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All translation elongation factors and the e, f, and h
subunits of translation initiation factor 3 are encoded
by 5’-terminal oligopyrimidine (TOP) mRNAs
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ABSTRACT

Terminal oligopyrimidine (TOP) mRNAs (encoded by the TOP genes) are identified by a sequence of 6-12 pyrimidines at the 5’
end and by a growth-associated translational regulation. All vertebrate genes for the 80 ribosomal proteins and some other
genes involved, directly or indirectly, in translation, are TOP genes. Among the numerous translation factors, only eEF1A and
eEF2 are known to be encoded by TOP genes, most of the others having not been analyzed. Here, we report a systematic
analysis of the human genes for translation factors. Our results show that: (1) all five elongation factors are encoded by TOP
genes; and (2) among the initiation and termination factors analyzed, only elF3e, elF3f, and elF3h exhibit the characteristics of
TOP genes. Interestingly, these three polypeptides have been recently shown to constitute a specific subgroup among elF3
subunits. In fact, elF3e, elF3f, and elF3h are the part of the functional core of elF3 that is not conserved in Saccharomyces
cerevisiae. It has been hypothesized that they are regulatory subunits, and the fact that they are encoded by TOP genes may be

relevant for their function.
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INTRODUCTION

An important fraction of the mRNAs of vertebrate cells (up
to 20%) have a characteristic 5° UTR, which is relatively short
and starts with a sequence of 6-12 pyrimidines, called the 5’-
terminal oligopyrimidine (5" TOP) sequence (Meyuhas and
Hornstein 2000). Consequently, these mRNAs are known
as TOP mRNAs, and the genes which encode them, as TOP
genes. The TOP sequence was first noted in vertebrate
genes encoding ribosomal proteins (RPs), confirming the
earlier indication of an abundant group of mRNAs starting
with m7GpppPy (Schibler et al. 1977). TOP gene expres-
sion has been gaining increasing attention in the last few
years. In fact, ribosome biogenesis, far from being a passive
constitutive process, has been linked to cell-size control
and tumorigenesis (Ruggero and Pandolfi 2003; Ruvinsky
and Meyuhas 2006). However, the number and the regu-
lation of TOP genes are not yet clearly defined. The TOP
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sequence is a cis-acting element necessary for a growth-
associated translation regulation. In fact, TOP mRNAs are
mostly localized on polysomes in actively growing cells but
mostly sequestered in inactive mRNPs in quiescent or
growth-arrested cells (Geyer et al. 1982; Loreni and Amaldi
1992). A number of studies have implicated the phospho-
inositide 3-kinase (PI3K)/mammalian target of rapamycin
(mTOR) signaling pathway in the translational activation
of TOP mRNAs (Fumagalli and Thomas 2000; Ruvinsky
and Meyuhas 2006). However, the contribution of mTOR
to the translational control of TOP mRNAs may be
dependent on the cellular context; in some studies, inhibi-
tion of mTOR has little or no effect on TOP mRNA
translation (Ruvinsky and Meyuhas 2006). More clear is the
involvement of the PI3K which could activate TOP mRNA
translation through mTOR and/or undefined additional
pathways (Tang et al. 2001; Stolovich et al. 2002; Caldarola
et al. 2004; Pende et al. 2004). However, the final effector(s)
that directly affect TOP mRNAs have not been clearly
identified. Some putative TOP mRNA translational regu-
lators have been proposed: the autoantigen La, which binds
the TOP sequence (Pellizzoni et al. 1996; Crosio et al. 2000;
Zhu et al. 2001; Cardinali et al. 2003; Schwartz et al. 2004),
and the cellular nucleic acid binding protein (CNBP),
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which binds a downstream region (Pellizzoni et al. 1997).
The precise role of these proteins in TOP mRNA trans-
lational regulation as well as their relation with PI3K
signaling pathways is still to be defined.

A canonical TOP mRNA is identified by two essential
criteria: (1) the presence of a TOP sequence at the 5’ end
and (2) a growth-associated translational regulation.
According to this definition, all messengers coding for
vertebrate RPs analyzed so far in various experimental
systems are TOP mRNAs. Moreover, some additional
structural features present in all 80 RP mRNA (as, for
instance, a very short 3’ UTR) suggest that all of them
are indeed coordinately regulated TOP mRNAs (Ledda
et al. 2005). However, this assumption remains to be
demonstrated, and a recent microarray analysis of trans-
lational regulation suggested the existence of subsets of
RP mRNAs with different sensitivities to eukaryotic initi-
ation factor (eIF) 4E levels (Mamane et al. 2007). Among
the non-RP TOP mRNA, a common feature is the
correlation of the encoded proteins with some aspects
of translation. For instance, messengers for some eukary-
otic elongation factors (eEFs) as well as poly(A)-binding
protein and hnRNP Al have been shown to exhibit
“TOP” characteristics (Loreni et al. 1993; Terada et al.
1994; Camacho-Vanegas et al. 1997; Hornstein et al. 1999).
This subset of TOP mRNA includes mRNAs with
ambiguous TOP characteristics, such as, for instance,
tissue-specific translational regulation (Avni et al. 1997).
Therefore, the question of what kind of and how many
TOP mRNAs are expressed in the cell is still open. A few
cDNA array studies on translational regulation in different
experimental systems have found several known TOP genes
among other coding sequences (Mikulits et al. 2000; Lu
et al. 2006; Provenzani et al. 2006; Spence et al. 2006). The
identification of new TOP genes was not, however, the aim
of these studies, and the identified messengers were not
subjected to further investigation (such as the presence of
a TOP sequence). To investigate the group of TOP genes,
we decided to use a more direct and specific strategy by
selecting genes on the basis of some rational criteria and
then analyzing them by structural and functional assays.
The first group of genes selected includes the translation
factors as there is an evident correlation with translation
and some components of this group of proteins are
encoded by known TOP genes (e.g., eEF1A, eEF2). Since,
as indicated above, the two main characteristics of TOP
genes are the pyrimidine sequence at the 5’ end of the
mRNA and the growth-associated translation regulation,
we first selected possible TOP candidates on the basis of the
presence of a pyrimidine sequence at their 5" end. Candi-
date genes were then experimentally tested by the polysome
association assay to verify their regulation at the trans-
lational level. We have found that all elongation factors are
encoded by TOP genes, whereas nearly all the other trans-
lation factors are not. The few exceptions identified—elF3e,

elF3f, and elF3h—may suggest specific common functions
for these factors.

RESULTS AND DISCUSSION

Structural analysis of candidate genes

The sequences coding for all translation factors were
analyzed for the presence of a TOP sequence at the 5’
end of the transcript. To identify the transcription start site
(tss) of each gene of interest, we proceeded as follows:

(1) We searched the NCBI “Homo sapiens (human)
genome view”  (http://www.ncbi.nlm.nih.gov/map-
view) where, in particular, the UniGene map shows
mRNA and EST sequences aligned to the assembled
human genomic sequence, thus indicating a putative tss.

(2) In some cases, we considered it necessary to verify the
alignment by a “blast” analysis of the human ESTs
versus the genome sequence surrounding the pro-
moter/tss region.

(3) The results were compared with the tss as presented in
the Transcriptional Start Sites Database (DBTSS:
http://dbtss.hgc.jp), which is based on the analysis of
a full-length ¢cDNA library constructed by the “oligo-
capping” method (Ota et al. 2004).

(4) Finally, in a few cases (eEF1B, eEFly, eEF13, and
elF3e) we experimentally analyzed the tss by primer ex-
tension. The results, shown in Figure 1, basically con-
firmed the in silico analysis. Therefore, we did not
extend this experimental approach to the other mRNAs.

A summary of these analyses is presented in Table 1. The
sequences surrounding the major tss of the genes for human
translation factors are reported with the tss nucleotides
indicated by a larger font size, approximately proportional
to frequency. Most of the tss do not appear precisely
localized on a single position, being often dispersed on a
few nucleotides. The genes coding for the five elongation
factors and a small number of those for the numerous
initiation factors present a 5'-terminal oligopyrimidine
sequence, thus representing good candidates for further
analysis. On the other hand, the genes for most of the
remaining initiation factors and for the termination factor
eRF1 do not present a TOP sequence at the 5" end. A few
cases remain uncertain, mainly due to the above-mentioned
tss heterogeneity, resulting in only a fraction of the mRNA,
starting with the TOP sequence. We have also derived the
gene expression profiles from NCBI UniGene database. The
results, reported in column 4 of Table 1, indicate that the
relative abundance of the mRNAs considered in this report is
quite variable. The analysis of mRNA abundance, tss, and
translational regulation (see below), suggests that there is no
relationship between the expression level of a gene and its
belonging to the TOP gene group.
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FIGURE 1. Primer extension. A 5’ end-labeled primer (specific for
the indicated mRNAs) was annealed to 20 pg of total RNA from HeLa
cells and then extended with reverse transcriptase. Extension products
were separated on 6% polyacrylamide gel and exposed for autoradi-
ography. The major extension band is indicated by the arrow. The
nucleotide corresponding to the major extension band is indicated by
an “*” in the sequence reported in the lower part of each panel which
include the surrounding of the tss. M, 10-bp size marker; seq,
unrelated sequence ladder; PE, primer extension products.

Analysis of growth-associated translation regulation

We have analyzed our candidate genes by the polysome
association assay to verify their regulation at the trans-
lational level during nutritional shifts. For this purpose we
used HeLa, HEK293, and NIH3T3 cells in the following
growth conditions: (1) serum-starved for 2 h (HeLa and
HEK293) or overnight (NIH3T3); (2) serum-stimulated
(after starvation) for 1 or 2 h; and (3) serum-stimulated for
1 or 2 h in the presence of rapamycin (treatment started
30 min before stimulation), which is known to suppress
specifically TOP mRNA translation (Fumagalli and
Thomas 2000). Cytoplasmic extracts were prepared
and fractionated through sucrose gradients (see Materials
and Methods). Nine fractions were collected from each
gradient while recording the absorbance profile. The RNA
extracted from the gradient fractions was then analyzed by
agarose gel electrophoresis and Northern blot hybridization
with probes for: (1) the candidate TOP mRNAs (or as a
control translation factor mRNAs without the TOP
sequence); (2) a known TOP mRNA (RPS6 or RPS19);
and (3) a non-TOP mRNA (B-actin). Quantification of the
radioactive signals in the polysomal and nonpolysomal
regions of the gradients was then used to evaluate the
percentage of a given mRNA associated with the poly-
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somes. The experiments were performed in HeLa, HEK293,
and NIH3T3 cells. However, since the results with few of
the probes were similar in all three cell lines, some of the
candidate TOP genes were analyzed only in one or two of
them. The most significant results are reported in Figure 2,
which includes: (1) an example of absorbance profiles of the
gradients (Fig. 2A); (2) the Northern analysis of gradient
fractions (Fig. 2B); and (3) the quantitative analysis of the
percentage of mRNA on polysomes for the different mRNAs
(Fig. 2C). It can be observed that: (1) B-actin mRNA is
prevalently associated with polysomes both in growing and
in resting cells; (2) RPS6 mRNA is mainly associated with
subpolysomal particles in resting cells but mostly associated
with polysomes in growing cells, this translation activation
being inhibited by rapamycin treatment; (3) eEF1{3, eEF13,
eEFly, elF3e, elF3f, and elF3h mRNAs behave similarly to
RPS6, although with minor quantitative differences; and (4)
elF3g, elF4B (shown as an example), elF3a, elF3b, elF3d,
and elF3j (not shown) mRNAs show a pattern similar to
B-actin since no variation of polysomal association can be
observed in the different growth conditions. All the other
cases with a clear absence of pyrimidines around the tss
were not analyzed. A few cases with some pyrimidines at
the 5" end produced no results, possibly due to the low
abundance of mRNAs (elF2vy, elF3c, elF3k, elF3l, and
eIF4AIl). Table 1 reports the summary of our studies and
considerations. In particular, column 5 shows the identifi-
cation of a gene as TOP on the basis of our analyses. All five
elongation factors and three initiation factors (elF3e, eIF3f,
elF3h) are encoded by TOP genes. Most remaining initia-
tion factors and the unique termination factor did not
satisfy one or both criteria which identify TOP genes. It is
interesting to note that a few pyrimidines around the tss
are not sufficient to confer translational regulation to
the mRNA (see eIlF4B). A small number of cases remain
undetermined, due to technical difficulty in assessing the
growth-associated translational regulation.

The turnover of some of the identified TOP mRNAs was
also analyzed by actinomycin D treatment of cultured cells
followed by Northern blot. The results (not shown)
indicates that, in all cases, the half-life of new TOP mRNAs
is comparable with the known TOP mRNAs (>24 h).

CONCLUSIONS

The discovery of a peculiar 5" end linked to a growth-
associated translational regulation allowed the classification
of vertebrate RP mRNAs as TOP mRNAs (Meyuhas et al.
1996). After more than 20 years since the initial studies on
the expression of RP genes, it is evident (although not
formally proven in all cases) that all vertebrate RP mRNAs
exhibit the two essential characteristics of TOP mRNAs: i) a
5" TOP sequence and ii) growth-associated translational
regulation. Moreover, the two characteristics are function-
ally linked, since the integrity of the TOP sequence is
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TABLE 1. Summary of gene sequence coding analyses

Symbol® Factor name® Transcription start site ESTY TOP®
Elongation
EEF1A1 eEF1A1, eFFla TAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCC 78,526 Yes'
EEF1B2 eEF1B, eEF1BB TCCGGTCTCTTCGGGTCCTTTTTCCTCTCTTCAGCGTG 1,812 Yes
EEF1D eEF13, eEF1Ba GCGGCCCGGGCGGCCCTCCCTTTCATCAGTCTTCCCGC 2,322 Yes
EEF1G eEF1y, eEF1By CCGAGAACCCCACCCCCTTTCTTTGCGGAATCACCA 3,240 Yes
EEF2 eEF2 AGTGTTGACGTCAGCGTTCTCTTCCGCCGTCGTCGCCG 1,977 Yes®
Initiation
EIF1 elF1 CACCGCCCCTCTGCCCCAGTCACTGAGCCGCCGCCGAG 2,869 No
EIF1AX elF1A X-isoform GCAAAGAGTCGCGGCGCCATTTGCTGCCGCCGAGCGTGG 465 No
EIF1B elF1b GCGGCTAAATAGTCTCCATCGGCCATTTTGTGCGAG 429 No
EIF2S1 elF2a GCATGCGCGGTGGAG TGAGCGAAGCGCACGCTGAG 700 No
EIF2S2 elF2p TGTCGTTTCCTTTCGCTGATGCAAGAGCCTAGTGCGG 1,120 No
EIF2S3 elF2y CAGCCGGGGTGATTTCCTTCCTCTTTTGGCAACATGGCG 796 ?
EIF2B1 elF2Ba GAAGTGCGCCGGAAGTGGGGTGCGGAGGTGTGCAGCG 569 No
EIF2B2 elF2BB GTGTGGTCTGGCAGGTGTGG.16nt.CTGAAGGCA 327 No
EIF2B3 elF2By CCATTGGGCTGTCAGTCAGAGGCGGCGTGGAGATCGC 286 No
EIF2B4 elF2Bd GGCGGAGCCTAGGACTGAGGGCGATGGCTGCTGTGG 294 No
EIF2B5 elF2Bg CGGAAGTGGTGACCGTGAGAGAAGAAGATGGCGGCCC 552 No
EIF3A elF3a CTCCTTCCTTTCCGTCTCTG..16NT..CGACTGCT 1,028 No
EIF3B elF3b CGCGGTGCGGCCTGGGAGAGTCGGAAGCGCGGCGG 1,081 No
EIF3C elF3c GTGACGCGAGGACccGCCTTCTCTCTCGGCGTTTCC 1,645 ?
EIF3D elF3d GCGCATGTTTCCTCTTTTCCTGGTTTCTCAAGAG 2,056 No
EIF3E elF3e TTAGTGAGCACAGACTCCCTTTTCTTTGGCAAGATGGC 1,800 Yes
EIF3F elF3f TTTCCGCTTCCGCCTCCTTCTTTCTCGACAAGATGG 1,334 Yes
EIF3G elF3g TCGTT.8nt.CTTCCGCTCTCTG.23nt ATACTTT 801 No
EIF3H elF3h CTTCCGGTAACTCACGTTTCTCTTTCTTCCTGTCTGCT 1,420 Yes
EIF3I elF3i CGAAACCTTTTCCGGTCTTACTCACGTTGCGGCCTTCC 1,298 No
EIF3) elF3j GAGAGCAAACCCAGTG.35nt.CCCTCTCACACAC 534 No
EIF3K elF3k TCCGTTTCCACCACCTCTTCCTGTTCCCGTCCTTGAG 1,300 ?
EIF3EIP elF3| GCGGGCCGCTCATTTCGCTCTTTCCGGCGGTGCTCGC 7,737 2
EIF4AT1 elF4A-| TAGGCGGGCACTCCGCCCTAGTTTCTAAGGATCATGT 5,535 No
EIF4A2 elF4A-Il GTGGTTGGGCGCCGCTGTCTTTTCAGTCGGGCGCTGAGT 5,104 2
EIF4B elF4B ccGGGTCTTTITGCGTTCTCTTTCCCTCTCCCAACATG 3,482 No
EIF4E elF4E GGAGCGGTTGTGCGATCAGATCGATCTAAGATGGCGAC 725 No
EIF4G1 elF4G1 GAT.12nt.cCGGA .5843nt. ACGAGAGCAGCCAG 1,931 No
EIF4G2 elF4G2 GATAAGTTCGGCTTCAGACACGCCTTAGCGCCAGCA 5,196 No
EIF5 elF5 GTAGCTTGAGCGCGGCGGCGGCGTTGTTCAGTCAGAG 1,593 No
EIF5A elF5A Very heterogeneous over more than 200 nt 900 No
EIF5B elF5B CACACCATATGTGTCCTGTTCCAGTGCGCGGGTCTGT 836 No
EIF6 elF6 ACCTTTTTAGGGAGTCCAAGGTACAGTCGCCGCGTGCG 1,039 No
Termination
ETF1 eRF1 GAGCGGATTGCAACACATG.30nt. TACGTCAGAGCCG 687 No

“Human gene official symbols (derived from the NCBI Human Genome Resources) provide unequivocal identification of the factors.

PCommonly used factor names.
“Sequence surrounding the transcription start site (tss). Larger font size indicates preferred tss.
INumber of EST sequences in the UniGene database. Provides an approximate evaluation of gene expression (for comparison, the
corresponding values for ribosomal proteins average about 6500 = 3000).
‘Identification of the genes as TOP genes (conclusions from this work).

fLoreni et al. (1993).
8Terada et al. (1994).

necessary for regulation (Meyuhas and Hornstein 2000).
Experimental evidence indicates that translational control
of TOP mRNAs is used by the cell to coordinate the
syntheses of the different RPs and of RPs with other
components of the translational apparatus. However, it is
not clear how many other non-RP genes can be considered
TOP. Here we report that the genes for all five translation

elongation factors and those for three of the numerous
initiation factors (elF3e, eIF3f, eIF3h) are typical TOP
genes. On the other hand, the genes for most initiation
factors and for the single termination factor eRF1 are not
TOP genes. One possible hypothesis to rationalize our
findings is that, since elongation factors perform their
function on the ribosome during protein synthesis process,
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FIGURE 2. Polysomal mRNA profile in different growth conditions. HeLa (H), HEK293 (K),
and NIH3T3 (N) cells were incubated in medium lacking serum (—serum) and then stimulated
for 1 h with complete medium without (+serum) or with (4+rap+serum) rapamycin.
Cytoplasmic extracts were separated on sucrose gradients, and fractions were collected while
absorbance was monitored at 260 nm. (A) Examples of absorbance profiles from HeLa cells are
outlined with black arrows indicating the positions of the 80S ribosomes; the first fraction
corresponds to the bottom of the gradient. (B) RNA extracted from each fraction was analyzed
on Northern blots with the indicated probes. (C) Quantification of the signals is reported as a
column plot of the percentage of mRNA on polysomes, obtained by adding up the values of

fractions 1-5.

they could be viewed as a peculiar subset of RP. Thus, these
factors would need to share the specific structure and
regulation with “regular” RPs. By contrast, initiation
factors operate by assembling together mRNA, met-tRNAi,
and ribosomal subunits to form the initiation complex.
This is substantially independent of ribosome function
during the process of protein synthesis, and therefore the
requirements of such factor syntheses are different from
those of the “ribosomal” components. As for the excep-
tions elF3e, elF3f, and eIF3h, which are encoded by TOP
genes, an interesting perspective is suggested by a very

1734 RNA, Vol. 14, No. 9

induces neoplastic transformation pos-
sibly by enhancing translation of
mRNAs involved in cell proliferation.
On the contrary, overexpression of
elF3e and elF3f moderately inhibits cell
growth and proliferation (Zhang et al.
2007). We have found that the three
elF3 subunits (e, f, and h) are encoded
by TOP genes. Although at present we
cannot reach a specific hypothesis, we
do think that our observation supports
the idea that belonging to the TOP gene class is, for a gene,
a functionally relevant feature.

MATERIALS AND METHODS

Cell cultures

Human HeLa, HEK293, and mouse NIH3T3 cells were grown at
37°C in Dulbecco’s Modified Eagle Medium supplemented with
10% fetal calf serum, 2 mM glutamine, 50 units/mL penicillin, and
50 mg/mL streptomycin. To induce serum starvation (resting
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cells), cells were washed twice in PBS, trypsinized, transferred into
a new dish, and grown for 2 h (HeLa, HEK293) or 16 h (NIH3T3)
in serum-free medium. To stimulate the cells, serum was added to
the medium and the incubation continued for 2 h. To analyze
mRNA half-life, cell cultures were treated with actinomycin D at
the concentration of 2 ug/mL. At time intervals, RNA was
extracted and analyzed by Northern blot hybridization.

Primer extension

A synthetic 20-mer complementary to a defined positions with
respect to the initiation AUG codon of target mRNA was 5'-end-
labeled with 25 wCi of [y**P]JATP and T4 polynucleotide kinase,
according to standard protocols. Labeled primer was annealed to
20 pg of total RNA from HeLa cells and extended with MMLV
reverse transcriptase. Extension products were separated on a 6%
polyacrylamide gel and exposed for autoradiography or to a
PhosphorImager screen.

Polysome analysis

Cell lysis, sucrose gradient sedimentation, and analysis of the
polysome/mRNP distribution of mRNAs were performed essen-
tially as previously described (Caldarola et al. 2004). In particular,
cells [(1—2) X 10°] that had been washed once with phosphate-
buffered saline buffer (150 mM NaCl, 2.7 mM KCl, 8 mM
NaH,PO,, and 1.4 mM K,PO,) were lysed directly on the plate
with 300 pL of lysis buffer (10 mM NaCl, 10 mM MgCl,, 10 mM
Tris-HCI, pH 7.5, 1% Triton X-100, 1% sodium deoxycholate,
36 U/mL RNase inhibitor [Pharmacia], 1 mM dithiothreitol) and
transferred into a microcentrifuge tube. After 5 min of incubation
on ice with occasional vortexing, the lysate was centrifuged for
8 min at 10,000 rpm at 4°C. The supernatant was frozen in
liquid nitrogen and stored at —70°C to be analyzed later or
immediately layered in a 15%-50% (w/v) sucrose gradient
containing 30 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 10
mM MgCl,, and centrifuged in a Beckman SW41 rotor for 110
min at 37,000 rpm. Fractions were collected while monitoring the
optical density at 254 nm, and total RNA was extracted from each
fraction by the proteinase K method (Sambrook et al. 1989). For
Northern analysis, RNA was fractionated on formaldehyde—
agarose gels and transferred to GeneScreen Plus membrane
(PerkinElmer Life Sciences). Northern blotting was performed
essentially as recommended by the manufacturer. Radioactive
probes were prepared by the random primer technique (Sam-
brook et al. 1989) using DNA fragments isolated from plasmids
containing PCR-amplified cDNA sequences. Primers for amplifi-
cation were designed according to sequences present in the
GenBank/EBI Data Bank. Quantitation of Northern blots was
performed using a Phosphorlmager and the Image-Quant soft-
ware (Amersham Biosciences).
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