Current Genomics, 2007, 8, 43-49 43

Ribosomal Proteins and Colorectal Cancer

Lai Mao-De™ and Xu Jing

Department of Pathology and Pathophysiology, School of Medicine, Zhejiang University, Hangzhou, China

Abstract: The ribosome is essential for protein synthesis. The composition and structure of ribosomes from several or-
ganisms have been determined, and it is well documented that ribosomal RNAs (rRNAs) and ribosomal proteins (RPs)
constitute this important organelle. Many RPs also fill various roles that are independent of protein biosynthesis, called
extraribosomal functions. These functions include DNA replication, transcription and repair, RN A splicing and modifica-
tion, cell growth and proliferation, regulation of apoptosis and development, and cellular transformation. Previous investi-
gations have revealed that RP regulation in colorectal carcinomas (CRC) differs from that found in colorectal adenoma or
normal mucosa, with some RPs being up-regulated while others are down-regulated. The expression patterns of RPs are
associated with the differentiation, progression or metastasis of CRC. Additionally, the recent literature has shown that the
perturbation of specific RPs may promote certain genetic diseases and tumorigenesis. Because of the implications of RPs
in disease, especially malignancy, our review sought to address several questions. Why do expression levels or categories
of RPs differ in different diseases, most notably in CRC? Is this a cause or consequence of the diseases? What are their
possible roles in the diseases? We review the known extraribosomal functions of RPs and associated changes in colorectal
cancer and attempt to clarify the possible roles of RPs in colonic malignancy.
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INTRODUCTION

Ribosome,the essential cellular organelle for protein syn-
thesis in all cells, consists of ribosomal RNAs (rRNAs) and
ribosomal proteins (RPs). Human ribosomes are made up of
four rRNAs species and about 80 different RPs. The inte-
grated ribosome has two subunits: large (L,60S) and small
(S,40S) subunits accordingly that composed of different
rRNAs species and RPs. RPs combine with rRNAs, the core
bone structures of ribosome directly or bind to each other.
Also, the accessory factors called proteins associated with
ribosome (PAR) combine with two ribosomal subunits to
regulate its synthesis and recycling, such as initiation facters
(IFs), elongation facters (EFs). The catalytic activation of
decoding mRNAs to proteins depends on the integrated
compound of rRNAs, RPs and PARs.

After transcription and modification in nucleolus, the
rRNAs combine with different RPs to form two subunits
(60S,40S) which are transported to cytoplasm where they
assemble to an integrated ribosome to decode mRNAs into
proteins and detach after protein synthesis. The whole as-
sembly and detachment process of two subunits are called
“Ribosome Recycling” (Fig. 1).

All 80 different RP genes were placed on a cytogenetic
map of the human genome in 2001 successfully. The DNA
sequences, chromosomal locations of all 4 RNAs and 80
proteins genes are well documented and most of their loca-
tions and functions in the integrated ribosome are also clari-
fied. Most of the RPs are significantly conserved during
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evolution, their amino acid sequences are nearly identical
among mammals, which suggests their important roles in
organisms although they differ in their specific functions in
the mature ribosome. Most studies on RPs focused on their
functions in protein synthesis in the past. The accepted con-
clusion is: RPs stabilize specific rRNA structures in mature
ribosomal subunits and promote correct folding of rRNAs
during ribosomal assembly. The recent solution of the ribo-
some structure by X-ray crystallography and cryo-electron
microscopy has improved our understanding of RPs func-
tions during the steps that lead to protein synthesis. Many
RPs might function as RNA chaperones not only in the ribo-
somal assembly process but also in the stabilization of im-
portant domains of the rRNA, such as the peptidyltransferase
center of the large subunit. In addition, RPs could coordinate
the interaction between the ribosome and mRNA, as well as
the initiation and elongation factor [1]. One might predict
that genetic defects in any of ribosomal components such as
rRNAs or RP genes would cause serious problems with the
translational apparatus, hence result in early embryonic death
as most researchers assumed that protein synthesis is RP’s
only function [2]. However, RP genes were always identified
in screening the differentiated expressed genes of human
diseases especially in genetic diseases and cancers. The dis-
turbances of their structures or expression levels were asso-
ciated with various diseases. Many RPs also fill various roles
that are independent of protein biosynthesis, called extrari-
bosomal functions. Some researches revealed that most of
RPs just enhanced but were not prerequisite for the protein
biosynthesis [3]. The Minute drosophila with RP genes muta-
tion of RP49,RPL9 and RPS13, demonstrated strongly that a
quantitative deficiency of RPs could yield abnormal but vi-
able phenotypes [4-6]. In 1996, Wool defined extraribosomal
functions for 29 RPs of human, E. coli and other species,
including DNA replication, transcription, DNA repair, RNA
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Fig. (1). Diagram of the human ribosome synthesis and recycling. rRNAs are transcribed in nucleolus, then combine with different RPs
which are synthesized in cytoplasm to form two subunits (40S,60S) called preribosomal particles after modification in the nucleolus. In addi-
tion to combination with some PARs, the two subunits are assembled to be a mature ribosome to decode target mMRNAs into proteins. After
protein synthesis, two subunits detach and PARs, target mRNA are released.

splicing and modification, cell growth, proliferation, apopto-
sis and development regulation, cellular transformation and
others [7]. All the known extraribosomal functions of RPs are
summarized in Table 1.

RIBOSOMAL PROTEINS AND COLORECTAL CAR-
CINOMA

RP gene mutations or disturbance in their expression
levels were found in many inherited genetic diseases such as
Diamond-Blackfan anaemia syndrome, Tuner syndrome,
Noonan syndrome, Camurati-Engelmann disease, Bardet-
Biedl syndrome 4 [8]. The similar results appeared in carci-
noma of breast [9], prostate [3], uterine cervix [10], esopha-
gus [11], liver [12] and also in the glioblastoma and multi-
forme brain tumors [13].

From year 1988, RPs began to be screened out from
cDNA libraries of CRC. The first one was isolated represent-
ing MRNA associated with tumor progression and metastasis
in 1988 and was identified as RPP2 in 1990 [14,15]. RPL31
cDNA was selected from a normal colon cDNA library on
the basis of overexpression in familial adenomatous poly-
posis (FAP). The mRNA was found overexpressed in all 23
CRC by slot-blot hybridization. In situ hybridization results
illustrated that RPL31 was more abundant in CRC than nor-
mal colonic epithelium or stromal tissues suggesting its role
in proliferation and neoplasia [16]. In 1991, Northern blot

analysis showed RPS3, S6, S8, S12, L5, and PO increased in
CRC and adenomatous polyps except RPL26 and RPL35.
Increased mRNA levels of these RPs existed in one tumor
sample, indicating those RPs were coordinately controlled.
These phenomena cannot be simply due to the presence of a
higher percentage of dividing cells in tumor since the prolif-
erative indices of CRC was not significantly different from
that of normal colonic mucosa in every case, however, these
results suggested that increased synthesis of ribosomes was
an early event in colon neoplasia [17]. RPS19 cDNA was
isolated from a colon tumor-enriched subtraction library in
1992. It was highly expressed in primary CRC tissue than
the paired normal colon tissue in 5 of 6 cases by Northern
blotting. It increased concomitantly with tumor progression
in two pairs of cell lines derived from the same patients
(SW480 and SW620; COLO201 and COLO205) and de-
creased after butyrate-treatment in HT29 cell line. Therefore,
high expression of RPS19 was correlated with higher malig-
nant potential of colon carcinoma cells because there was no
association between the high levels and the cell growth states
[18]. Ubiquitin PRS27a was much more in tumor tissues
than in adjacent normal mucosa especially in advanced CRC
by Northern blot. It was expressed in early stage of cell
growth without effecting other protein synthesis, which was
almost identical to that of proto-oncogene c-jun or c-fos, the
known early growth response genes.Thus, overexpression of
ubiquitin PRS27a was correlated with CRC and was an early
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Table 1.
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Extraribosomal Functions of Ribosomal Proteins. All the RPs from the Studies are Classified into Different Categories

According to their Specific Extraribosomal Functions. RPs in Bold Letters are from the Studies in Colorectal Cancers

Extraribosomal functions

Specific ribosomal protein (species)

DNA replication

RPS1, RPL14 (E. coli)

transcription regulation

RPS10 (E. coli)
RPS20 (Yeast)

self-translation regulation

RPS4, RPS7, RPS8, RPL4, RPL1, RPL10 (E. coli)
RPS30 (yeast)
RPS14, RPS26, RPL7, RPL13A, RPL26 (Human)

RNA splicing and modification

RPS12 (E. coli)
RPS12, RPL26 (Human)

DNA topoisomerase activation

RPL41 (Human)

DNA repair

RPS9 (E. coli)
RPS3 (Drosophila melanogaster)
RPS3, RPLPO (Human)

developement regulation

RPS2, RPS6, RPL19 (Drosophila melanogaster)
RPS15A (Strongylocentrotus purpuratus)
RPS18 (Arabidopsis thaliana)

RPS19 (Ascaris lumbricoides)

RPS4X, RPS4Y1 (Human)

cell growth or proliferation regulation

RPS2, RPS6, RPS13, RPL7, RPL18, RPS27A, RPL31 (Human)

cell apoptosis regulation

RPS3, RPS3A, RPS20, RPL35A, RPL7, RPL7A, RPL13A (Human)

tumor suppressor gene regulation

RPS29, RPL5, RPL11, RPL23 (Human)

proto-oncogene regulation

RPL7A (Human)

cell malignant transformation

RPL5, RPS27A, RPL31 (Human)

tumor progression, invasion,metastasis, differentiation

RPS19, RPLPO, RPL31 (Human)

miscellaneous

RPS15A (X. laevis)
RPL32 (Mouse)
RPLP2, RPL5 (Rat)
RPL22 (Human)

event of carcinogenesis [19]. The study from Graham et al.
showed RPPO mRNA level were higher in primary CRC
than in paired adjacent normal colonic epithelium in 36 of 38
cases, increasing with the Dukes' stage. Its level was also
higher in metastatic CRC of liver than primary hepatocellu-
lar carcinoma. However, this change can’t be confirmed in
gastric cancers [20]. Barnard group also found RPS6, L18,
LPO, L37 overexpressed in CRC cases but their expression
levels had no correlation with the Dukes’ stage. To their sur-
prise, only RPLPO was significantly overexpressed in hepa-
tocellular carcinoma and none was found in gastric cancers.
These findings support the notion that RPs were selectively
expressed in different tissues and tumors, even though in the
tumors of endodermal origin [21]. Kumar group discoveried
that RPL18 was overexpressed in CRC tissue by interaction
with double-stranded RNA (dsRNA)-activated protein kinase
(PKR) and inhibited dsRNA binding to PKR competitively.
Thus, overexpression of RPL18 may promote protein syn-
thesis and cell growth in certain cancerous tissue especially
in CRC through inhibition of PKR activity [22]. Frigerio’s

group cloned 8 RPs that strongly expressed in one CRC case
(L5, L21, L27a, L28,S5,S9, S10, S29). The results was con-
firmed in 6 CRC cases by Northern blot and RPL5 still
showed variant splicing in the tumor. However, no associa-
tion was observed between the expression levels and the
severity of the disease [23]. In 1996,we cloned several dif-
ferentially expressed RPs in three cDNA libraries by sup-
pression subtractive hybridization (SSH) including RPS2,
S$12, S27a, L5, L7a, L10a in colorectal adenoma to normal
mocusa library; RPS12 in colorectal adenocarcinoma to
normal mucose library and RPS15, S25, S11, L18a in colo-
rectal adenocarcinoma to colorectal adenoma library [24].

By the high throughput methods, more differentially ex-
pressed RPs were screen out easily. Zhang et al. identified
48 RPs highly expressed in CRC by serial analysis of gene
expression (SAGE) and ascribed the result to uncontrolled
growth of tumor cells [25]. Kitahara et al. found 9 RPs
(RPL8,L18,0.18a,.29,0.6,.3,519,L.7,S5) upregulated in 8
CRC compared to normal epithelia by cDNA microarrays
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after Laser-capture Microdissection [26]. Notterman et al.
found mRNA level of RPS29 was highest in adenomas and
RPL3 was highest in CRC by clustering analysis detecting18
colon adenocarcinomas, 4 adenomas and paired normal tis-
sue using oligonucleotide arrays. They assumed the overex-
pression of RPs was the result of the high growth speed of
tumor cells but not the cause of tumorigenesis [27]. Some
similar results were achieved in a study by detecting 11 co-
lon adenocarcinomas, 9 adenomas and their paired normal
tissue using oligonucleotide arrays. Ten RP genes (RPS3,
S4X, S27a, S3, L6, L9, S3A, S2, L3) were commonly over-
expressed in adenoma and adenocarcinomas. They also as-
cribe it to the high proliferative speed of tumor cells [28].

However, some reverse results appeared in Bertucci’s
study. They found several Rps (RPL5,L6,L15,1.29,1.31,L.39)
were down-regulated in metastatic CRC by oligonucleotide
arrays detecting 50 colon adenocarcinomas and their paired
normal mucosa [29]. The similar result appeared firstly in
Cao’s study in 1997 [30]. In their study, RPLP2 was down-
regulated in CRC.

In 2003, Kasai et al. demonstrated the different protein
expressed profiles of 12 RPs (RPSa,S8,511,512,518,524,L7,
L13a,0.18,0.28,L32,L.35a) in normal colorectal mucosa and
CRC for the first time. The immunohistochemistry (IHC)
results of 18 CRC and paired normal mucosa showed RPS11
and RPL7 were highly expressed in CRC (especially in im-
mature mucosal cells located in the crypt base) but can be
detected hardly in the normal mucosa. RPL7 may fill a role
in neuroendocrine function of the enterochromaffin cells
since its protein was frequently found in enterochromaffin
cells expressing chromogranin A. According to their own
results and the pervious results which indicated RPS11 was
down-regulated in apoptotic ovarian carcinoma cells, they
assumed it may inhibit cell apoptosis. The other 10 RPs ex-
hibited a similar staining pattern that were more abundant in
normal mucosa than CRC tissue, especially in columnar and
goblet cells. Interestingly, these RPs were expressed more
abundantly in mature epithelial cells of the upper crypts
rather than the immature epithelial cells of the lower crypts,
suggesting that the biosynthesis of these ribosomal proteins
is significantly enhanced in association with maturation of
the mucosal epithelia [31]. We constructed digital gene ex-
pression profiles for normal mucosa, colorectal adenoma and
CRC by a bioinformatics method based on expressed se-
quence tag (EST) database (dbEST) of National Center for
Biotechnology Information (NCBI) in 2005 [32]. The pro-
files contain 43 RPs for normal mucosa, 29 for adenoma and
77 for carcinoma. The primary analysis showed that RPs are

Table 2.

Mao-De and Jing

the highly expressed genes in each profile especially in ade-
noma, although the expression levels or categories of RPs
differed in the three profiles (unpublished data). Table 2
shows all the RPs genes screened out from CRC.

Generally, the results abovementioned support the notion
that different expression patterns of RPs existed in CRC.
Some RPs were more abundant in CRC at their mRNA or
protein level, but some were on the contrary and even more,
some of them were remarkably more abundant in adenoma
than in CRC tissue and normal mucosa. The mRNA levels
for some specific RPs were associated with the Dukes’ stage,
the invasion or metastasis state of the tumor. Most research-
ers ascribed the overexpression to the hyperproliferation of
tumor cells and the down-regulated expression to cell mature
and differentiation. The complex expression pattern of RPs
indicated their complex roles in CRC and the complexity of
the perturbations associated with tumor formation in colon.
It was suggested that a single clinical entity included tumors
with different molecular mechanisms in fact. Most of the
studies only focused on the different expression profiles of
RPs superficially which can hardly illustrate their exact roles
in carcinogenesis, however, much left to do more detail in
their function to reveal the real mechanism.

POSSIBLE ROLES OF RIBOSOMAL PROTEINS IN
COLORECTAL CARCINOGENESIS

1. Different Expression Patterns of RPs

The expression patterns of RPs were tissue and disease
specific both in normal and tumor tissues, [23] even though
in the tumors of endodermal origin. For example, the spe-
cific RP is expressed unbalancedly in gastric cancer, hepa-
tocellular carcinoma and colorectal carcinoma [20,21].
Moreover, RPs are also expressed unbalancedly in tumors
with identical morphological type, histological type or dif-
ferentiation state. The greatest confusion is that the expres-
sion levels even varied in different stages of the same tumor
[23]. All of these indicate the complexity of mechanisms in
cancer development and progression as well as the relation-
ship between RPs and CRC. Different RPs may fill different
roles in the same phase and the same RP may also play dif-
ferent roles in different phases in tumorigenesis. Generally,
we may draw two different conclusions for the possible roles
of RPs in tumorigenesis: (1) perturbation of RPs disturbs
their functions in protein biosynthesis, which is the conse-
quence or the important process of tumorigenesis; (2) RPs
directly participate the tumorigenesis by their extraribosomal
functions, which means the perturbative expression of RPs
induces the tumorigenesis.

All the RPs from Studies are Classified into Two Groups According to their Extraribosomal Functions. Some have the

Known Extraribosomal Functions and the others don’t. RPs in Bold Letters are form the Research Data of CRC

Classification

RPs

extraribosomal
functions known

RPS2, RPS3, RPS3A, RPS4X, RPS6, RPS8, RPS9, RPS10, RPS11, RPS12, RPS13, RPS18, RPS19, RPS27A, RPS29, RPSA,
RPL3, RPL4, RPL5, RPL7, RPL11, RPL13A, RPL18, RPL23, RPL26, RPL31, RPL32, RPL35A, RPLPO, RPLP2

extraribosomal
functions unknown

RPL28, RPL29, RPL35, RPL37, RPL39, RPL7A

RPS5, RPS15, RPS23, RPS24, RPS25, RPS28, RPL6, RPL8, RPL9, RPL10A, RPL15, RPL18A, RPL21, RPL23A, RPL27A,
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2. Protein Biosynthesis Function of RPs in Cancer

The intact ribosomes are composed of rRNAs, RPs and
PAR. Their exact function depends on the precise combina-
tion of those three components. Ribosome biogenesis and
translation are regulated at multiple levels including tran-
scriptional, translational and post-translational levels and
associated with accurate cell growth and proliferation. Some
tumor suppressors and oncogenes were found to modulate
the RPs biosynthesis or ribosome translation initiation or
both directly [1]. MYC, a proto-oncogene product, regulated
the mature ribosome biogenesis by modifying the genes of
necessary factors in ribosomal assembly. Its overexpression
in tumor cells increased the expression and activity of ribo-
somal components. Therefore, regulation of protein synthesis
could be an important mechanism by which MYC regulates
cell growth and initiates tumorigenesis. PTEN, a tumor sup-
pressor, regulated the mature ribosome formation expecially
the RPS6 through suppressing S6K activity in the PI3K
pathway [35-38]. Therefore, the disturbance of genes up-
stream results in dysregulation of RP expression quantita-
tively or/and qualitatively so the ribosome can hardly func-
tion exactly or produce normal proteins. The perturbation of
RPs may reduce the levels of “survival/protective” factors,
leading to cancer development and progression [37]. Tumor
suppressors and oncogenes may promote cellular transforma-
tion by altering ribosomal components. This means RP per-
turbation is the consequence or the important process but not
the direct cause of tumorigenesis. All these studies suggest
that the perturbation of ribosome components or their func-
tion in protein synthesis may promote cellular transforma-
tion, such as RPS19, which causes Diamond-Blackfan
anaemia syndrome as well as a high susceptibility to cancer
when it mutated.

3. Extraribosomal Functions of RPs in Cancer

Undoubtedly, the increased overall ribosome biogenesis
is a common feature of active proliferation and the prolifera-
tion rate of tumor cells is always higher than normal ones.
Meanwhile, tumor suppressors and oncogenes can modulate
the biosynthesis of RPs directly according to the hypothesis
above. However, independent, noncoordinate changes in
expression of an individual ribosomal protein gene, or of a
subset of ribosomal protein genes, can occur under various
cellular conditions, and have no direct association or correla-
tion with proliferative and/or protein synthetic activities per
se. Therefore, it will be arbitrary and unwise to take the in-
creased RPs mRNA levels simply as a consequence of the
high proliferation rate of tumor cells. The reasons are:
Firstly, the proliferation levels of CRC is not always signifi-
cantly different from that of normal colonic mucosa [17].
Secondly, RPs showed different expression patterns: not the
all RPs increased in the same tumor or tissue, and the same
RP expressed differentially in different tumors or different
stages of diseases. Thirdly, some RPs only increased in se-
nescent cells, [38] some in quiescent cells and some in tumor
cells well differentiated [31] but some decreased in metas-
tatic CRC [29]. Fourthly, p53 mutation, a common event in
CRC, which is considered the key factor in colon carcino-
genesis can upregulate only several RPs but not all of them;
[39] Fifthly, overexpression of specific RPs did not increase
the synthesis of proteins [40]. RPs could still been produced
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when rRNA synthesis was blocked which means RPs syn-
thesis can not be consistent with rRNA synthesis. Under this
condition, RPs seemed to have no necessary relationship
with ribosome biosynthesis. The Minute drosophila, the vi-
able but abnormal phenotypes models of RP genes mutation,
strongly demonstrated the extraribosomal functions of RP49,
RPL9 and RPS13. Another powerful illustration is RPS3
which has endonuclease activity and could be used for DNA
repair, [41] and also activate caspase 8 and caspase 3 to in-
duce cell apoptosis. The dual-function was performed by its
different domains [42]. RPS6, a regulator of cell growth,
Blwas regulated precisely by extracellular signal which was
always disordered in tumor [43-45]. RPS6 kinase signifi-
cantly upregulated in tumors of PTEN mutation, and inhibi-
tion of their activity would slowdown the growth of tumors
by anti-cancer medicine [46-47]. These studies support an
idea: RPs participate the tumorigenesis by their extrariboso-
mal functions directly. Firstly, RPs directly regulate the ex-
pression of oncogene and tumor suppressors on DNA repli-
cation, transcription and translation. The recombinantion of
human trk proto-oncogene with RPL7a activated its onco-
genic function [48]. RPS29, whose mRNAs was much
higher in quiescent cells than that in growth phase of endo-
thelial cells, had tumor suppressor activity for ras trans-
formed NIH3T3 cells [49]. Secondly, RPs can combine
“survival/protective” factors to cause cancer or suppress car-
cinogenesis. For example, the enhanced RPL5, RPL11 and
RPL23 proteins may form a complex with MDM2 and con-
sequently inhibited the combination MDM2 with p53, result-
ing in reduced MDM2-mediated p53 ubiquitination and also
induced p53 activity and G1 arrest [50-53]. The overexpres-
sion of RPS3a gene caused cell malignant transformation
and tumorigenesis of nude mouse and was assumed to pro-
mote cell transformation by suppressing cell apoptosis since
it induced synthesis of anti-apoptosis proteins [54]. Lastly,
RPs may play critical roles in DNA repair and cell apoptosis
leading to tumourgenesis, such as RPS3.

Indeed, nobody can divide the dual-function of RPs of
protein biosynthesis and extraribosomal fuctions arbitrarily
in colon carcinogenesis. The two relative distinct fuctions
must co-function in tumourgenesis. Some RPs involved in
cell mature and differentiation are important in tumor pro-
gressing, invasion, metastasis, but possiblely they effect pro-
teins synthesis that are critical in cell mature and differentia-
tion. Undoubtedly, RPs can participate to this process
through their extraribosomal functions, no matter what the
mechanisms of pathogenesis are.

CONCLUSION

The extraribosomal functions of RPs highlight the studies
in pathogenesis of diseases. It challenges our pervious as-
sumption that protein biosynthesis is the only function of
RPs. Actually, no one knows whether RPs were designed
specifically for the ribosome or whether they were co-opted
from among a set of pre-existent proteins that already had
defined functions. The two possibilities are by no means
exclusive, nor it is likely that all the proteins are added at
one time. Therefore the extraribosomal functions of RPs
could be a reasonable explanation for their unbalancedly
expression patterns in different diseases or tissues although
their exact functions are still unknown definitely [7]. It re-
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mains to be determined whether the different expression pro-
files are a cause or a consequence of tumor formation. Inde-
pendent of this, the two relative distinct functions of RPs
must co-function in the tumorigenesis. Although, RPS3 was
identified as an endonuclease participating into DNA repair
and may be involved in carcinogenesis, but unluckily no
direct evidence supported this assumption. Because of no
experiment ascertaining the relation between the overexpres-
sion of RPs and high proliferating speed, it will be a great
challenge to reveal the real roles of RPs in diseases espe-
cially when multiple RPs were abnormal in one disease [54].
Moreover, the tissue and disease-specific expression patterns
of RPs also prevent us to answer the question effortlessly.
Although lots have done revealing the different expression
profiles of RPs, much left to do more detail to illustrate their
exact roles in carcinogenesis.

Recently, the new term “Ribosomics” emerged which
refers to the analysis of ribosomal components at the ge-
nomic/proteomic level, for example using cryo-electron mi-
croscopy and X-ray crystallography [55]. The genes and
proteins sequences of rRNA, RPs as well as the interactions
of them have provided abundant data for us to reveal the
exact roles of RPs [56]. Taking all the studies in CRC to-
gether, we can see that single or minority RPs will be not
enough for explaining their functions in the cancers. There-
fore, “Ribosomics” may be a powerful tool for research on
CRC mechanisms and, for us, to best understand CRC
pathogenesis.

ACKNOWLEDGEMENTS

This work was supported by grants from the National
Natural Science Foundation of China (grant: 30371605). We
thank Dr. Cheng Liang from Department of Pathology and
Laboratory Medicine, Indiana University School of Medi-
cine, Indianapolis 46202, USA for his expert comments on
the manuscript.

ABBREVIATIONS

rRNA = Ribosomal RNA

RP = Ribosomal protein

CRC = Colorectal carcinoma

IF = Initiation factors

EF = Elongation factors

PAR = Proteins associated with ribosome
L,60S = Large subunits

S,40S = Small subunits

FAP = Familial adenomatous polyposis
RPL = Ribosomal protein large subunit
RPS = Ribosomal protein small subunit
dsRNA = Double-stranded RNA

PKR = dsRNA-activated protein kinase
SSH = Suppression subtractive hybridization
IHC = Immunohistochemistry

SAGE = Serial analysis of gene expression
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