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ABSTRACT

Most of our knowledge about translation regula-
tory mechanisms comes from studies on lower or-
ganisms. However, the translation control system
of higher organisms is less understood. Here we
find that in 5 untranslated region (5’UTR) of hu-
man Annexin Il receptor (AXIIR) mRNA, there are
two upstream open reading frames (UORFs) acting
in a fail-safe manner to inhibit the translation from
the main AUG. These uORFs are unfavorable for
re-initiation after termination of uORF translation.
Heterogeneous nuclear ribonucleoprotein A2B1 (hn-
RNPA2B1), hnRNPAO and ELAV like RNA binding pro-
tein 1 (ELAVL1) bind to the 5’UTR of AX//R mRNA.
They focus the translation of uORFs on uORF1
and attenuate leaky scanning that bypasses uORFs.
The cooperation between the two uORFs and the
three proteins formed a multiple fail-safe system that
tightly inhibits the translation of downstream AXIIR.
Such cooperation between multiple molecules and
elements reflects that higher organism develops a
complex translation regulatory system to achieve ac-
curate and flexible gene expression control.

INTRODUCTION

Appropriate expression level is very important for a gene
to exert its functions. A XIIR gene exists solely in human
genome, not in other organisms (1). It acts as a receptor to
mediate Annexin IT (AXII) signal (1-3). Recently, we found
that high amount of AXIIR protein could induce cell apop-
tosis in AXII-independent manner (4). In most cell types,
AXIIR protein level is very low and even hardly detectable.

It indicates that the expression of AXIIR protein is under
tight and accurate control, to ensure its proper functions
while avoid adverse effects on cells. However, nothing is
known yet about the expression regulation of AXIIR.
Upstream open reading frame (WORF) is one of the ma-
jor elements that regulate protein translation. It is estimated
that ~50% of mammalian mRNAs contain one or more
uORFs (5). Three known mechanisms determine the trans-
lation efficiency of the downstream main ORF in mRNAs
containing uORFs: leaky scanning (6), re-initiation (7,8)
and ribosome stalling (9). Leaky scanning and re-initiation
facilitate, while ribosome stalling inhibits the translation
of downstream main ORF. Re-initiation requires transla-
tion and termination of uUORF. Many uORFs exert effect
through re-initiation which is believed to be independent of
the amino acids the uORFs encode. There are also some
uORFs that function through the peptides they encode (10—
12). Some of these peptides can stall the ribosome (13), or
contribute to mRNA decay (14). Little is known about the
factors other than standard cap-dependent initiation fac-
tors that work with uORF-dependent translation regulation
(15). So far, there is only one paper reporting that uUORF
and protein cooperate to control translation (16), which is
found in Drosophila. It remains unclear whether such trans-
lation regulation mechanism involving the cooperation be-
tween uORF and protein also exists in higher organisms.
hnRNPA2B1 and hnRNPAO are RNA binding pro-
teins that belong to the family of ubiquitously expressed
heterogeneous nuclear ribonucleoproteins (hnRNPs). hn-
RNPA2BI exerts diverse regulatory effects through inter-
acting with different partners (17,18). Little is known about
the function of hnRNPAO, except for one paper show-
ing that it stabilizes Gadd45a mRNA (19). ELAVLI, also
known as HuR, is a member of ELAVL family of RNA-
binding proteins and involves in a variety of important bi-
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ological activities and diseases (20,21). It selectively binds
to AU-rich elements (AREs) in the 3’ untranslated re-
gion (3’'UTR) of mRNAs, and plays roles in stabilizing
mRNA (22) and promoting translation (23,24). There are
few papers reporting the inhibition effect of ELAVLI on
protein translation. One paper reports that ELAVLI can
bind to 5YUTR and repress internal ribosome entry site
(IRES)-mediated translation (25). Another one also finds
that ELAVLI can bind to SUTR and repress translation,
but the mechanism remains unknown (26). ELAVLI1 inter-
acts with different molecules to exert its functions (27,28).
All the above mentioned three proteins can shuttle between
nucleus and cytoplasm (19,29).

In this study, we find that hnRNPA2B1, hnRNPAO and
ELAVLI1 bind to the SUTR of 4XIIR mRNA and coop-
erate with uORFs, forming a multiple fail-safe system to
tightly inhibit the translation of human AXIIR. The results
reveal a complex translation regulatory system in higher or-
ganism, in which multiple trans-acting proteins and uORFs
cooperatively inhibit translation from downstream main
start codon.

MATERIALS AND METHODS
Cell lines

The cell lines used in this study were: HEK293T cell
(ATCC), K-562 cell (ATCC), MM. 1S cell (ATCC), U266B1
cell (ATCC), RPM18226 cell and HeLa cell were from Cell
Bank of Chinese Academy of Medical Sciences and Peking
Union Medical College.

Plasmids

AXIIR 5UTR and coding region sequences (CDS) were
amplified from human K-562 cell. Fusion genes were
spliced by polymerase chain reaction (PCR). Point mu-
tation was achieved using QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent). All the sequences were
cloned into pcDNA3.1-Myc-His(-)B vector (Invitrogen).
The CDS sequence together with the three adjacent nu-
cleotides upstream of the main start codon was cloned be-
tween EcoR I and BamH I sites. All the other SUTR con-
taining sequences were cloned between Xho I and BamH I
sites. AXIIR S UTR and enhanced green fluorescent protein
(EGFP) fusion gene was cloned between Xho I and EcoR
I sites. The coding sequence of mouse TNFAIP3 interact-
ing protein 2 (Tnip2) with C-terminal 6xHis tag was cloned
between EcoR I and BamH T sites.

RNA interference

EGFP was firstly cloned into pcDNA3.1-Myc-His(-)B vec-
tor (Invitrogen). shRNA coding sequences against human
ELAVLI1, hnRNPAO and hnRNPA2B1 were then cloned
into it downstream of EGFP stop codon (termed pc-
EGFP-shRNA). The amount of transfected shRNA ex-
pressing plasmids can be evaluated by measuring the EGFP
intensity. Sequences of shRNA (sense strand, 5—3'):
ELAVL1 shRNA: GCGTTTATCCGGTTTGACAAA hn-
RNPAO shRNA: GGCGGTCGCAGTAATAGTGGA hn-
RNPA2B1 shRNA: GGAACAGTTCCGTAAGCTCTT

negative control shRNA (termed NC shRNA): TCG-
TATAGAGCTTAAGGGCGG. The inhibition efficiency
of shRNAs were measured by SYBR quantitative reverse
transcription-PCR (qRT-PCR) analysis of AXIIR mRNA.
Human B-actin served as the internal control gene.

mRNA stability analysis

Forty-eight hours after plasmid transfection, Actinomycin
D (Sigma) was added to the culture medium at a concen-
tration of 10 wg/ml. Cells were then collected at certain
time points after Actinomycin D addition and total RNA
was extracted with RNAiso Plus (Takara). For each sample,
3 pg of RNA was used for reverse-transcription with Go-
Script™ Reverse Transcriptase (Promega). From the 20 .l of
reverse-transcription reaction volume, 1 .l was subjected to
the following SYBR qRT-PCR analysis of mRNA. Human
GAPDH served as the internal control gene. The value of
AXIIR was normalized to that of GAPDH and the value of
each time point was further normalized to that of the start
point, which was designated as 100%.

gRT-PCR

SYBR ¢RT-PCR reaction was performed in CFX real-
time PCR machine (BioRad). Primers were designed by
Primer Express 3.0 (ABI). The primer sequences are
(5—3): GAPDH primers: TGGAAGGACTCATGAC
CACAGT and GCCATCACGCCACAGTTTC AXIIR
primers: GTGATTTGGGACTGCTTTCCA and GAGA
GTCCGTTTTGCCAGTAGAC B-actin primers: CCAA
CCGCGAGAAGATGA and CCAGAGGCGTACAGGG
ATAG. Primers were synthesized by Invitrogen. qRT-PCR
was performed using GoTaq® Probe qPCR Master Mix
(Promega), according to the manufacturer’s instructions.

Transfection

Plasmids were transfected into HEK293T or HeLa cells by
Lipomax (Sudgen), following the manufacturer’s instruc-
tions. Mouse Tnip2 with C-terminal 6xHis tag serves as
transfection efficiency control that was co-transfected with
AXIIR expressing plasmid. The Tnip2-His fusion protein
was blotted by anti-His tag antibody in western blot. EGFP
intensity was read by FLUOstar OPTIMA (BMG Lab).

Antibodies

The following antibodies were used for western blot,
electrophoretic mobility gel shift assay (EMSA) and Co-IP:
anti-B-actin (Abcam), anti-AXIIR (Abcam), anti-ELAVLI
(Abcam), anti-hnRNPAO (Abcam), anti-hnRNPA2BI1
(GeneTex), anti-hnRNP G (Abcam), anti-His tag (Cell Sig-
naling), normal rabbit IgG (Cell Signaling). The secondary
antibody was anti-rabbit IgG (Abcam). The density of each
band was measured by AlphaEaseFC software (Alpha
Innotech).

Photography

Cell images were taken with IX70-SIF2 microscope
(OLYMPUS).



RNA pull-down

Biotinylated RNA probe was chemically synthesized
(Takara). The sequence of the probe is (5—3'): CU-
CUCUAAAAUGUUAUCGUUUUUCAUUUGU-
CUACUAAUUUUC. This probe was used to pull down
putative RNA binding proteins from K-526 cells with
Magnetic RNA-Protein Pull-Down Kit (Pierce), according
to the manufacturer’s instructions.

Protein mass spectrometry

It was carried out by the Core Instrument Facility in
CAMS/PUMC. Briefly, the gel band was in-gel digested
by trypsin and analyzed by nano-LC/MS/MS (TripleTOF
5600, ABsciex). The raw file was searched against hu-
man Uniprot database (www.uniprot.org) by MASCOT
(V2.3.02). The results were processed by Scaffold (V4.0).

Electrophoretic mobility gel shift assay (EMSA)

Nuclear and cytoplasmic proteins of K-562 cells were sep-
arated with NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific). The probe used in RNA pull
down experiment was also used in EMSA. EMSA was per-
formed with LightShift Chemiluminescent RNA EMSA
Kit (Thermo Scientific), according to the manufacturer’s in-
structions. Briefly, 4 wg of proteins were incubated with 5
nM of RNA probe and then subjected to non-denaturing
polyacrylamide gel electrophoresis (PAGE).

For the method of adding antibody later in super-shift
EMSA, 4 pg of nuclear proteins were incubated with 5 nM
of RNA probe, at room temperature for 30 min. A total
of 2 pg of each antibody was added to 1/10 of the above
mixture, incubated at room temperature for 20 min and
then subjected to non-denaturing PAGE. For the method of
adding antibody first in super-shift EMSA, 0.91 pg of nu-
clear proteins were incubated with 3 g of each antibody, at
room temperature for 30 min. The above mixture was then
incubated with 2.5 nM of RNA probe at room temperature
for 30 min, followed by non-denaturing PAGE.

Co-immuoprecipitation (Co-IP)

One T75 flask of sub-confluent HEK293T cells were col-
lected, and washed with 1x phosphate buffered saline
(PBS). Cell pellets were lysed in Pierce IP Lysis Buffer
(Pierce) containing Protease Inhibitor Cocktail Set III
(Merck) and Phosphatase Inhibitor Cocktail Set IV
(Merck), and placed on ice for 10 min. The suspension
was centrifuged at 12 000 g for 15 min. Supernatant was
transferred to new tube and a portion was reserved for in-
put loading. Protein G Plus/Protein A Agarose Suspension
(Millipore) was pre-treated by being suspended in Pierce IP
Lysis Buffer, and then centrifuged at 2500 rpm for 3 min,
4°C. This washing step was repeated for four times. The
cell lysate was cleared by adding 1 pg of normal rabbit IgG
and 20 pl of pre-treated Protein G Plus/Protein A Agarose
Suspension to 0.5 ml of cell lysate, and incubated with soft
shaking at 4°C for 2 h, followed by centrifugation at 10 000
g for 2 min, 4°C. Supernatant was transferred to new tube.
Immunoprecipitation was performed by mixing 0.1 ml of
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the cleared cell lysate with 2 g of each of the antibodies
or normal rabbit IgG as negative control, and soft shaking
overnight. To pull down the Immunoprecipitate, each group
was mixed with 40 wl of pre-treated Protein G Plus/Protein
A Agarose Suspension and softly shook for 4 h. After cen-
trifugation at 10 000 g for 2 min, 4°C, supernatant was dis-
carded and the pellets were washed with 1 ml of 1x PBS
for four—six times. Finally, each sample was mixed with 20
il of 2x loading buffer, boiled for 5 min and subjected to
western blotting.

Statistical analysis

All the experiments were independently repeated in at least
triplicate. Data are presented as mean =+ standard deviation.
Student’s z-test was performed based on the data from three
experiments. A difference was determined to be statistically
significant when P-value was <0.05.

RESULTS
5’UTR inhibits AXIIR translation

We have previously found that in most human cell types, the
protein level of AXIIR was very low, although the mRNA
level of AXIIR in these cells was not low. And protein degra-
dation did not account for the low protein level of AXIIR
(4). This implied that the expression of AXIIR is regulated
at translational level.

To explore which part of AXIIR mRNA is involved in
AXIIR translation, different parts of A XI/R mRNA were
cloned into pcDNA3.1-Myc-His(-)B vector (Figure 1A).
For the construct of AXIIR coding region alone (termed
CDY), the three adjacent nucleotides upstream of the main
start codon was also included, to keep the Kozak context for
the main start codon. Constructs were transfected into hu-
man HEK293T and HeLa cells. Endogenous AXIIR pro-
tein in these two cell lines was not detected (4). In both
cell lines, construct of intact 4 XITR mRNA (termed m) ex-
pressed very low level of AXIIR protein, which was hardly
detectable. Construct of AXIIR mRNA lacking 3yUTR
(termed 5'U) expressed similar low level of AXIIR as intact
AXIIR mRNA, whereas construct of CDS and of AXIIR
mRNA lacking SUTR (termed 3'U) exhibited similar high
level of AXIIR protein (Figure 1B and C). This demon-
strated that SUTR of 4AXIIR mRNA harbored elements
that strongly inhibited AXIIR translation.

To exclude the possibility that mRNA stability affects the
protein expression of the above constructs, we checked the
stability of AXIIR mRNA generated by these constructs.
The remaining A XIIR mRNA levels generated by the con-
structs were similar at 5 h after Actinomycin D treatment.
At 10 h, the remaining 4 X//R mRNA levels of both 5U
and CDS were lower than that of the intact A XTIR mRNA
and AXIIR mRNA level of CDS was higher than that
of 5U (Figure 1D). However, the difference between the
AXIIR mRNA stability curves of U and CDS did not
match the dramatic difference between their AXIIR pro-
tein levels. Moreover, construct m that had relatively stable
AXIIR mRNA expressed very low level of AXIIR protein.
It demonstrated that the difference in AXIIR protein level
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Figure 1. Examination of the roles of 5UTR and 3’UTR in AXIIR translation. con: pcDNA3.1-Myc-His(-)B vector control. (A) Illustration of the UTR-
deleted constructs. (B and C) Western blot of AXIIR and Tnip2-His protein levels for UTR-deleted constructs in HEK293T and HeLa cells. Different
constructs and Tnip2-His expressing plasmid were co-transfected into cells. Western blot was performed 40 h after transfection. Experiments were repeated
in triplicates. Quantification of AXIIR level normalized to Tnip2-His was below the blot. Data represent mean+s.d. *P < 0.05, **P < 0.01 (#-test as
compared with con) (D) mRNA stability analysis of the UTR-deleted constructs in HEK293T cell. Experiments were repeated in triplicates. Data represent
mean + s.d. *P < 0.05, ¥**P < 0.01 (z-test as compared with m). (E) Photography of EGFP fluorescence, 24 h after plasmid transfection into HEK293T
cells. For each column, the upper and lower photographs were taken for the same view.
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Figure 2. Tllustration of AXIIR 5UTR. (A) Position and length of the
uORFs in YUTR. Numbers at both ends of each bar for uORF indicate
the start and end nucleotide position of the uORF. The length of each
uORF is in the bracket. (B) Sequence of AX7IR 5UTR and the uORFs.
Non-canonical upstream start codons were marked in purple. The main
AUG was in bold and red. The CDS sequence was marked in orange.
Stop codons were marked in the same color with their corresponding start
codons.

between the above constructs was mainly due to regulation
at translational level.

To test whether the inhibition effect of SUTR on AXIIR
translation was specific to AXIIR, the AXIIR coding region
downstream of 5S’UTR was replaced with EGFP coding re-
gion which served as a reporter (termed SU-EGFP). Simi-
lar to the above results, EGFP coding region alone without
AXIIR 5UTR expressed high level of EGFP. By contrast,
no EGFP fluorescence was visible in SU-EGFP (Figure
1E). This demonstrated that the inhibition effect of AXIIR
S'UTR on translation was not specific for AXIIR. Notably,
when the exposure time in photography was extended 10x
longer, faint EGFP fluorescence appeared for SU-EGFP
construct. This indicated that A X7/R 5UTR strongly inhib-
ited, rather than totally abrogated the downstream protein
translation.

uORFs contribute to the effect of 5UTR

AXIIR mRNA has a 5UTR of 299 nucleotides. There
are four uORFs in AXIIR SUTR (Figure 2A and B).
Among them, uORF1 is the longest with 165 nucleotides.
uORFI1, uORF2 and uORF3 overlap. Remarkably, the
reading frame of uORF1 and uORF3 are the same, and
they share the same double stop codons with an interval of
3 nucleotides. UORF4 does not overlap with other uORFs,
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and there is merely 3 nucleotides between the stop codon
of uUORF4 and the downstream main AUG. Additionally,
there are two potential non-canonical start codons CUG
and AUU upstream of uAUGI1. The first non-canonical
start codon (termed uStartncl) has an adjacent double stop
codons with an interval of 3 nucleotides. The second non-
canonical start codon (termed uStartnc2) is in-frame with
uORF1 and uORF3.

To determine which part accounted for the effect of
5'UTR, different 5'-terminal truncated 5U were con-
structed (Figure 3A). Construct AuStartnc] lacked the first
non-canonical start codon by deleting 5'-terminal sequence
of 5UTR containing uStartncl. Similarly, AuStartnc
lacked the two non-canonical start codons. Construct
AuStartnc-uAUG]1 lacked the two non-canonical start
codons and uAUGI. Construct AuStartnc-uAUG2
lacked the two non-canonical start codons, uAUGI1 and
uAUG2. Construct AuStartnc-uAUG3 lacked the two
non-canonical start codons, uUAUG1, uAUG?2 and uAUG3.
Construct AuStartnc-uAUG3-197 lacked the 5'-terminal
197 nucleotides which contained the same start codons as
AuStartnc-uAUG?3, but its 5'-terminus was even shorter
than AuStartnc-uAUG3. In HEK293T cell, deletion of
the two non-canonical start codons did not significantly
affect AXIIR protein level (Figure 3B). Compared with
5'U, AXIIR protein levels expressed by AuStartnc-uAUGI
and AuStartnc-uAUG?2 were significantly elevated, but still
much lower than that by CDS. AuStartnc-uAUGI and
AuStartnc-uAUG?2 exhibited equivalent effect, indicating
that deletion of uAUG2 did not improve the effect of
AuStartnc-uAUG1. That meant uORF2 might not involve
in AXIIR translation. AXIIR protein levels expressed
by AuStartnc-uAUG3 and AuStartnc-uAUG3-197 were
dramatically increased to 61 and 91% of that by CDS
respectively (Figure 3C), suggesting that loss of uAUGI1
and uAUGS3 reversed much of the inhibition. In HeLa cell,
the result was similar, except that AXIIR protein levels
expressed by AuStartnc-uAUG3 and AuStartnc-uAUG3-
197 were increased to 82 and 79% respectively of that by
CDS (Figure 3D). Significant changes in AXIIR protein
level appeared when uAUG1 or both uAUGI1 and uAUG3
were deleted. These data implied that among the uORFs,
uORF1 and uORF3 might play more important roles in
AXIIR translation, utORF4 might have minor effect, while
uORF2 and the two non-canonical start codons might
not involve. Besides HEK293T and Hela cells, we also
obtained similar results in other cell lines such as K562
cell (data not shown). Therefore, the following experiments
were carried out in one cell line.

We went further to construct different 3'-terminal trun-
cated 5'U (Figure 3E and Supplementary Figure S1). Con-
struct A160-uAUG4 lacked the 3'-terminal 137 nucleotides
of 5'U, thus lacked the stop codon of uORFI1, uORF3
and the whole uORF4. Similarly, Construct A210-uAUG4
lacked the 3’-terminal 87 nucleotides of 5'U and lacked the
stop codon of uUORF1, uORF3 and the whole uORF4. Con-
struct A257 lacked the 3’-terminal 40 nucleotides of 5'U,
retained intact uORF1, uORF3 and uAUG4, but lacked
the stop codon of uORF4. In these truncations, the last
three nucleotides GGG in SUTR which are adjacent up-
stream of the main AUG were retained to keep the original
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Figure 3. Investigation of the roles of different 5UTR regions in AXIIR translation. con: pcDNA3.1-Myc-His(-)B vector control. (A) Illustration of
AXIIR 5UTR 5'-terminal truncated constructs. Gray bars represent 5UTR. White bars represent CDS. Numbers at the beginning of each bar indicate
the start nucleotide position of the truncated 5UTR. (B-D) Western blot of AXIIR and Tnip2-His protein levels for AX7IR 5UTR 5'-terminal truncated
constructs in HEK293T and HeLa cells. Different constructs and Tnip2-His expressing plasmid were co-transfected into cells. Western blot was performed
40 h after transfection. Experiments were repeated in triplicates. Quantification of AXIIR level normalized to Tnip2-His was below the blot. Data represent
mean=s.d. *P < 0.05, **P < 0.01 (z-test as compared with 5'U) (E) Illustration of 4XIIR 5UTR 3'-terminal truncated constructs. Gray bars represent
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Kozak sequence context of the main AUG. The above trun-
cated SUTR sequences were ligated to downstream AXIIR
coding region. AXIIR protein level expressed by all the
three above constructs was not improved, compared with
that by 5'U (Figure 3F). This result showed that lacking of
uORF4 or the nucleotides 160-296 in 3'-terminus of 5'U
did not affect AXIIR translation. It suggested that uUORF4,
stop codon of uORF1 and uORF3, and the 3'-terminal se-
quence of 5'U played minor role in AXIIR translation. It
is notable that 3'-truncated uORF1 and uORF3 in con-
struct A160-uAUG4 were in frame with the main AUG,
but were not in construct A210-uAUG4. The 3'-truncated
uORF1 and uORF3 in construct A210-uAUG4 encoun-
tered a stop codon 23 nucleotides downstream of the main
AUG (Supplementary Figure S1). Consistently, for A160-
uAUGH4, there was a band slightly bigger than AXIIR.
It corresponded to the size of the fusion protein of trun-
cated uORF1 and AXIIR coding region. This suggested
that translation could be started from uAUGI.

To further confirm the roles of the uORFs on AXIIR
translation, start codon of the first three uORFs was indi-
vidually mutated. Compared with 5'U, mutation of uAUG1
to stop codon UAG (termed M1) increased AXIIR protein
level to 30% of the amount expressed by CDS. Mutation of
uAUG?2 to stop codon UAG (termed M2) did not improve
AXIIR protein level (Figure 4A). Mutation of uAUGI to
AAG (termed M1-AAG) increased AXIIR protein level to
34% of the amount expressed by CDS (Figure 4B), simi-
lar to the level of 30% produced by M1. Surprisingly, mu-
tation of UAUG3 to AAG (termed M3-AAG) did not im-
prove AXIIR protein level, whereas mutation of uAUG?3
to stop codon UAG (termed M3) increased AXIIR protein
level to 31% of the amount expressed by CDS. Double mu-
tation of UAUG1 and uAUGS3 (termed M1+3) increased
AXIIR protein to an equivalent level as individually mu-
tated M1 and M3 did (Figure 4A). As uORF1 and uORF3
share the same reading frame, this made us suspect that for
M3, truncated uORF1 rather than deletion of uORF3 im-
proved AXIIR translation. These data implied that uUORF1
might play major role among uORFs. We also checked the
stability of 4 XIIR mRNA generated by construct M1 (Fig-
ure 4C). Construct 5U and M1 exhibited similar half-life
curves, demonstrating that the improvement of AXIIR pro-
tein level by M1 was irrelevant to AXIIR mRNA stabil-
ity. Considering that the remaining A X//R mRNA level of
M1 was 47% of that of CDS at 10 h after Actinomycin
D treatment, the effect of uUORF1 on AXIIR translation
inhibition might be even stronger. Mutation of both two
non-canonical start codons to stop codons (termed Mnc)
did not improve AXIIR protein level. Double mutation of
both two non-canonical start codons and uAUGI to stop
codons (termed Mnc+1) increased AXIIR protein to the
same level as M1 did (Figure 4D). Consistent with the trun-
cation result in Figure 3B, this demonstrated that the two
non-canonical start codons upstream of uUAUG1 might not
involve in regulation of AXIIR translation.

Kozak sequence is important for ribosome to recognize
translation start codon (30). The main AUG of AXIIR is in
strong favorable Kozak sequence context. By contrast, both
uAUG]1 and uAUG3 are in Kozak sequence context of the
same moderate intensity. What’s more, uORF1 and uORF3
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share the same reading frame and stop codon. Although re-
sults in Figure 4A showed that mutation of uORF3 did not
affect AXIIR protein level, it could not reach the conclu-
sion that uORF3 did not involve in AXIIR translation. It is
possible that uORF1 and uORF3 could substitute for each
other.

We then checked whether uORF1 and uORF3 were
translated. If uORF is translated, its encoded peptide
should exist. However, it is difficult to directly measure
the product translated by uORF. Generally, uORF-encoded
peptides are short and unstable, which are hard to be de-
tected (31). Therefore, most studies involved in uORF trans-
lation fuse uORF with a long protein coding sequence
so that the fusion protein containing uUORF-encoded pep-
tide can be easily detected (32). So we fused uORFs with
AXIIR CDS without main AUG (Supplementary Figure
S2), to see whether the uORFs can be translated. All of
the CDS were 3'-tagged with myc and 6xHis tag, to avoid
possible interference from endogenous AXIIR. Construct
CDS-myc-His is CDS that 3'-tagged with myc and 6xHis
tag. The construct fusing uORF3 with the AXIIR CDS
(termed uORF3-CDS-myc-His) also included Kozak se-
quence context for uUAUG3. The construct fusing uORF1
with the AXIIR CDS (termed uORF1-CDS-myc-His) ac-
tually contains intact utORF1, uORF2 and uORF3. Con-
struct uORFnc+1-CDS-myc-His contains 4XI/IR SUTR
that covers the two non-canonical uORFs, uORF1 and
uORF3. As expected, construct uORF3-CDS-myc-His pro-
duced fusion protein bigger than CDS-myc-His. Construct
uORF1-CDS-myc-His and uORFnc+1-CDS-myc-His pro-
duced the same single fusion protein band slightly big-
ger than uORF3-CDS-myc-His (Figure 4E). This indicated
thatin AXIIR S UTR, mainly uORF1 was translated. When
upstream sequence including uAUG1 was absent, uUORF3
could act as a backup for utORF1.

Collectively, the above results showed that among the
uORFs, uORF1 played major role in inhibiting AXIIR
translation.

Effect of uORFs depends on their length

In Figure 4E, it was worth noting that the intensity of
AXIIR-myc-His band of all the fusion constructs was
much lower than that of CDS-myc-His. The intensity of
AXIIR-myc-His band of uORF3-CDS-myc-His, uORF1-
CDS-myc-His and uORFnc+1-CDS-myc-His was 21, 6 and
7% of that of CDS-myc-His respectively. There are three
possible explanations for such difference. Firstly, transla-
tion from uAUGI1 or uAUG3 was weaker than that from
the main AUG, consisting with the difference between
Kozak context intensity of uAUG1, uAUG3 and the main
AUG. Secondly, elongation of utORF1 or uORF3 was inef-
ficient that intact uORF-CDS fusion protein was very little.
Thirdly, when the upstream sequence containing uAUG1
was absent, translation was more easily to be started from
uAUG3.

As uORF1 is the main uORF that involved in AXIIR
translation inhibition, we then tested whether the length
of uORFT1 could affect its effect. A stop codon UAG was
inserted as the first three nucleotides immediately down-
stream of UAUGT to make an early termination of uORF1
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(termed uORF1-Stop). Construct M3 in which uAUG?3 was
mutated to stop codon UAG served as a premature termi-
nation of uUORF1 whose reading frame length was longer
than uORF1-Stop. Compared with 5'U, both uORF1-Stop
and M3 increased AXIIR protein to 27 and 22% of the
amount expressed by CDS respectively, equivalent to the
level of 29% by M1 (Figure 5A). The common double stop
codons shared by uORF1 and uORF3 were also mutated to
CGA and CAG (termed MuStopl,3) (Supplementary Fig-
ure S3). MuStopl,3 was not in frame with the main AUG
and encountered a stop codon downstream of the main
AUG. Compared with 5'U, MuStopl,3 did not improve
AXIIR protein level (Figure 5B). These data suggested that
the length of the uUORFs may be an important factor affect-
ing translation of the AXIIR mRNA.

Re-initiation is one of the important mechanisms in-
volving in uORF-mediated translation regulation. Short
uORFs less than 30 codons with long intercistronic region
favor downstream re-initiation. In contrast, for RNAs with
long uORFs, re-initiation either not occur after termination
of long uORF translation or depends on the close proxim-
ity between the uUORF stop codon and the downstream start
codon (33,34). In AXIIR 5UTR, uORF1 and uORF3 has
54 and 37 codons, respectively. The distance between the
start codon of the main AXIIR ORF and the stop codon of
uORF1 and uORF3 is as long as 59 bp. Therefore, we rea-
soned that re-initiation translation from the main AXIIR
AUG was unlikely to occur downstream of uORF1 and
uORF3. However, in uORF1-Stop and M3, uORF1 was
shortened to one codon and 17 codons, respectively. Re-
initiation could occur with such short uORF, resulting in
increased translation from the main AUG.

We then asked whether the effect of uUORF1 was depen-
dent on the peptide it encoded. Shifting reading frame by
inserting or deleting one or two nucleotides in the uORF
will change the amino acid sequence of the uORF-encoded
peptide. By this way, it can be determined whether the
effect of the uORF is peptide-dependent. We made two
uORF1 frame-shifted constructs by deleting the first U
downstream of uAUG]1 (termed uORF1-sh-1), or insert-
ing a G at the second nucleotide downstream of uAUGI
(termed uORF1-sh-2). In both constructs, the Kozak se-
quence context of uUORF1 remained unchanged. uAUG?3
was mutated to avoid the interference from possible trans-
lation started from uAUG3. And all the stop codons caused
by frame-shift were point mutated and one nucleotide was
inserted or deleted upstream of uUORF1 stop codon, to en-
sure that the frame-shifted uORF1 stopped at the original
position and encoded peptide with the same length as the
wild-type (Supplementary Figure S4). Except for the first
amino acid Met, uORF1-sh-1, uORF1-sh-2 and wild-type
uORF1 shared no other identical amino acids (Figure 5C).
Compared with 5'U, both uORF1-sh-1 and uORF1-sh-2
did not improve AXIIR protein level (Figure 5D), demon-
strating that the effect of uORF1 was independent of the
peptide it encodes.
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hnRNPA2B1, hnRNPAO and ELAVLI1 bind to AXIIR
5UTR

Although the above results demonstrated that uORF1
played important role in inhibiting downstream AXIIR
translation, and uORF3 acted as a backup for uORF1,
uORF alone could not explain all the inhibition of AXIIR
translation. As shown in Figure 4A, mutation of both
uAUGT1 and uAUGS3, which completely abrogated uORF1
and uORF3, increased AXIIR protein level to merely 37%
of the level produced by construct CDS. This suggested that
other mechanisms also involve in the inhibition of AXIIR
translation.

The results of truncation experiments showed that the 42-
nt sequence between nucleotide 118-159 in AXITIR 5UTR
recovered 51-62% of AXIIR translation (Figure 3C and
D), indicating that this 42-nt sequence played important
role. Although this region contained uAUG?3 and part of
uORF3, uORF3 could not account for all the effect of
this 42-nt sequence, as double mutation of both uAUGI
and uAUG3 merely recovered 30% of AXIIR translation
(Figure 4A). To examine whether there were any secondary
structures within the 42-nt sequence that might account for
the translation inhibition effect, we subjected entire A XI/R
S"UTR to RNA folding form analysis by The Mfold Web
Server (http://mfold.rna.albany.edu/?q=mfold). But no sta-
ble secondary structure was found. Then we analyzed the
nucleotide composition of the 42-nt sequence. Remarkably,
within the 42-nt sequence, A and U totally accounted for
73.81% of all the nucleotides and the percentage of U was as
high as 52.38%. AREs are the binding sites for many RNA-
binding proteins (35,36). This made us speculate that there
might be some proteins which could bind to the 42-nt se-
quence and participated in the inhibition of AXIIR trans-
lation.

This hypothesis was supported by the result of EMSA.
A biotin-labeled 42-nt RNA probe based on the sequence
between nucleotide 118-159 in AXITIR 5UTR was synthe-
sized. EMSA showed that this probe bound specifically to
both nuclear and cytoplasmic proteins of K562 cell (Figure
6A). This 42-nt RNA probe was then used to pull down the
putative proteins binding to it. Electrophoresis of the pull-
down elute from K562 cell lysate exhibited a band of ap-
proximate 36kD, which was not present in control groups
(Supplementary Figure S5). Analysis of this band by pro-
tein mass spectrometry identified four putative proteins:
ELAVLI, hnRNP G, hnRNPAO and hnRNPA2B1. Con-
sidering that more probe bound to nuclear than to cyto-
plasmic proteins (Figure 6A) and mRNAs firstly encoun-
tered nuclear proteins once they were transcribed, nuclear
proteins were used to perform super-shift EMSA to verify
the binding of the four proteins to the 42-nt RNA probe.
When antibodies for the above four proteins were added af-
ter incubation of the probe with nuclear proteins, the shift
bands dramatically decreased in the groups that ELAVLI1
and hnRNPAO antibody were added. And there were weak
super-shift bands when ELAVL1 antibody was added (Fig-
ure 6B). Since all the antibodies we used in EMSA were
polyclonal, it was reasonable that the shift bands decreased
rather than super-shifted. When the above antibodies were
incubated with nuclear proteins before adding the probe,
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Figure 5. Investigation of the effect of uORF1 in AXIIR translation. con: pcDNA3.1-Myc-His(-)B vector control. (A and B) Western blot of AXIIR and
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the shift bands significantly decreased in the groups with
hnRNPA2B1 and hnRNPAO antibody. In the group when
ELAVLI1 antibody was added, the shift bands slightly de-
creased and super-shift bands were observed (Figure 6C).
In both super-shift EMSA methods, the shift bands in the
group with hnRNP G antibody remained unchanged. The
result proved that hnRNPA2B1, hnRNPAO and ELAVLI1
specifically bound to the 42-nt RNA sequence. This was
supported by the presence of ELAVLI binding site 5'-
NNUUNNUUU-3 (37) within the 42-nt sequence. The dif-
ference between the results acquired by the two super-shift
EMSA methods could be due to that different epitopes on
the surface of the proteins were accessible to the antibodies
in the two methods.

Co-IP was further employed to investigate whether these
proteins interacted with each other. hnRNPA2B1 was

present in the complex immunoprecipitated by ELAVL1
antibody, and vice versa, hnRNPAO existed in the com-
plex immunoprecipitated by hnRNPA2B1 antibody, and
vice versa, and hnRNPAO also existed in the complex im-
munoprecipitated by ELAVLI antibody and vice versa (Fig-
ure 6D). When mRNA was degradated by RNase A prior
to Co-IP, hnRNPAO existed in the complex immunopre-
cipitated by ELAVLI] antibody and vice versa (Figure 6E).
No interaction was observed either between hnRNPAO
and hnRNPA2BI1 or between ELAVL1 and hnRNPA2B1
(data not shown). These results showed that hnRNPAO
and ELAVLI interacted directly. hnRNPA2B1 did not bind
to hnRNPAO and ELAVLI directly. Instead, hnRNPA2B1
shared a common binding to AXI//R mRNA with hn-
RNPAO and ELAVLI.
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Collectively, the above data demonstrated that hn-
RNPA2BI1, hnRNPAO and ELAVLI bound to the 42-nt se-
quence between nucleotide 118-159 in AXIIR SUTR.

ELAVL1, hnRNPAO and hnRNPA2B1 cooperate with
uORFs to inhibit AXIIR translation

To verify that ELAVLI1, hnRNPAO and hnRNPA2BI par-
ticipate in the inhibition of AXIIR translation, we deleted
part of the 42-nt sequence to disrupt the binding of the
above proteins to A XIITR mRNA. Thirty six and thirty seven
nucleotides containing most of the 42-nt sequence were
deleted respectively in construct A36 and A37 nt. In both
constructs, uUORF3 and its Kozak context were retained to
keep the original uAUG structure as much as possible (Sup-
plementary Figure S6). Most of the sequences deleted in the
two constructs were the same. However, in A37 nt, uORF1
was terminated at a stop codon upstream of the original
stop codons, while the stop codon for utORF3 remained un-
changed. In A36 nt, both uORF1 and uORF3 stopped at
the original position. That is, A37 nt had shortened uORF1
with 21 codons and shortened uORF3 with 27 codons, A36
nt had shortened uORF1 with 42 codons and shortened
uORF3 with 26 codons. Compared with 5'U, A36 and A37
ntincreased AXIIR protein level to 34 and 71% of that CDS
did (Figure 7A). It could be inferred that without the bind-
ing of ELAVL1, hnRNPAO and hnRNPA2B1 to AXIIR
mRNA, inhibition of AXIIR translation was impaired. In
A36 nt, shortened uORF1 with 42 codons could still main-
tain its inhibition on AXIIR translation. However, in A37
nt, both uORF1 and uORF3 were shortened to <30 codons
and lost their effects, the protein level of AXIIR was greatly
increased. The reason that AXIIR translation was not to-
tally recovered in A37 nt might be that the 42-nt sequence
was not completely deleted. The above results showed that
ELAVLI, hnRNPAO and hnRNPA2B1 work with uORFs
to inhibit AXIIR translation.

mRNA stability analysis showed that the mRNA stabil-
ity curve of A36 nt was similar to that of 5U (Figure 7B).
Although at 5 h after Actinomycin D treatment, the remain-
ing AXIIR mRNA level of A37 nt was lower than that of
A36 nt, their level became the same at 10 h after Actino-
mycin D treatment. Besides, compared with A36, A37 nt
had higher AXIIR protein level with lower 4 X/TR mRNA
stability. Thus, it could be reasoned that the increasing of
AXIIR protein level by A36 and A37 nt was unrelated to
AXIIR mRNA stability.
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To explore the underlying mechanism for the effect of the
three proteins, the deletion-mutated uORF1 and uORF3
in A36 nt was fused with AXIIR CDS without main
AUG (termed A36 nt-myc-His, Supplementary Figure S6).
AXIIR CDS was 3'-tagged with myc and 6xHis tag, to avoid
possible interference from endogenous AXIIR. In construct
A36 nt—-myc-His, binding of the three proteins with A XIIR
mRNA was disrupted, while uORF1 still remained its ef-
fect. Constructs uORF3-CDS-myc-His and uORF1-CDS-
myc-His used in Figure 4E served as control. The result
showed that construct A36 nt-myc-His mainly produced
two bands. The size of the big band (termed A36 nt-myc-
His-big) was equivalent to that of the fusion protein trans-
lated from the second non-canonical start codon AUU. The
size of the small band (termed A36 nt-myc-His-small) was
equivalent to that of the fusion protein translated from
uAUG3. The intensity of the two bands was similar to that
of the band expressed by uORF1-CDS-myc-His (Figure
7C). This result implied that ELAVL1, hnRNPAO and hn-
RNPA2BI focused the translation of uUORFs on uORF1,
rather than impeding the elongation of uORF translation.
However, even abrogation of both uORF1 and uORF3
could not reverse all the inhibition on AXIIR translation,
uORFs only accounted for part of AXIIR translation inhi-
bition. As both uAUG1 and uAUG3 are in Kozak sequence
context of moderate intensity, leaky scanning translation
bypassing uORFs probably occurred. It could be inferred
that ELAVL1, hnRNPAO and hnRNPA2B1 might also at-
tenuate the leaky scanning bypassing uORFs.

Next we examined whether knockdown of ELAVLI, hn-
RNPAO and hnRNPA2BI would improve AXIIR transla-
tion. In most cells, ELAVL1, hnRNPAO and hnRNPA2B1
proteins are abundantly expressed, whereas A XIIR mRNA
is relatively low. When ELAVLI, hnRNPAO and hn-
RNPA2BI1 were knocked down by shRNA, the remaining
protein was still sufficient to inhibit endogenous AXIIR
translation (data not shown). Therefore, we chose to co-
transfect construct 5'U and shRNA-expressing plasmids for
ELAVLI1, hnRNPAO and hnRNPA2BI1 into cells. In this
way, the amount of 4 X7IR mRNA would be high, so that
the effect of knockdown of ELAVLI1, hnRNPAO and hn-
RNPA2BI1 would be easily detected. Moreover, EGFP cod-
ing sequence was cloned into shRNA-expressing plasmid,
so that the intensity of EGFP could serve as transfection
efficiency control. As expected, when ELAVL1, hnRNPAO
and hnRNPA2BI1 was knocked down (Figure 7D), AXIIR
protein level dramatically increased and shRNA against

performed 40 h after transfection. Experiments were repeated in triplicates. Quantification of AXIIR level normalized to Tnip2-His was below the blot.
Data represent mean + s.d. *P < 0.05, **P < 0.01 (¢-test as compared with 5'U). (B) mRNA stability analysis of 42-nt deleted constructs in HEK293T cell.
Experiments were repeated in triplicates. Data represent mean =+ s.d. **P < 0.01 (#-test as compared with A36 nt). (C) Western blot of AXIIR-myc-His and
Tnip2-His protein levels for 42-nt deleted construct in HEK293T cell. Legends were the same as those for (A), except that AXIIR-myc-His was blotted with
anti-His tag antibody and quantification of AXIIR-myc-His level normalized to Tnip2-His was at the right side of the blot. **P < 0.01 (#-test as compared
with uORF3-CDS-myc-His). (D) Inhibition efficiency of shRNAs against ELAVL1, hnRNPAO and hnRNPA2B1 in HEK293T cell. Forty-eight hours
after co-transfection of 5'U and pc-EGFP-shRNA, the mRNA levels were measured by SYBR qRT-PCR. NC shRNA, ELAVL1 shRNA, hnRNPAQ
shRNA and hnRNPA2B1 shRNA respectively represents their corresponding shRNA-expressing plasmid pc-EGFP-shRNA. (E) Western blot of AXIIR
level for shRNA-expressing plasmids in HEK293T cell. 5U and shRNA-expressing plasmids were co-transfected into cells. Western blot was performed
48 h after transfection, and the intensity of EGFP was measured simultanously. Experiments were repeated in triplicates. Quantification of AXIIR level
normalized to EGFP intensity was below the blot. Data represent mean =+ s.d. ¥*P < 0.05, (z-test as compared with 5'U+con). (F) Western blot of AXIIR,
hnRNPAO, ELAVLI, hnRNPA2BI and B-actin protein level in multiple myeloma cell lines MM. 1S, U266B1 and RPMI18226. Experiments were repeated
in triplicates. Quantification of AXIIR, hnRNPAO, ELAVL1, hnRNPA2BI level normalized to B-actin was below the blot. *P < 0.05, **P < 0.01 (z-test
as compared with MM.1S) (G) qRT-PCR measurement of 4 X7ITR mRNA level in cell lines.
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Figure 8. Model of the mechanism underlying the inhibition of AXIIR
translation. A2: hnRNPA2BI1. E: ELAVLI. A0: hnRNPAO.

ELAVLI1 showed the most significant effect (Figure 7E).
This proved that ELAVL1, hnRNPAO and hnRNPA2B1 in-
volved in inhibition of AXIIR translation.

We went further to check the endogenous AXIIR pro-
tein level. Multiple myeloma cell line RPMI8226 expressed
much higher level of AXIIR than other two myeloma cell
lines MM.1S and U266B1 (Figure 7F), but AXI/IR mRNA
sequences of the three cell lines were the same and did
not have any mutation (data not shown). This again sup-
ported that uORFs alone were not sufficient for the re-
markable inhibition on AXIIR translation. In RPMI18226
cell expressing high level of AXIIR, the level of hnRNPAO
and ELAVLI was significantly low, while the level of hn-
RNPA2BI was similar to that in the other two cell lines
(Figure 7F). However, AXTIR mRNA level in RPMI8226
cell was not higher (Figure 7G). This indicated that reduc-
ing the proteins that bind to A XIIR mRNA released AXIIR
translation.

Based on the above results, we proposed a mecha-
nism for the translation regulation of AXIIR (Figure 8).
Once AXIIR mRNA was transcribed in the nucleus, it
bound trans-acting proteins hnRNPA2B1, hnRNPAO and
ELAVLI. This protein-mRNA complex was then exported
to the cytoplasm. Ribosome firstly initiated translation
from uvAUGI in AXIIR 5SUTR. If ribosome bypassed
uAUGI, it could still initiate translation from uAUGS3.
uORF1 and uORF3 acted in such a fail-safe manner to en-
sure the translation initiation from uORFs. These uORFs
are unfavorable for re-initiation after termination of uUORF
translation. Thus, downstream AXIIR translation was in-
hibited. However, as both uAUGI and uAUGS3 are in
Kozak sequence context of moderate intensity, there was
still certain degree of leaky scanning that bypassed uORFs.
hnRNPA2B1, hnRNPAO and ELAVL1 bound ARE that
covered UAUG3. They not only focused the translation of
uORFs on uORFI, but could also attenuate the leaky scan-
ning bypassing uORFs. The proteins and uORFs acted syn-
ergistically and formed a multiple fail-safe system to prevent
ribosomes from reaching the downstream main AUG. As
a result, AXIIR translation was almost completely prohib-
ited.

DISCUSSION

In summary, we elucidated that human AXIIR translation
was inhibited by a multiple fail-safe system consisting two
uORFs and trans-acting protein hnRNPA2B1, hnRNPAO
and ELAVLI. This is the first evidence that proteins and
uORFs cooperate to regulate translation in higher organ-
ism.

So far, there is only one paper describing the coopera-
tion of uORF and protein in translation, and it was found
in Drosophila. In that model, one protein SXL regulates
one uORF in controlling downstream main ORF transla-
tion and the uORF operates via initiation, not elongation or
termination (16). Different from this mechanism, our find-
ings show that in human cells, multiple trans-acting pro-
teins work with uORFs to regulate downstream main ORF
translation. The proteins not only affect the translation ini-
tiation from uORFs, but also attenuate the leaky scanning
bypassing uORFs. It revealed that higher organism devel-
ops a much more complex translation regulatory system
than lower organism.

Our model displays a system composed of multiple fail-
safe mechanisms to tightly control AXIIR translation. This
reflects the stringency of translation regulation. Such strin-
gent control of gene expression is very important for those
genes like AXIIR whose excessive expression is harmful to
the host cell. On the other hand, gene expression needs to
change with environment. Although the mRNA sequences
of most genes generally remain unchanged, trans-acting
proteins are readily responsive to environmental changes.
Thus, the AXIIR translation regulation system possesses
flexibility that can be adjusted. When environment changes,
some trans-acting regulatory proteins may be modulated,
which in turn adjust the translation of a batch of mRNAs.
But different mRNA might respond differently to these reg-
ulatory proteins due to different sequence and structure fea-
ture of the mRNA. Thus, the AXIIR translation regula-
tion system represents combination of stringency, flexibil-
ity, extensive and gene-specific regulation at translational
level, making the cells respond to complicated environmen-
tal changes more accurately and rapidly.

Little is known about the proteins other than standard
cap-dependent initiation factors that involve in transla-
tional regulation. hnRNPA2B1, hnRNPAO and ELAVLI1
are important regulatory proteins for gene expression, es-
pecially for mRNA stability. But previously they have not
been associated with uORF in mechanism. In our model,
each protein may exert different function in the protein—
AXIIR mRNA complex. The detailed interpretation of
their roles in the complex requires further investigations.
As hnRNPA2BI1, hnRNPAO and ELAVL1 are ubiquitously
expressed in many cells, studies on their roles in transla-
tion regulation may reveal the mechanisms underlying more
physiological and pathological processes.

Besides hnRNPA2B1, hnRNPAO and ELAVLI, there
may be other RNA-binding proteins that can cooperate
with uORFs with similar ways to control protein transla-
tion in higher organisms. However, since there are many
RNA-binding proteins that recognize different binding site
sequences in mRNA (38), it is hard to estimate the scope
of such uORF and trans-acting protein cooperative mecha-



nism on translation control. However, since ~50% of mam-
malian mRNAs contain one or more uORFs (5), more of
such models are expected to be discovered. In-depth investi-
gation of their effects and underlying mechanisms will ben-
efit the efforts both in understanding gene expression regu-
lation and in manipulating recombinant protein expression
(39).
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