
Regulation of gene expression at the posttranscrip-

tional level is one of the key mechanisms for changing of

gene expression pattern by a cell in response to internal or

external stimuli [1]. Translational control includes a vari-

ety of factors functioning at initiation, elongation, and

termination stages, and even after its completion.

Regulation at the initiation stage could be accomplish by

various cis-elements that are present in 5′-untranslated

regions (5′-UTRs) of mRNA. One of these elements is an

upstream open reading frame (uORF) – sequences

flanked by start- and stop-codons in the same frame and

localized at a 5′-UTR upstream from the main ORF [2].

This situation is rather common: one or more uORFs

upstream from the main ORF are detected in approxi-

mately half of human mRNAs [3, 4]. In some cases, a

polypeptide synthesized on an uORF is functional [5],

but generally the uORFs at 5′-UTRs are used for regula-

tion of expression of a protein encoded by the main ORF

[2, 6]. In most of cases, this is a simple and effective way

to reduce the expression of the main protein [7], because

in accordance with the scanning model [8] the presence

of alternative start-codons in a leader sequence leads to

reduction in ribosome number at the main ORF start-

codon. The level of such reduction directly depends on

the start codon context: the more effective is its recogni-

tion, the less effective is the translation of the main ORF

[9, 10]. However, the presence of one or more uORFs in

mRNA could impart resistance to some deficiency of an

initiation factor. In this case, the effectiveness of transla-

tion increases under certain conditions [6, 11]. Thus, the
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Abstract—More than 40% of human genes contain upstream open reading frames (uORF) in their 5′-untranslated regions

(5′-UTRs) and at the same time express at least one truncated mRNA isoform containing no uORF. We studied translational

regulation by four uORFs found in the 5′-UTR of full-length mRNA for SLAMF1, the gene encoding CD150 membrane

protein. CD150 is a member of the CD2 superfamily, a costimulatory lymphocyte receptor, a receptor for measles virus, and

a microbial sensor on macrophages. The SLAMF1 gene produces at least two mRNA isoforms that differ in their 5′-UTRs.

In the long isoform of the SLAMF1 mRNA that harbors four uORFs in the 5′-UTR, the stop codon of uORF4 overlaps with

the AUG codon of the main ORF forming a potential termination–reinitiation site UGAUG, while uORF2 and uORF3

start codons flank a sequence identical to Motif 1 from the TURBS regulatory element. TURBS was shown to be required

for a coupled termination–reinitiation event during translation of polycistronic RNAs of some viruses. In a model cell sys-

tem, reporter mRNA based on the 5′-UTR of SLAMF1 short isoform, which lacks any uORF, is translated 5-6 times more

efficiently than the mRNA with 5′-UTR from the long isoform. Nucleotide substitutions disrupting start codons in either

uORF2-4 result in significant increase in translation efficiency, while substitution of two nucleotides in TURBS Motif 1

leads to a 2-fold decrease in activity. These data suggest that TURBS-like elements can serve for translation control of cer-

tain cellular mRNAs containing uORFs.
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system of uORFs in mRNA leaders of some stress-

response genes allows these transcripts to be actively

translated under eIF2 inactivation conditions [12, 13].

Theoretically, any mRNA that contains a few uORFs at

the 5′-UTR could have unusual dependence on the avail-

ability of eIF2 [12]. The presence of uORFs could also

lead to the ability of mRNAs to switch synthesis between

two protein isoforms depending on the concentration of

active eIF2 and eIF4E [14].

Translation of mRNA harboring an uORF in its 5′-

UTR involves a variety of mechanisms. The most impor-

tant in our case is the mechanism of coupled termina-

tion–reinitiation involving the regulatory element

TURBS (Termination/Translation Upstream Ribosome

Binding Site). This mechanism has been described for

genomes of some viruses, e.g. caliciviruses [15, 16] and

influenza B virus [17]. It was suggested that the TURBS

region with core sequence UGGGA interacts with the

complementary region of loop 26 of 18S RNA and/or

with the eIF3 factor, leading to ribosome retention near

the stop-codon with consequent reinitiation at a start-

codon that overlaps the stop-codon or is located near the

start [16, 18, 19].

CD150 encoded by the SLAMF1 gene is a 70-kDa

transmembrane glycoprotein that in humans and mice is

expressed at surfaces of B- and T-lymphocytes (at various

differentiation stages), mature dendritic cells, thrombo-

cytes, monocytes, and macrophages [20]. SLAMF1

expression increases under activation of lymphocytes and

monocytes [21]. In T-lymphocytes, CD150 stimulates

antigen-specific CD28-independent proliferation and

induces IFNγ synthesis [22], while in B-lymphocytes it

induces (or increases) proliferation and synthesis of

immunoglobulins [23]. CD150 could also be a receptor

for measles virus [24] and act in the process of recognition

of gram-negative bacteria and consequent macrophage

activation [25]. It was shown that imbalance in regulation

of expression of SLAMF1 can lead to progression of

autoimmune diseases and immune deficiency disorders

[26]. In studies of some B-cell lymphoma, increased

expression of CD150 and its participation in activation of

mitogen-activated protein kinases were shown [27, 28].

Some mRNA isoforms of the SLAMF1 gene that dif-

fer in 5′-UTR length are annotated. We found that the 5′-

UTR of the long isoform contains four uORFs and sug-

gested that it could play some role in regulation of gene

expression. It is also interesting that the stop-codon of the

last uORF overlaps the start-codon of the main reading

frame (UGAUG), and the 5′-UTR of the long isoform

contains characteristic for TURBS core sequence

UGGGA; this suggests the action of a coupled termina-

tion–reinitiation mechanism [15, 17]. Here we have ana-

lyzed possible mechanisms of long isoform SLAMF1

mRNA translation in a model system using site-directed

mutagenesis and selective inhibition of transcription fac-

tors.

MATERIALS AND METHODS

Plasmids. Gene engineering manipulations were

done according to standard methods. Enzymes from

Fermentas/Thermo Scientific (Lithuania) and

SibEnzyme (Russia) were used. For developing the basic

construct “long”, the 5′-UTR sequence of SLAMF1

mRNA long isoform (with 5′-terminus corresponding to

BC012602 mRNA) was amplified together with the first

10 triplets of the gene coding sequence and cloned into

pGL3-control vector (Promega, USA) using endonucle-

ases HindIII and NarI. This sequence was cloned in the

same frame with the firefly luciferase gene, Fluc, in which

its own start-codon was deleted. As the amplified frag-

ment had the HindIII recognition site, the recognition

site of type IIS endonuclease BsaI was added to the

sequence of the forward primer into the nucleotide con-

text, so HindIII-compatible sticky end formed after

restriction. On the basis of the “long” construction, the

mutant variants “mut AUG2/3”, “mut AUG3/4” and

“mut AUG4” with substitutions of start-codons AUG of

corresponding uORFs to leucine triplet UUG or UAG

stop-codon were obtained. The construct “mut

UGGGA” contained substitution of two nucleotides in

the TURBS core sequence to UGACA. Mutagenesis was

made by double-step PCR using nested primers; all con-

structs obtained were checked by sequencing. The primer

sequences are listed in the table.

The m7G-capped and polyadenylated RNAs were

obtained and purified as described in [29]. PCR products

obtained from corresponding plasmids were used as tem-

plates. PCR products “long”, “mut AUG2/3”, “mut

AUG3/4”, “mut AUG4”, and “mut UGGGA” were

obtained using forward primer T7CDfor. Shorter PCR

products “del AUG1” (truncated to the start of uORF 1)

and “short” (with 5′-terminus corresponding to

AK304237 mRNA) were obtained using forward primers

T7CD12 and T7CDsh, respectively. All forward primers

contained T7 RNA-polymerase promoter sequence.

Reverse primer FLA50, which was used for obtaining all

PCR products, corresponded to the distal region of Fluc

and contained a poly(T) sequence. RNA transcription in

vitro was done using T7 RiboMAX Large Scale RNA

Production kit (Promega, USA). For preparation of

m7G-capped transcripts, m7G cap analog 3′-O-Me-

m7GpppG (New England Biolabs, USA) was added to

transcription mixture in the ratio 5 : 1 to GTP. RNAs

obtained in this way were purified by precipitation with

lithium chloride and checked for integrity by denaturing

PAGE.

Cell culture and transfection. HEK293T cells were

cultured on DMEM (Gibco, USA) with 10% fetal calf

serum. The day before transfection, actively proliferating

cells were transferred into 24-well plates. After 12-16 h,

when confluence achieved 60-80%, transfection was per-

formed using Unifectin-56 (Unifect Group, Russia). The
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standard protocol was modified to obtain maximal

mRNA transfection efficiency according to [30]: a mix-

ture of 0.2 µg of tested mRNA and 0.01 µg of control

reporter mRNA (m7G-capped polyadenylated mRNA of

Renilla luciferase, Rluc) [31] was incubated with 0.42 µl

of Unifectin in 125 µl DMEM for 15 min and then added

to the cells. Two hours later, the cells were lysed, and

luciferase activities were measured with a Dual Luciferase

Assay kit (Promega). To create active eIF2 deficiency,

10 µM sodium arsenite (Sigma-Aldrich, USA) was added

to the medium 15 min before transfection. To create

active eIF4E deficiency, 250 nM torin 1 (Tocris

Bioscience, GB) was added to the medium 15 min before

transfection. At least two independent experiments were

performed for each mRNA.

RESULTS

Long isoforms of SLAMF1 mRNA contain few uORFs

at 5¢-UTR. The GenBank database contains description

of ~15 isoforms of SLAMF1 mRNA with different 5′-ter-

mini (Fig. 1a). EST analysis shows two dominant tran-

scription starts in SLAMF1 gene (Fig. 1a). Of note, all

long transcripts deposited in GenBank are found in tis-

sues that contain no mature lymphoid cells, such as

testes and thymus. Our data on SLAMF1 expression

obtained on a panel of human B-cell lines also indicate

the dominance of SLAMF1 mRNA short isoform in dif-

ferentiated cells that express CD150 protein, while long

isoform is found in CD150-negative pre-B-cells (data

not shown). We focused on 5′-UTR of the long isoform

of SLAMF1 mRNA. The longest known full length

SLAMF1 mRNA has a 5′-UTR of 349 nt length that con-

tains four uORFs, i.e. of 34 nt (1), 48 nt (2), 87 nt (3),

and 87 nt (4) lengths, in the order from the 5′-terminus

(Fig. 1b). The uORF2 almost completely overlaps

uORF3, and the stop-codon of uORF4 crossovers at one

nucleotide with the start of the main reading frame of

SLAMF1 (UGAUG). Moreover, in the beginning of

uORF2 the core sequence of the TURBS element

(AUGGGAGAUG) is found. Thus, the structure of

SLAMF1 mRNA long isoform contains some features

that could reduce its translation efficiency (the presence

of uORFs) and others that probably increase it (due to

coupled termination–reinitiation). To understand the

Name

CD150Luc(Nar)R

5′UTR-BsaI-F

CD150KpnF (new)
pGL3CD150r (luc)

CD150(2 + 3)F
CD150(2 + 3)R

3ATG_for
3ATG_rev

CD150-F4ATG
CD150-R4ATG

CD150mot1F
CD150mot1R

FLA50

T7CDfor

T7CD12

T7CDsh

Oligonucleotide primers used in the study

Application

“long” construct, second PCR stage for “mut
AUG2/3”, “mut AUG3/4”, “mut AUG4”, 
and “mut UGGGA”

first PCR stage for “mut AUG2/3”, “mut
AUG3/4”, “mut AUG4” and “mut UGGGA”

construct of “mut AUG2/3”

construct of “mut AUG3/4”

construct of “mut AUG3/4” and “mut AUG4”

construct of “mut UGGGA”

reverse primer for amplification of all T7 tem-
plates

amplification of T7 templates “long”, “mut
AUG2/3”, “mut AUG3/4”, “mut AUG4” and
“mut UGGGA”

amplification of T7 template “del AUG1”

amplification of T7 template “short”

Sequence 5′-3′

TAATGGCGCCGGGCCTTTCTTTATGTTTTTG-
GCGTCTTCGGTCAAGGAGAGGAGCCCCT
TTTTGGTCTCAAGCTACAGCTAAGGAAAGAAGC

CGATAGTACTAACATACGCTCTCCATCA
CACCTCGATATGTGCATCTGT

CTCTAGGGAGTAGAGCAATCCTCAAG
AGGATTGCTCTACTCCCTAGAGGCTTTA

AAAGCCTCATGGGAGTTGAGC
TGAGGATTGCTCAACTCCCAT

CTGCTGCTTGACACGAAGCT
TTCGTGTCAAGCAGCAGAGG

TAAAGCCTCATGGACGATGAGC
TGAGGATTGCTCATCGTCCATG

ТTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTAACTTGTTTATTGCAG-
CTTATAATGG

CGCCGTAATACGACTCACTATAGGGACAGC-
TAAGGAAAGAAGCTGG

CGCCGTAATACGACTCACTATAGGGAAAGC-
CGGGTTTTGGCCGAGGT

CGCCGTAATACGACTCACTATAGGGAAGCTT-
GCTTCTGCCTGGCATCT
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influence of these features on translation, we obtained a

set of reporter mRNAs and analyzed their translation

efficiency in a model system.

5¢-UTR of SLAMF1 mRNA long isoform reduces

translation efficiency of reporter gene. To analyze the role

of uORFs in regulation of SLAMF1 gene translation, we

performed mutagenesis of their start-codons, separately

and in combinations. The analysis was done using the

method of reporter mRNA transfection to exclude possi-

ble impact of nucleotide substitutions on the transcrip-

tion initiation. Capped and polyadenylated mRNAs,

which contained different variants of SLAMF1 5′-UTR

fused to coding part of firefly luciferase Fluc, were syn-

thesized by in vitro transcription of PCR-products

obtained from corresponding plasmids (see “Materials

and Methods”) and then transfected into HEK293T cells.

After 2 h, cells were lysed and the reporter activity was

measured. Normalized results of measurements of

luciferase activity are presented in Fig. 2. We show that

the shorter variant of the 5′-UTR without uORFs pro-

vides 5-6-fold more effective expression of the reporter

gene in comparison to the long form containing four

Fig. 1. Structure of SLAMF1 5′-UTR. a) Abundance of SLAMF1 transcripts in GenBank database according to analysis of genome.ucsc.edu

server. Upper part, SLAMF1 5′-UTR and beginning of coding sequence; bottom part, spliced EST. b) Schematic view of SLAMF1 5′-UTR

structure. Dominating transcription starts of “long” and “short” isoforms are marked by vertical arrows and ORFs by rectangles. The core

sequence UGGGA of the region identical to TURBS Motif 1, which overlaps start-codon of uORF2, as well as stop-start sequence at uORF4

and SLAMF1 ORF junction are also shown.

a

b

100 nt

uORF1 uORF3

uORF2 uORF4

Slamf1 ORF
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uORFs (Fig. 2). Nucleotide substitutions in separate

start-codons of uORFs of long isoform 5′-UTR resulted

in increase in luciferase activity, excluding uORF1, whose

deletion led to no significant effect. From comparison of

“mut AUG3+4” and “mut AUG2+3” activities, it could

be suggested that uORF2 makes the largest contribution

in the reducing of SLAMF1 mRNA long isoform transla-

tion efficiency. The most interesting is the decrease in

construction activity as a result of substitutions in the

UGGGA sequence (Fig. 2), which violates the hypothet-

ical interaction between mRNA and 18S rRNA and/or

eIF3 [16, 19]. These substitutions did not affect the adja-

cent start-codons of uORF2 and uORF3, and they did

not lead to principal changes in key positions of the local

nucleotide context of these AUG codons [8]. This result

could indicate violation of the termination–reinitiation

mechanism in the region between uORF4 and the main

reading frame. Especially interesting is the fact that sub-

stitutions in the AUG codon of uORF2 and in the

UGGGA sequence, being located only a few nucleotides

from each other, lead to opposite effects. This observation

could indicate complexity of the system of fine regulation

of SLAMF1 mRNA translation.

Translation of mRNAs containing both variants of

SLAMF1 mRNA 5¢-UTR is equally inhibited by deficiency

of active eIF2 and eIF4E. The complex structure of the 5′-

UTR of SLAMF1 mRNA long isoform could indicate the

action of translational regulatory mechanisms that are

sensitive to concentrations of particular translation fac-

tors. To test this assumption, sodium arsenite or torin 1

were added in addition to HEK293T cells transfected by

reporter mRNAs obtained in vitro. Arsenite induces the

phosphorylation of initiation factor eIF2, thereby reduc-

ing its active concentration in the cell [32, 33]. Torin

inhibits mTOR kinase, leading to dephosphorylation and

activation of 4E-BP proteins that bind and inactivate

eIF4E [34]. Applying of each of the inhibitors led to

simultaneous reduction of translation of all constructions

studied and the control Rluc mRNA (Fig. 3). Thereby, 5′-

UTR of SLAMF1 mRNA long isoform does not have

Fig. 2. Upstream ORFs affect translation efficiency of the downstream gene. Short uORFs are denoted by gray rectangles, fused ORF of

SLAMF1 and Fluc reporter is designated as white rectangle. Coordinates of changed or deleted (del AUG) start-codons and two nucleotides,

which are substituted in UGGGA consensus, are denoted. Start-codons and uORFs disrupted as the result of nucleotide substitutes are denot-

ed by dashed white triangles and rectangles. Nucleotides are enumerated from the main SLAMF1 ORF start-codon.

100 nt

Relative luciferase expression
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anomalous dependence on the availability of eIF2 and

eIF4E factors. This suggests that the translation of

SLAMF1 mRNA long isoforms is ineffective independ-

ently of cell stress or activation, and regulation of CD150

protein expression occurs on the transcription level from

the alternative start.

Regulation of expression by switching to synthesis of

mRNA short isoform without uORFs might be a widespread

phenomenon. The inhibiting effect of uORFs on transla-

tion of downstream genes has been repeatedly described

in the literature for various organisms (e.g. [35, 36]); this

could be the “fast” evolutionary solution of the problem

of protein expression regulation without disturbing the

complex spatiotemporal regulation at the transcriptional

level [37]. To clarify if the situation observed for SLAMF1

gene is characteristic for human genes, we analyzed the

data on 15,778 human genes represented in the untrans-

lated sequences database, dbUTR [38]. According to the

literature [4], we found that 58% of genes present in the

database contain uORFs in the 5′-UTR. Moreover, 72%

of these genes (i.e. near 42% of all human genes) also

have mRNA isoforms that do not contain uORFs. Thus,

the phenomenon of differential transcription and transla-

tion of different isoforms described here for SLAMF1

mRNA is rather common. Similar mechanisms of switch-

ing to the short mRNA isoform could be widely used by

cells for fine regulation of gene expression.
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