.7 57.4 70 38 26 6 54.3 37.1 8.6 7.1

Fig. 1. Expression levels per tissue of the thirteen differentially expressed RP genes. The numbers of ESTs are normalized according to the
total numbers of ESTs per tissue.

Ribosome biogenesis in eukaryotes is believed to
depend on the co-ordinate production and assembly
of four rRNA molecules and at least 79 Ribosomal
Proteins (RPs), most of which are synthesized in
equimolar amounts (Naora and Naora, 1999), in a
series of concerted reactions (Warner and Nierras,
1998). Under normal conditions, ribosomal biogene-
sis is accurately tuned to the cellular need for protein
synthesis. An increased ribosomal biogenesis is, in
general, associated with increased proliferative activity,
whereas cells in stationary state normally reduce the
synthesis of RPs, with a highly coordinated regulation

(Tushinski and Warner, 1982; Naora and Naora, 1999).
However, a differential expression of specific RP genes

was reported in several pathological conditions, mostly in
cancers (Kondoh et al., 1992; Espinosa et al., 1997; Go
and Taniguchi, 1998; Shriver et al., 1998; Vaarala et al.,
1998; Matsson et al., 1999; Preiherr et al., 2000; Shuda
et al., 2000). It is difficult to discuss the above findings
in the light of our observations, since previous studies
documented the overexpression of single RP genes in
specific conditions, whereas we investigated the possible
differences in expression within the entire set of RP genes,
in different normal adult human tissues.
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Table 3. Expression of the considered RP genes, identified by UniGene ID and gene description. The number of EST sequences and the estimated expression
level (per thousand of the total detected transcriptional activity) corresponding to each RP gene per tissue are reported. Significant R scores (PR values
below 0.0001) are reported. The differentially expressed RP genes, are marked with one, two or three asterisks (PAC value below 0.01, 0.001 or 0.0001,
respectively)

UniGene ID Gene description Uterus Ovary Brain Liver Muscle Retina Uterus Ovary Brain Liver Muscle Retina R AC

Hs.119598 RPL3 389 110 238 13 133 117 4.06 3.64 3.59 1.57 4.40 5.56
Hs.159191 RPL3-like 0 0 0 0 11 0 0.00 0.00 0.00 0.00 0.36 0.00
Hs.286 RPL4 149 76 106 6 96 57 1.56 2.51 1.60 0.73 3.18 2.71
Hs.180946 RPL5 93 61 48 0 42 14 0.97 2.02 0.72 0.00 1.39 0.66 26.4
Hs.174131 RPL6 118 83 147 3 46 0 1.23 2.74 2.22 0.36 1.52 0.00 61.1
Hs.153 RPL7 87 72 0 12 59 16 0.91 2.38 0.00 1.45 1.95 0.76 99.3
Hs.99858 RPL7a 129 63 0 5 100 48 1.35 2.08 0.00 0.61 3.31 2.28 132.7
Hs.178551 RPL8 59 50 60 0 55 23 0.62 1.65 0.91 0.00 1.82 1.09 30.3
Hs.157850 RPL9 75 83 0 13 94 58 0.78 2.74 0.00 1.57 3.11 2.75 156.3
Hs.29797 RPL10 100 75 0 11 111 40 1.04 2.48 0.00 1.33 3.67 1.90 147.5
Hs.252574 RPL10a 77 37 70 5 53 53 0.80 1.22 1.06 0.61 1.75 2.52
Hs.179943 RPL11 39 32 0 5 26 8 0.41 1.06 0.00 0.61 0.86 0.38
Hs.182979 RPL12 46 37 38 5 46 18 0.48 1.22 0.57 0.61 1.52 0.85
Hs.180842 RPL13 117 53 188 9 85 32 1.22 1.75 2.84 1.09 2.81 1.52 35.0
Hs.119122 RPL13a 124 114 303 15 103 63 1.29 3.77 4.57 1.82 3.41 2.99 87.6
Hs.158675 RPL14 66 1 340 174 5 34 9 0.69 44.29 2.62 0.61 1.12 0.43 2178.5 Ovary∗∗∗
Hs.74267 RPL15 136 40 184 8 41 18 1.42 1.32 2.78 0.97 1.36 0.85 30.7
Hs.82202 RPL17 67 40 0 4 52 24 0.70 1.32 0.00 0.48 1.72 1.14 71.4
Hs.75458 RPL18 68 31 99 0 29 0 0.71 1.02 1.49 0.00 0.96 0.00 39.6
Hs.163593 RPL18a 46 48 104 3 41 16 0.48 1.59 1.57 0.36 1.36 0.76 34.1
Hs.75879 RPL19 28 26 0 3 56 16 0.29 0.86 0.00 0.36 1.85 0.76 75.0
Hs.184108 RPL21 23 40 0 4 66 21 0.24 1.32 0.00 0.48 2.18 1.00 102.7
Hs.99914 RPL22 46 20 52 0 28 0 0.48 0.66 0.78 0.00 0.93 0.00
Hs.234518 RPL23 23 37 0 0 75 15 0.24 1.22 0.00 0.00 2.48 0.71 115.4
Hs.3254 RPL23-like 11 0 0 0 0 0 0.11 0.00 0.00 0.00 0.00 0.00
Hs.184776 RPL23a 64 38 0 7 75 41 0.67 1.26 0.00 0.85 2.48 1.95 102.6
Hs.184582 RPL24 26 50 43 4 45 8 0.27 1.65 0.65 0.48 1.49 0.38
Hs.91379 RPL26 39 19 46 7 65 0 0.41 0.63 0.69 0.85 2.15 0.00 51.0
Hs.111611 RPL27 39 14 36 0 36 5 0.41 0.46 0.54 0.00 1.19 0.24
Hs.76064 RPL27a 49 39 66 7 30 12 0.51 1.29 1.00 0.85 0.99 0.57
Hs.4437 RPL28 47 71 89 0 32 11 0.49 2.35 1.34 0.00 1.06 0.52 49.9
Hs.183698 RPL29 68 27 58 0 56 10 0.71 0.89 0.87 0.00 1.85 0.47
Hs.111222 RPL30 27 28 0 15 76 2 0.28 0.93 0.00 1.82 2.51 0.09 116.6
Hs.184014 RPL31 30 36 31 12 133 6 0.31 1.19 0.47 1.45 4.40 0.28 145.69
Hs.169793 RPL32 28 18 46 8 81 13 0.29 0.59 0.69 0.97 2.68 0.62 63.4
Hs.250895 RPL34 26 16 25 6 47 7 0.27 0.53 0.38 0.73 1.55 0.33 29.5
Hs.182825 RPL35 10 20 34 0 36 3 0.10 0.66 0.51 0.00 1.19 0.14 39.0
Hs.179666 RPL35a 47 36 42 5 61 24 0.49 1.19 0.63 0.61 2.02 1.14 31.1
Hs.76437 RPL36 4 0 0 2 24 2 0.04 0.00 0.00 0.24 0.79 0.09
Hs.118857 RPL36a 6 0 0 0 17 1 0.06 0.00 0.00 0.00 0.56 0.05 27.0
Hs.179779 RPL37 22 31 75 4 173 2 0.23 1.02 1.13 0.48 5.72 0.09 211.1 Skeletal muscle∗∗∗
Hs.184109 RPL37a 26 47 0 0 380 13 0.27 1.55 0.00 0.00 12.57 0.62 655.7 Skeletal muscle∗∗∗
Hs.2017 RL38 15 232 68 4 48 8 0.16 7.67 1.03 0.48 1.59 0.38 308.8 Ovary∗∗∗
Hs.177461 RPL39 25 18 0 0 58 0 0.26 0.59 0.00 0.00 1.92 0.00 87.2
Hs.108124 RPL41 26 60 60 0 209 1 0.27 1.98 0.91 0.00 6.91 0.05 279.4 Skeletal muscle∗∗∗
Hs.178391 RPL44 5 0 0 0 48 0 0.05 0.00 0.00 0.00 1.59 0.00 90.0 Skeletal muscle∗
Hs.182426 RPS2 297 155 216 12 162 0 3.10 5.12 3.26 1.45 5.36 0.00 104.7
Hs.252259 RPS3 144 150 0 16 59 0 1.50 4.96 0.00 1.94 1.95 0.00 207.97
Hs.77039 RPS3a 275 207 164 4 141 129 2.87 6.84 2.47 0.48 4.66 6.13 92.8
Hs.75344 RPS4, X-linked 133 94 0 0 51 22 1.39 3.11 0.00 0.00 1.69 1.04 125.39
Hs.180911 RPS4, Y-linked 0 0 6 2 0 3 0.00 0.00 0.09 0.24 0.00 0.14
Hs.76194 RPS5 42 23 0 4 33 20 0.44 0.76 0.00 0.48 1.09 0.95
Hs.241507 RPS6 172 61 0 6 44 38 1.80 2.02 0.00 0.73 1.46 1.80 102.7
Hs.75538 RPS7 39 24 0 0 36 9 0.41 0.79 0.00 0.00 1.19 0.43 49.5
Hs.151604 RPS8 101 98 0 9 41 0 1.05 3.24 0.00 1.09 1.36 0.00 136.6
Hs.180920 RPS9 60 135 101 3 19 31 0.63 4.46 1.52 0.36 0.63 1.47 102.7 Ovary∗∗∗
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Table 3. Continued

UniGene ID Gene description Uterus Ovary Brain Liver Muscle Retina Uterus Ovary Brain Liver Muscle Retina R AC

Hs.71787 30S RPS7 homolog 9 0 21 0 7 8 0.09 0.00 0.32 0.00 0.23 0.38
Hs.76230 RPS10 54 110 65 4 29 20 0.56 3.64 0.98 0.48 0.96 0.95 72.8 Ovary∗∗∗
Hs.182740 RPS11 68 87 146 20 71 34 0.71 2.88 2.20 2.42 2.35 1.61 54.6
Hs.82148 RPS12 19 31 0 9 60 4 0.20 1.02 0.00 1.09 1.98 0.19 93.4
Hs.165590 RPS13 17 10 0 2 68 10 0.18 0.33 0.00 0.24 2.25 0.47 95.9 Skeletal muscle∗
Hs.3491 RPS14 41 51 0 13 56 15 0.43 1.69 0.00 1.57 1.85 0.71 90.3
Hs.133230 RPS15 19 32 55 0 67 10 0.20 1.06 0.83 0.00 2.22 0.47 65.1
Hs.2953 RPS15a 18 85 0 3 46 10 0.19 2.81 0.00 0.36 1.52 0.47 138.0
Hs.80617 RPS16 138 28 46 0 60 0 1.44 0.93 0.69 0.00 1.98 0.00 51.6
Hs.5174 RPS17 46 29 0 0 95 0 0.48 0.96 0.00 0.00 3.14 0.00 140.6 Skeletal muscle∗∗∗
Hs.275865 RPS18 39 60 108 9 90 15 0.41 1.98 1.63 1.09 2.98 0.71 74.8
Hs.126701 RPS19 26 575 0 11 63 3 0.27 19.00 0.00 1.33 2.08 0.14 1031.4 Ovary∗∗∗
Hs.8102 RPS20 43 122 59 9 94 24 0.45 4.03 0.89 1.09 3.11 1.14 122.86
Hs.1948 RPS21 10 10 56 1 35 7 0.10 0.33 0.84 0.12 1.16 0.33
Hs.3463 RPS23 6 16 11 0 61 5 0.06 0.53 0.17 0.00 2.02 0.24 81.5 Skeletal muscle∗∗
Hs.180450 RPS24 38 36 0 6 59 0 0.40 1.19 0.00 0.73 1.95 0.00 91.3
Hs.113029 RPS25 52 48 0 8 187 15 0.54 1.59 0.00 0.97 6.19 0.71 261.4 Skeletal muscle∗∗∗
Hs.77904 RPS26 9 9 0 2 26 0 0.09 0.30 0.00 0.24 0.86 0.00 39.3
Hs.195453 RPS27

(metallopanstimulin 1)
11 24 26 5 41 6 0.11 0.79 0.39 0.61 1.36 0.28 39.3

Hs.3297 RPS27a 25 64 0 8 40 8 0.26 2.12 0.00 0.97 1.32 0.38 97.6
Hs.108957 40S RPS27 isoform 0 0 0 0 4 0 0.00 0.00 0.00 0.00 0.13 0.00
Hs.153177 RPS28 0 14 0 0 33 8 0.00 0.46 0.00 0.00 1.09 0.38 68.1
Hs.539 RPS29 8 0 62 7 21 7 0.08 0.00 0.94 0.85 0.69 0.33 51.4
Hs.177415 RPS30 22 48 0 5 40 3 0.23 1.59 0.00 0.61 1.32 0.14 82.1
Hs.181357 laminin receptor

1(67kD, RPSA)
194 109 156 14 80 66 2.03 3.60 2.35 1.70 2.65 3.13

Hs.251247 RP, large P2 12 0 0 0 23 5 0.13 0.00 0.00 0.00 0.76 0.24 35.1
Hs.73742 RP, large, P0 269 79 224 14 87 95 2.81 2.61 3.38 1.70 2.88 4.51
Hs.274201 60S acidic RPPO 5 0 0 0 0 1 0.05 0.00 0.00 0.00 0.00 0.05
Hs.177592 RP, large, P1 42 31 0 13 136 25 0.44 1.02 0.00 1.57 4.50 1.19 185.65
Hs.4209 RP, mitochondrial, L2 12 5 20 3 4 4 0.13 0.17 0.30 0.36 0.13 0.00
Hs.79086 RP, mitochondrial, L3 11 0 0 0 0 0 0.11 0.00 0.00 0.00 0.00 0.00
Hs.109059 RP, mitochondrial, L12 7 0 0 0 0 0 0.07 0.00 0.00 0.00 0.00 0.00
Hs.9964 RP, mitochondrial, S12 16 2 0 0 0 0 0.17 0.07 0.00 0.00 0.00 0.19

Tissue totals 95 776 30 256 66 286 8257 30 231 21 054

Although a differential translational and/or post-
translational regulation may take place, thus re-
equilibrating the molar ratio at the protein level
(Pierandrei-Amaldi et al., 1985; Bowman, 1987; Mariot-
tini et al., 1999), we may expect that large differences in
concentration of mRNAs probably produce different con-
centrations of the corresponding proteins. Our approach
is unable to detect differences in gene expression due
to translational and post-translational regulation, but the
same limitation is shared by all of the available techniques
attempting to estimate individual gene expression on a
large scale, including SAGE and cDNA arrays.

The overexpression of some RP genes could be typical
of some specific conditions, including the differentiated
state of some human tissues, probably related to the in-
volvement of their products in extraribosomal functions.

On the other hand, the possibility that massive transcrip-
tion of individual ribosomal protein genes is due to for-
tuitous enhanced transcription of specific subsets of tran-
scription factors cannot be completely ruled out.

In conclusion, according to our findings, regulation of
the transcriptional activity of ribosomal protein genes in
differentiated human tissues seems to be less concertedly
regulated than previously supposed.
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