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ABSTRACT

In the human genome, translation initiation from non-
AUG codons plays an important role in various gene
regulation programs. However, mechanisms regulat-
ing the non-AUG initiation rate remain poorly under-
stood. Here, we show that the non-AUG initiation rate
is nearly consistent under a fixed nucleotide con-
text in various human and insect cells. Yet, it ranges
from <1% to nearly 100% compared to AUG transla-
tion, depending on surrounding sequences, includ-
ing Kozak, and possibly additional nucleotide con-
texts. Mechanistically, this range of non-AUG initi-
ation is controlled in part, by the eIF5-mimic pro-
tein (5MP). 5MP represses non-AUG translation by
competing with eIF5 for the Met-tRNAi-binding fac-
tor eIF2. Consistently, eIF5 increases, whereas 5MP
decreases translation of NAT1/EIF4G2/DAP5, whose
sole start codon is GUG. By modulating eIF5 and
5MP1 expression in combination with ribosome pro-
filing we identified a handful of previously unknown
non-AUG initiation sites, some of which serve as
the exclusive start codons. If the initiation rate for
these codons is low, then an AUG-initiated down-
stream ORF prevents the generation of shorter, AUG-
initiated isoforms. We propose that the homeostasis
of the non-AUG translatome is maintained through
balanced expression of eIF5 and 5MP.

For eukaryotic translation initiation to proceed, the cap-
binding complex eIF4F must bind to m7G-capped mRNAs
and recruit them to the 40S small ribosomal subunit (SSU)
(1). Prior to this event, the 40S SSU is activated into an
open, scanning-competent form through eukaryotic initia-
tion factors bound to Met-tRNAi

Met, allowing formation
of the 43S ribosome pre-initiation complex (PIC) (2). The
43S PIC attachment to the mRNA 5′-terminal region gener-
ates the 48S complex, and the PIC subsequently scans for a
start codon, upon recognition of which the large ribosomal
subunit joins the 40S SSU thereby forming an elongation-
competent ribosome––the 80S initiation complex [for re-
view, see (3–5)]. eIF5 is a crucial component of the multi-
initiation factor complex (MFC) involved in the SSU acti-
vation, where its GTPase activating protein (GAP) function
promotes start codon selection by the 48S complex (6–8).

Immediately after the 43S PIC is loaded onto the 5′-
terminal region of capped mRNA, start codon recogni-
tion is prevented, except at AUG codons bearing specific
cis elements, termed TISU, which are enriched on mRNAs
encoding proteins having mitochondrial function (9,10).
Subsequently, the efficiency of the PIC recognition of the
start codon, AUG, is influenced by a Kozak consensus se-
quence ([A/G]xxAUGG) in mammals (11) or a similar initi-
ation context (AA[A/G]AUG) in fungi including yeast (12).
Despite the stringent AUG selection mechanism, transla-
tion of at least 57 genes, including NAT1/EIF4G2/DAP5
encoding an eIF4G-like translational regulatory protein
(see below) and the oncogene cMYC, is initiated at non-
AUG codons (13) (For review, see (5)). Ribosome profil-
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ing studies also suggest that non-AUG initiation occurs
more prevalently in mouse embryonic stem cells (mESC)
or pre-malignant stage of cancer cells (14,15). Recent work
suggests that a non-canonical mechanism involving eIF2A
and Leu-tRNAi can specifically enhance CUG initiation
(15,16). In contrast, perturbation of the canonical initiation
machinery, e.g. by elevation of eIF5 levels above a certain
threshold, can also enhance initiation from near cognate
start codons, including CUG or GUG codons (17,18). It
remains unclear whether these complementary mechanisms
cross-talk to modulate the rate of non-AUG initiation.

Translational control can be achieved by the expression
or modification of translational regulatory proteins mim-
icking initiation factors (10,19–21). For example, the NAT1
gene, whose translation is initiated at GUG, encodes a
protein related to the eIF4G subunit of eIF4F, but lacks
the binding site for the cap-binding subunit eIF4E. Thus,
its product is proposed to be involved in cap-independent
translation (22). NAT1 is also required for differentiation of
human embryonic stem cells and promotes translation of
mRNAs coding for mitochondrial proteins and the chro-
matin modifier HMGN3 (23). Likewise in mESC, it pro-
motes translation of genes encoding proteins important for
stem cell differentiation (24). It remains to be determined
how its GUG initiation rate is maintained at a high level
during these processes and whether it is differentially regu-
lated before and after differentiation.

In this work, we examine another model whereby non-
canonical initiation sites are regulated. Here, we study a
translation regulatory protein, termed eIF5-mimic protein
(5MP), that acts as a translational rheostat, thereby in-
creasing the accuracy of translation initiation by impeding
eIF5-dependent translation from non-AUG codons. 5MP
bears homology to the C-terminal half of eIF4G and NAT1
and also contains the W2-type HEAT domain. Similar to
eIF5, the HEAT domain is capable of binding the Met-
tRNAi-binding factor eIF2 and the ribosome-binding fac-
tor eIF3 (21), major MFC components (8). However, un-
like eIF5, 5MP lacks the GAP function and thus acts as
a general inhibitor of translation (21). 5MP is found in
most eukaryotes excluding nematodes, yeasts (ascomycetes)
and some protozoans (25). Humans encode 5MP1 and a
paralog, 5MP2, also known as BZW2 and BZW1, respec-
tively. Importantly, 5MP1 and 5MP2 were reported to pro-
mote the tumor growth of salivary mucoepidermoid carci-
noma (26) and fibrosarcoma (27), respectively. Their pro-
oncogenic properties have been associated with their abil-
ity to induce translation of the transcription factor ATF4
through a unique mechansism whereby re-initiation is de-
layed dependent on upstream ORFs (uORFs) (27) (for a
review on uORFs see (28)). Here, we show that non-AUG
start codons may be initiated as strongly as canonical AUG
codons, depending on specific sequence contexts, including
the Kozak consensus. Using eIF5 and 5MP1 as a tool, our
ribosome profiling studies identify new non-AUG initiation
sites located upstream of the primary start codons. Based
on these findings, and cancer genomics databases, we pro-
pose a model whereby the interplay between eIF5 and 5MP
dictates the levels of non-AUG translation, and discuss the
potential impact of this mechanism in neoplasia.

EXPERIMENTAL PROCEDURES

Materials

Construction of plasmids used for yeast, insect, and hu-
man cell reporter assays (Supplementary Tables S1 and
S2) and preparation of GFP mRNA derivatives (Supple-
mentary Table S3) were described in Supplemental Meth-
ods. Yeast translation initiation components used in the re-
constitution assays were prepared as described (29). Pu-
rification of yeast eIF5 and eIF5-CTD (30) and of hu-
man 5MP1 (25) was described previously. Human cell lines
HEK293T (ATCC; Rockville, MD, USA), fibrosarcoma
HT1080 (ATCC), 293FT (Invitrogen), and iPS cell line
201B7 (a gift of Dr. Makoto Nakagawa, CiRA, Kyoto,
Japan) and fly S2 cells (a gift of Dr. Jocelyn MacDonald,
Biology, KSU) were grown as described in Supplemental
Methods.

Yeast phenotyic and biochemical assays

Yeast phenotypic assays, including histidine auxotrophic
assay and �-galactosidase assay, were performed as de-
scribed previously (31) and described in detail in Supplmen-
tal Methods. Measurement of the affinity and kinetics of
yeast eIF2-TC binding to yeast 40S was carried out with a
native gel assay as described (32). GTP hydrolysis experi-
ments were performed as described (33).

Luciferase assay

Approximately 80–90% confluent HEK293T cells in 75 �l
medium loaded on a 96-well assay plate were transfected
with 250 ng of plasmid DNA mixture using 0.25 �g PEI
(34). For checking the reporter translation under differ-
ent initiation contexts, 5:1 or 25:1 mixture of each reporter
DNA and pSV40 Renilla Kozak AUG (Supplementary Ta-
ble S1) was employed and the transfection was done in trip-
licate. To examine the effect of eIF5 or 5MP expression,
we transfected cells in duplicate with the 1:5 mixture of the
firefly versus Renilla reporter plasmid mixture (5:1) and a
pEF1A- derivative plasmid DNA. On the next day (Day
2), firefly and Renilla luciferase activities were measured
with the Dual Glo reagents (Promega) using Victor 3 Plate
Reader (Perkin Elmer). The ratio of average firefly to Renilla
activities was used as a specific ATF4 activity. To check the
efficiency of transfection each set of transfection included
an experiment with a plasmid expressing GFP. Typically,
the efficiency is 50–70% for HEK293T. The luciferase ac-
tivities from HT1080 were assayed similarly, except using
XfectTM for transfection. The typical efficiency of HT1080
transfection measured with a GFP plasmid was 70–80%.

For measurement in Drosophila melanogaster, S2 cells
were grown to several layers in 200 �l Schneider’s medium
on a 48-well plate and transfected with 1 �g of 5:1 mixture
of a pAC-firefly derivative and pAc5.1C-RLuc-V5His6, and
2 �g PEI, all of which were pre-mixed in a 40 �l NaCl so-
lution, exactly as described for HEK293T (34). After 2–5
days of transfection, 20–30 �l of the cells in the medium was
withdrawn for Dual Glo assay (Promega). Transfection of
a GFP-expressing plasmid yielded ∼5–10% of glowing cells
under the experimental conditions described here.
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GFP mRNA transfection assay

Equal amounts (20 ng) of mRNAs coding for EGFP or
iRFP670 were co-transfected by using Stemfect (Stemgent)
to cells, which were seeded in a 96-well plate at 2 × 104

cells/well on the day before the day of transfection. Fluo-
rescent images of the transfected cells were captured on the
RS100 automated imaging system (Olympus) on 1 day af-
ter transfection. Then the cells were washed by PBS once
and treated with Accumax (Innovative Cell Technologies)
at 37◦C for 10 min. The detached cells were passed through
a mesh and analyzed by Accuri C6 using FL1 (533/30 nm)
and FL4 (675/25 nm) for EGFP and iRFP670, respectively.
Flow cytometry data were analyzed using R with flow-
Core packages (Ellis B, Haaland P, Hahne F, Le Meur N,
Gopalakrishnan N, Spidlen J and Jiang M (2017). flow-
Core: flowCore: Basic structures for flow cytometry data.
R package version 1.40.6.). Live and iRFP670 positive cells
were gated, then median of ratio of EGFP/iRFP670 of in-
dividual cells was calculated and defined as translational ef-
ficiency.

Ribosome profiling

HEK293T was transfected with 1:1 mixture of pEF1A-
heIF5, pEF1A-h5MP1 (25), and their vector control or
with the vector control only. After treatment with lactim-
idomycin (LTM) or cycloheximide (CHX), cells were sub-
jected to ribosome profiling as described previously (35).
The ribosome profiling data was deposited under the acces-
sion number GSE102786.

RESULTS

5MP increases the accuracy of translation initiation by coun-
teracting eIF5

Yeast does not express 5MP and therefore provides a pow-
erful tool to study the functions of 5MP in translation
regulation (21,25). eIF5 expression enhances UUG initia-
tion caused by yeast eIF1 mutants (Suppressor of initia-
tion codon mutations, or Sui− phenotype) (36). In addition,
5MP1 and eIF5 compete for eIF2 binding (21). We therefore
hypothesized that 5MP1 may increase the accuracy of trans-
lation initiation by competing with eIF5 for eIF2 present in
the PIC. To test this model, we constructed a vector to co-
express yeast eIF5 and human 5MP1, as well as a vector to
express eIF5 or 5MP1 alone in high copy (hc), which were
used as controls (Figure 1A, right). The yeast mof2-1 mu-
tant altering eIF1-G107 to R (37) was double-transformed
with the hc expression vector and a reporter plasmid (AUG-
lacZ or UUG-lacZ) and assayed for �-gatactosidase activ-
ity. The UUG initiation was estimated by the ratio of �-
galactosidase activities from UUG-lacZ versus AUG-lacZ
transformants (Figure 1A and B, graphs). hc eIF5 exac-
erbated the UUG initiation that was elevated by mof2-1
(Figure 1A, columns 1–4), as reported previously (36). Co-
expression of eIF5 and 5MP1 decreased the UUG initiation
compared to yeast transformed with hc eIF5 alone (Figure
1A; columns 4 and 6). This indicates that human 5MP1 can
antagonize eIF5-induced UUG mis-initiation. We next em-
ployed a yeast strain harboring eIF1 K60E, which strongly

Figure 1. 5MP1 increases the accuracy of translation initiation by com-
peting with eIF5. (A and B) Yeast phenotypic assays. (A) �-Galacosidase
assay. Left, Double transformants of WT or mof2-1 strain carrying indi-
cated plasmid and AUG-lacZ or UUG-lacZ reporter plasmid were assayed
and the effect of each plasmid treatment on UUG/AUG ratios are pre-
sented. Averages from 3 or more indepenent experiments are presented. *P
= 0.0002 (n = 11); **P = 0.002 (n = 8); ***P = 0.001 (n = 4). Right, Imm-
noblot of indicated amounts of whole cell extracts (WCE) showing expres-
sion of proteins indicated to the left. (B) His+ phenotype tests with a dis-
tinct eIF1 mutant (K60E). Left, indicated yeast eIF1-K60E transformants
were assayed for his4-UUG expression based on the growth on a medium
limited for histidine (panel 2 with––His plate with a trace amount of histi-
dine at 1 �M). Panel 1, control with + His plate containing a full amount of
histidine. Right graph, UUG/AUG initiation ratio was assayed as in panel
A. *P < 0.05 (n = 4 or more). (C and D) In vitro reconstitution assays.
(C) TC binding assay. 35S-labeled TC was loaded onto 40S/eIF1A/eIF1
(G107R) complex in the presence of different amounts of eIF5 (red trian-
gle), eIF5-CTD (blue triangle) and 5MP1 (red square). The graph shows
the percentage of 35S label present in the ribosomal complex. (D) GTPase
activation assay. eIF5-dependent GTP hydrolysis for TC/rAUG/40S com-
plex (red) was challenged by indicated amounts of eIF5-CTD (blue) or
5MP1 (green). Numbers to the left of the box indicate GTP hydrolysis rates
computed from the graph.

impairs 40S binding in vitro and causes Sui− phenotype in
vivo: The strong Sui− phenotype allows the mutant yeast
with UUG-his4 allele to grow independent of histidine (38).
Thus, the eIF1-K60E transformant carrying vector control
grew in the trace amount (1 �M) of histidine (Figure 1B,
panel 2, row 1), signifying the occurrence of UUG mis-
initiation. Accelerated growth in the trace concentration of
histidine was observed in the eIF1-K60E transformant car-
rying hc eIF5, which was diminished by the co-expression of
5MP1 (Figure 1B, panel 2, rows 2 and 3). Relative to expres-
sion of eIF5 alone, 5MP1 co-expression therefore reduces
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the UUG/AUG initiation ratio (Graph in Figure 1B, rows
2 and 3). Collectively these findings demonstrate that 5MP
impedes eIF5-dependent non-AUG initiation independent
of genetic background of the yeast or assay used to verify
Sui− phenotype. Importantly, the 5MP1 mutant which is
defective in eIF2 binding [7A; (21)] failed to suppress eIF5-
dependent non-AUG initiation (Figure 1A, left, columns 6
and 7, and 2B, rows 3 and 4). Of note, WT and 7A 5MP1 are
expressed at an equal abundance (Figure 1A, right). There-
fore, 5MP1 appears to antagonize the effects of eIF5 in non-
AUG initiation by competing for eIF2 bound to the PIC.

We next examined whether 5MP1 incorporates into the
PIC and thereby regulates its activity in vitro. eIF1 is known
to oppose Met-tRNAi loading to the 40S in the ternary
complex (TC) with eIF2:GTP (36). The eIF1 release in re-
sponse to AUG recognition is a key step in strong Met-
tRNAi binding to the 40S and its accommodation to the
P-site (39). We took advantage of the ability of the eIF1
G107R mutant to delay the eIF1 release, thereby destabiliz-
ing the TC binding to the 40S. TC binding was monitored by
the gel retardation of 35S-Met-tRNAi caused by 40S associ-
ation (36). Thus, in the presence of eIF1-G107R, only <50%
of TC is recruited to the PIC (Figure 1C, [eIF5] = 0). When
added in excess, eIF5 promotes TC binding to the ribosome
through interaction with eIF2 in the PIC and thereby stim-
ulating eIF1 release (40) (Figure 1C, red triangle). As shown
in Figure 1C, red square, 5MP1 promoted TC binding to the
ribosome in place of eIF5 or eIF5-CTD (which 5MP1 mim-
ics, red and blue triangles; (30)). Thus, 5MP1 is not only able
to interact with the PIC, but also to antagonize eIF1 gate-
keeping function, potentially promoting accurate initiation.
Furthermore, 5MP1 inhibited eIF5-promoted GTP hydrol-
ysis for eIF2 in the model 48S PIC, even though eIF5-CTD
failed to do so (Figure 1D). These results demonstrate that
5MP1 can act on the PIC in order to prevent mis-initiation
by eIF5 present in excess of the PIC.

Non-AUG initiation rate is consistent across various cell lines
including insect cells and is oppositely regulated by eIF5 and
5MP1

To analyze non-AUG translation in higher eukaryotes in-
cluding humans, we used the firefly luciferase reporter
starting with non-AUG codons under a Kozak context
(GCCACCNNNG where NNN is the start codon). As
shown in Figure 2A, our assays verified low, but signifi-
cant, levels of non-AUG initiation, with CUG being the
strongest, in human embryonic kidney (HEK) 293T, fi-
brosarcoma HT1080 and fly S2 cells. A low GUG initia-
tion rate (∼6% compared to AUG) was also confirmed in
HEK293FT cells by transfection of capped GFP mRNA
with start codons under the same Kozak context (Figure
2B; see Supplementary Figure S1 for RNA used). These re-
sults indicate low non-AUG initiation rates, all in the or-
der of CUG >GUG >UUG, in a wide-range of cell types
including human immortalized (HEK293), transformed
(HEK293T or FT) or cancer (HeLa or HT1080) cell lines
as well as insect cells (S2 cells).

In human cells, an eIF1 mutation is not required for eIF5
in excess to cause mis-initiation from non-AUG codons
(18). Accordingly, in HEK293T cells, introduction of the

Figure 2. 5MP1 and eIF5 conversely regulate non-AUG initiation in
human cells. (A) Spectrum of non-AUG initiation rate in various cells.
HEK293T, HT1080 (fibrosarcoma), and fly S2 cells were transfected
with firefly luciferase reporter plasmids (Supplementary Table S1) initi-
ated by indicated start codons and a control Renilla luciferase plasmid
and assayed for both the luciferase activities (see Supplemental method).
Firefly/Renilla expression ratio was presented relative to the value from
the AUG firefly luciferase reporter. Data was compared to values from
different cells determined previously (53,54). (B) mRNA transfection as-
say. GFP mRNA with an altered initiation site was co-transfected with
iRFP670 mRNA in 293FT cells and 10,000 transfected cells were analyzed
by FACS. Pictures of cells taken under visible light or green or red fluores-
cence are shown. Graph, GFP and iRFP signals from each cell were plotted
for control GFP mRNA (red) and GFP mRNA with a GUG start codon
(green). The value indicates the percentage of GUG initiation compared
to control AUG initiation. (C) Effect of eIF5 and 5MP on non-AUG ini-
tiation. HEK293T was transfected with the indicated NUG reporter plas-
mid, Renilla control plasmid, and pEF1A derivatives expressing indicated
proteins (5:1 compared to firefly plasmid), assayed for luciferase activities
and presented as in panel (B). Asterisks denote statistical significance (P <

0.05) compared to vector control (*), eIF5 (**) or 5MP1 (***) experiments.
P values from top of each graph; AUG, 0.01, 0.001 (n = 6), 0.007 (n = 4),;
CUG, * 0.02 (n = 4), 0.0001 (n = 8), 0.03 (n = 4), ** 0.016 (n = 4), *** 0.02
(n = 4); GUG, * 0.008 (n = 4), 0.006 (n = 12), 0.018 (n = 6), ** 0.031 (n =
4), *** 0.018 (n = 4); UUG, * 0.00006 (n = 6), 0.01, 0.017 (n = 6), ** 0.007
(n = 6), *** 0.04 (n = 4). (D) Effect of co-expression of eIF5 and 5MP on
GUG versus AUG initiation. Assays were done and presented as in panel
(C) except using two expression plasmids (1:1) together, as indicated in the
inset. P values from top of graph GUG; * 0.0008 (n = 8) compared to row
1, ****0.002 (n = 10), 0.009 (n = 4), compared to row 2; *****0.03 (n = 6)
compared to row 3.
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eIF5-expressing plasmid alone increased luciferease re-
porter expression from CUG, GUG or UUG codon by 2-
to 3-fold (Figure 2C, red columns). This effect was allevi-
ated by eIF5-CTD Quad mutation (H305D N306D E347K
E348K) (40), which is defective in eIF1 and eIF2 binding
(Figure 2C, orange columns). This indicates that the ob-
served effects depend on eIF5 binding to the PIC through
eIF1 and eIF2. 5MP1 co-expression counteracted the effect
of eIF5 in a manner depending on the seven residues in the
5MP1-CTD which are esential for eIF2 binidng (21) (Figure
2D, columns 2–4). Comparable results were observed using
5MP2 (Figure 2D, column 5). Therefore, both 5MP1 and
5MP2 increase the accuracy of selection of initiation codon,
likely via competing with eIF5 for eIF2 bound to the PIC.
Curiously, expression of 5MP1 or 5MP2 alone was suffi-
cient to suppress luciferase reporter expression from GUG,
UUG or CUG codons more strongly than their effect on
AUG initiation in general translation (Figure 2C). This sug-
gests that the low but sigificant level of non-AUG initiation
(∼3–10% of AUG initiation) is due to the slight excess of
eIF5 present in the PIC, which can be antagonized by forced
5MP expression.

An unusually high rate of initiation from NAT1 GUG codon
depends on a specific nucleotide context including the Kozak
consensus

The GUG-initiation rate for NAT1 is unusually high, ∼30%
compared to an AUG-mutant version of the same NAT1
expression plasmid (41). Here we confirmed this finding
by generating firefly luciferase plasmids whose translation
starts from 309-base-long NAT1 5′UTR or from its 24-nt-
long UTR (Figure 3A, column 1, rows 1 and 2). Alter-
ation of the GUG codon to AUG elevated the reporter ex-
pression to a similar level of AUG initiation seen with a
Kozak context (row 4), in agreement with a strong Kozak
context (AxxGUGG) around the start codon. Mutational
analysis of the NAT1 24-nt construct demonstrated that the
strong GUG initiation, but not initiation from its AUG ver-
sion, depends on the rGCCGCC sequence located 4- to 9-
nt upstream of the start codon (Figure 3A, column 1, rows
2–5). Considering that the level of GUG initiation from
NAT1 24 M1 is equivalent to GUG initiation under a typ-
ical Kozak context ‘GCCACCNUGG’ (Figure 3A, GUG,
row 4), it is plausible that the rGCCGCC sequence contains
a cis element responsible for the enhanced GUG initiation.
Because the typical Kozak sequence used as the reference
here overlaps with the rGCCGCC sequence, it remains to
be determined whether the rGCCGCC sequence enhances
the initiation rate as a part of the Kozak consensus or be-
yond the effect of the Kozak sequence. Here we define this
specific context enhancing non-AUG initiation as the NAT1
context.

Surprisingly, the replacement of the start codon with
CUG dramatically increased (Figure 3A, column 1, row 6),
whereas replacement with UUG substantially decreased the
reporter expression relative to the original NAT1 GUG ini-
tiation (Figure 3A, column 1, row 7). Yet, all of these non-
AUG initiation rates were higher than corresponding non-
AUG initiation rates from the typical Kozak context (Fig-
ure 2A). This suggests that the NAT1 initiation context gen-

erally enhances non-AUG initiation rates, but not that of
AUG. To verify these findings, we generated capped GFP
mRNA with 24-nt NAT1 5′-UTR containing the same nu-
cleotide alterations (Supplementary Figure S1). When co-
transfected with a control iRFP mRNA, NAT1 GUG ini-
tiation was ∼25% compared to its AUG version or Kozak
AUG control and depended on the rGCCGCC sequence,
whereas its CUG mutant version expressed a much higher
level of GFP (Figure 3A, column 2, and Supplementary
Figure S2). We also confirmed that a start codon mutation
diminishes luciferase expression to <1% compared to the
AUG construct expressed under the NAT1 or Kozak con-
text (Figure 3A, row 8).

The leader region of NAT1 mRNA contains three
uORFs, the AUG-initiated uORF1 and GUG- or CUG ini-
tiated uORF2 or uORF3 (Figure 3A, top). The equivalent
levels of GUG or AUG initiation from either NAT1 308
or 24 constructs (Figure 3A, rows 1, 2 and 4) suggests
that these uORFs do not inhibit translation of NAT1. This
idea was verified by examining mutations altering the start
codons of all the three uORFs (Supplementary Figure S3A,
rows 6–9). We confirmed initiation from these start codons
and showed that uORF1 suppresses translation of uORF2
and uORF3 (Supplementary Figure S3A, see Supplemental
text). Furthermore, GFP mRNA assays demonstrate that
the strong GUG initiation under the NAT1 context is cap-
dependent (Supplementary Figure S3B). Therefore, we sug-
gest that the NAT1 mRNA is translated by a cap-dependent
mechanism involving re-initiation, whereby sufficient dis-
tance between uORF1 (the most strongly translated uORF)
and the main ORF allows downstream re-initiation by ribo-
somes that have finished uORF1 translation.

Based on the recent reports that NAT1/DAP5 plays an
important role in stem cell differentiation (23,24), we next
examined whether the strong NAT1 GUG initiation rate is
altered in human stem-like cells. The capped GFP mRNAs
used in Figure 3A were transfected into a human induced
pluripotent stem (iPS) cell line 201B7 and assayed for GFP
expression (Supplementary Figure S4). However, compared
to HEK293FT, the stem cell background did not alter GFP
expression from all the mRNAs tested (Supplementary Fig-
ure S5), including those with GUG or CUG codon en-
hanced under the NAT1 context (NAT1 24, - 24 CUG) or
with normally low GUG initiation signal (NAT1 24 M1)
(Figure 3B). This last result also argues against the possibil-
ity that the stringency of start codon selection is generally
lower in stem cells.

5MP suppresses and eIF5 enhances the strong GUG or CUG
initiation under the NAT1 context

Similar to non-AUG initiation from a regular Kozak con-
text, eIF5 expression increased and 5MP1 or 5MP2 ex-
pression decreased GUG initiation from the luciferase re-
porter with the 309-nt or 24-nt-long NAT1 5′UTR (Fig-
ure 3C). The effect of 5MP on the NAT1 GUG initiation
was stronger than its general effect on the AUG variant of
24-nt-long construct (Figure 3C, AUG). Moreover, 5MP
expression decreased upstream AUG (uORF1) initiation
under the suboptimal Kozak context (UxxAUGG) more
strongly (Supplementary Figure S3C, see Supplementary
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Figure 3. 5MP and eIF5 conversely control strong GUG-initiation of NAT1/EIF4G2. (A) Analysis of the NAT1 GUG initiation signal. Schematics on top
depict the structure of NAT1 mRNA. uORFs and NAT1 main ORF were color-coded by start codons (purple, GUG; orange/red, AUG; blue, CUG). Graph
on top shows the ribosome profile from the UCSC genome browser. Below the schematics is described the initiation frequency from reporter constructs
listed to the left and depicted as schematics in the middle (color-coded as the schematics on top except green for UUG). Rows 2–7 list the last 12-nt RNA
sequence before the start codon of the 24-nt 5′UTR used for the assay. Altered bases are shown in red, while the rGCCGCC sequence is italicized. Asterisks
in the schematics indicate the location of mutations introduced. Columns 1 and 2 list the results of experiments with the firefly luciferase reporter plasmid
(with SE) and the GFP mRNA derivative, respectively. SD for the latter is listed in Supplementary Figure S5. (B) GFP mRNA assays in human iPS cells
(201B7). Pictures show 201B7 cells transfected with control GFP mRNA (Kozak AUG, green) and iRFP mRNA (red). Graphs, FACS analysis of the
cells transfected with GFP mRNA listed. Values indicate % compared to control GFP mRNA. (C) Effect of eIF5 and 5MP1/2 expression was tested with
indicated NAT1 reporter plasmid and presented as in Figure 2C. Asterisks denote statistical significance (P < 0.05) compared to vector control (*). P
values from top of each graph; 24(GUG), 0.03, 0.02, 0.008 (n = 4); 309 (GUG), 0.0001, 0.0005, 0.0006 (n = 8); 24 CUG, 0.0005 (n = 4), 0.003, 0.002 (n =
6).

Figure S3A also) than AUG initiation under the strong
Kozak context (Figure 2C, AUG and 3C, 24 AUG). This is
in agreement with the idea that initiation from the weaker
Kozak sequence can be affected by altering the canonical
stringent initiation mechanism (12). However, eIF5 expres-
sion did not increase the uAUG initiation (Figure 3D), sug-
gesting that the effect of eIF5 is specific to non-AUG initi-
ation. Finally, eIF5 expression increased, and 5MP expres-
sion decreased the CUG initiation from the CUG variant of
24-nt NAT1 construct (Figure 3C, GUG). Thus, in the con-

text of the NAT1 5′-UTR, the CUG codon initiates trans-
lation as strongly as the AUG codon does and, unlike the
AUG codon, is regulated by altered levels of eIF5 or 5MP.

GTI-seq confirms opposite regulation of non-AUG transla-
tion by eIF5 and 5MP1 on a transcriptome-wide scale

In order to determine whether eIF5 and 5MP1 conversely
regulate non-AUG translation genome-wide, we transfected
HEK293T with 1:1 mixture of eIF5- or 5MP1-expressing
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plasmid and the vector control (eIF5 or 5MP1, respec-
tively), both eIF5- and 5MP1-expressing plasmids (both),
or the vector control only (Ctrl), and performed global
translation initiation sequencing (GTI-seq), using two re-
lated but distinct translation inhibitors, LTM and CHX.
As shown in Figure 4A, eIF5 expression increases GUG or
CUG initiation and decreases AUG initiation from 5′UTR
(uTIS) and this trend was reversed by co-expression of eIF5
and 5MP1. Likewise, eIF5 expression increases GUG or
CUG initiation and decreases AUG initiation from all the
predicted start sites including those initiating protein cod-
ing regions (Figure 4B, aTIS). This further confirms that
the competition between eIF5 and 5MP1 determines non-
AUG initiation genome-wide. However, we did not observe
that 5MP1 expression per se decreases GUG or CUG initi-
ation or increases AUG initiation in these assays. We do not
believe that this method allows us to judge the decrease in
the intensity of each TIS.

Ribosome profiling identifies new non-AUG start codons reg-
ulated conversely by eIF5 and 5MP, similar to the NAT1
GUG codon

Our analysis of ribosome profiling with CHX-treated cells
(Ribo-seq) also identified a handful of genes whose ribo-
some density is conversely regulated by eIF5 and 5MP1
(Table 1 and Supplementary Table S4). Of these, transla-
tion of ARL6IP1, UBEC2 and LSM8 is initiated by up-
stream in-frame GUG, CUG and CUG start codons, re-
spectively, indicating that translation from the non-AUG
codons greatly contributes to expression of these proteins
(Supplementary Figure S8A). RPS27L belonging to this
group is initiated by AUG, but the main ORF is preceded
by a UUG-initiated uORF, which is also regulated similarly
by eIF5 and 5MP1 (Table 1, row 7). The ribosome profile
of RPS27L mRNA suggests that translation of the uORF
is permissive for RPS27L translation, and that RPS27L is
regulated through the UUG-initiated uORF (Supplemen-
tary Figure S8A).

We also found that proposed CUG-initiated translation
of GTF3A, R3HCC1, BAG1 and PTEN (13) is conversely
regulated by eIF5 and 5MP1, similar to NAT1 (Table 1).
UCSC ribosome profiling data supports (almost) sole CUG
initiation of GTF3A, R3HCC1 and BAG1 (Figure 5A–C
top). GTF3A encodes the general transcription factor 3A,
responsible for RNA polymerase III transcription (42). In-
triguingly, its translation starts from a CUG codon in mam-
mals, but in birds, frogs, fish, insects or lower eukaryotes,
initiation occurs from the AUG codon located at the po-
sition equivalent to the CUG codon (Supplementary Fig-
ure S6). R3HCC1 is a possible RNA-binding protein with
the R3H and RNA-recognition motif (RRM) domains,
which is conserved in vertebrates (35). The combination of
R3H and RRM domains is found in the C-terminal half
of poly(A)-specific ribonuclease (PARN) (43). BAG1 is an
oncogene encoding a co-chaperone and has three isoforms
sharing the same C-terminus, BAG1L initiated with CUG,
and BAG1M and BAG1S initiated with AUG (44). BAG1L
and BAG1S are the major products of this gene (45) (see be-
low Figure 5C for how BAG1M AUG might be skipped).

Using luciferase reporter bearing 24-nt 5′UTR, we found
that the CUG initiation rate is very low for GTF3A and
BAG1––only 5–10% compared to Kozak AUG, whereas it is
reasonably high for R3HCC1––∼30% compared to Kozak
AUG, significantly higher than CUG initiation under the
Kozak context (Figure 5A–C, Graph). As shown in Fig-
ure 5D, the reporter translation from the CUG codon of
each gene was conversely regulated by eIF5 and 5MP1/2,
verifying the results of our ribosome profiling. The low
CUG initiation rate for GTF3A or BAG1 was surprising
as it would allow for leaky-scanned ribosomes to initi-
ate at downstream in-frame AUG codons. To assess how
the downstream AUG initiation is prevented, we examined
the nucleotide sequences of the genes. First, the GTF3A-
coding region does not possess AUG codons for the first two
thirds of the protein, and this feature is conserved through-
out mammals (which utilize CUG initiation for GTF3A),
but not in frogs, fish, insects or yeasts (which do not)
(Supplementary Figure S6). Thus, the absence of down-
stream AUG codons in the reading frame prevents gener-
ation of nonfunctional isoforms with the same C-terminus.
More importantly, ribosome profiling data indicate that all
the three mRNAs possess a short ORF initiated with an
AUG codon located downstream of and out-of-frame to the
CUG codon (dAUG) (red square and arrows in Figure 5A–
C, top). We propose that translation of such downstream
ORFs (dORFs) prevents re-initiation of AUG codons lo-
cated immediately downstream, making the CUG codon
the sole start codon [or, in the case of BAG1, preventing
BAG1M translation from upstream in-frame AUG (45)]. In
agreement with this idea, the ribosome profiling data show
that 5MP1 expression suppresses CUG-initiated translation
of GTF3A and R3HCC1, yet allowing translation of the
dORFs (Supplementary Figure S7).

eIF5 and 5MP1 regulate non-AUG initiation differentially

The Ribo-seq study also identified non-AUG or AUG-
initiated genes regulated differently by eIF5 and 5MP1,
compared to regulation of NAT1. As shown in Tables 1 and
Supplementary Table S4, translation of a subset of genes,
including TMSB4X and H1F0, is decreased by both eIF5
and 5MP1. TMSB4X has an inhibitory, overlapping uORF
initiated by a GUG codon out of frame by +2 (Supplemen-
tary Figure S8B). The ribosome profile of its mRNA sug-
gests that eIF5 increases translation of this uORF, thereby
repressing TMSB4X translation (Supplementary Figure
S8B). In the case of H1F0, its mRNA possesses an in-frame
uCUG that appears to work as a start codon and a CUG-
initiated uORF out of frame by +1 (Supplementary Fig-
ure S8B). The ribosome profile suggests that eIF5 increases
translation from both the CUG codons, yet resulting in re-
pression of translation of the main ORF (Supplementary
Figure S8B). As shown below in Figure 6, a similar trend
is observed for translation of cMYC mRNA possessing an
in-frame uCUG codon.

Interestingly, translation of even a smaller subset of
genes, including CEBPA and AIF1L, is decreased by eIF5
and increased by 5MP1 (Table 1 and Supplementary Ta-
ble S4). The mechanism of this interesting observation re-
quires further investigation, but the list includes CEBPA
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Figure 4. GTI-seq verifies converse regulation of non-AUG translation by eIF5 and 5MP1 genome-wide. The proportion of translation initiation sites
(TIS) with indicated start codons (color-code to the right) is shown for HEK293T transfected with eIF5 or 5MP1-expression plasmid, both (BOTH), or
with the vector control (Ctrl). (A) uTIS, TIS located upstream of authentic TIS. (B) All predicted TIS (aTIS) including uTIS.

Table 1. Ribosome density (RKPM) of genes controlled by eIF5 and 5MP1

Gene Acc # Start codon eIF5 Vec 5MP1 Feature

Increased by eIF5, decreased by 5MP1
ARL6IP1 NM 015161 GUG 272 135 19 uGUG in frame
UBE2C NM 007019 CUG 462 223 50 uCUG in frame
LSM8 (NIAA38) NM 016200 CUG 252 106 42 uCUG in frame
RPS27L NM 015920 AUG 448 223 107 Re-initiation, uORF
RPS27L (uORF) NM 015920 UUG 559 298 233
GTF3A NM 002097 CUG 45 (1.5) 32 (1) 18 (0.4) CUG initiation (13)
R3HCC1 NM 001136108 CUG 30 (1.6) 21 (1) 0 (0.3) CUG initiation (13)
BAG1 NM 001172415 CUG 39 (2.9) 33 (1) 10 (0.6) CUG initiation (13)
PTEN NM 000314 CUG/AUU 11 7 3 CUG/AUU

initiation (55)
Decreased by eIF5, increased by 5MP1
CEBPA NM 004364 AUG 31 85 230 Re-initiation control?
AIF1L NM 001185095 AUG 30 72 156 uCUG out of frame

regulated?
Decreased by both eIF5 and 5MP1
H1F0 NM 005318 CUG 67 158 76 uCUG in frame
TMSB4X NM 021109 AUG 46 157 0 uGUG out of frame

regulated?
cMyc NM 002467 CUG 52 (0.6) 66 (1) 20 (0.3) uCUG in frame

inhibits main AUG
DDX17 NM 001098504 CUG/GUG 92 129 91 Similar to cMyc?

Data in parenthesis are fold increase measured by luciferase assays compared to vector control.
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Figure 5. 5MP and eIF5 conversely control CUG initiation of GTF3A (A),
R3HCC1 (B) and BAG1 (C). (A–C) The mRNA structures were depicted
with UCSC ribosome profiles and ORFs color-coded by start codons as
in Figure 3A. RNA sequences near the CUG start codons are listed be-
low the schematics. Graphs indicate firefly luciferase activities from the re-
porters bearing 24-nt 5′UTR relative to activity from Kozak AUG control.
In (B), the activity was compared to CUG under Kozak context. (D) Effect
of eIF5 and 5MP1/2 expression was tested with indicated CUG reporter
plasmids and presented as in Figure 2C. Asterisks denote statistical signifi-
cance (P < 0.05) compared to vector control (*). P values from top of each
graph; GTF3A, 0.003, 0.006, 0.01 (n = 6); R3HCC1, 0.01 (n = 6), 0.00006,
0.0003 (n = 5); BAG1, 0.03, 0.009, 0.03 (n = 4).

that encodes two isoforms of C/EBP� sharing the same
C-terminus. Under mTOR signaling, re-initiation after
uORF translation occurs past the first AUG codon of
CEBPA, generating a shorter isoform initiated at the sec-
ond AUG (46). It would be intriguing to investigate whether
the differential regulation by eIF5 and 5MP1 is related
to the differential re-initiation of CEBPA start codons.
In the case of AIF1L, an out-of-frame uCUG gener-
ates an uORF overlapping with the AIF1L start codon
(UCSC genome browser). eIF5-mediated up-regulation of
this reading frame might result in repression of the main
AIF1L ORF, similar to TMSB4X.

5MP diminishes CUG initiation from cMYC mRNA, while
eIF5 increases CUG initiation but represses overall cMYC
mRNA translation

Translation of cMYC, which has CUG followed by AUG
start codons, was repressed by both eIF5 and 5MP1 (Ta-
ble 1). Because CUG-initiation of this oncogene was high-
lighted recently (16), this observation deserves further at-

tention. The UCSC ribosome profile indicates a minor peak
corresponding to the in-frame uCUG and a major peak fol-
lowing the location of the main AUG codon (Figure 6A,
top), suggesting a weak CUG initiation from the uCUG. We
generated a luciferase reporter plasmid with a 5′UTR whose
5′ end is located 363-nt upstream of this CUG (cMyc 363),
and a construct with a 5′UTR bearing the same 5′ end, but
additionally carrying the 48-nt cMYC-coding region down-
stream including the cMYC AUG codon (cMyc 408). As a
control, we also designed reporters bearing a mutation al-
tering the CUG or AUG start codons (Figure 6A).

The luciferase assay confirmed that both eIF5 and 5MP1
repress the reporter translation from cMyc 408 (WT) (Fig-
ure 6B and Table 1). To examine the contribution of the
CUG initiation, we measured luciferase expression from
cMyc-363 and cMyc 408 AUC, the AUG-to-AUC mutant
version of cMyc 408. The result confirms ∼5-7% uCUG ini-
tiation compared to AUG initiation rate, which was deter-
mined using cMyc 408 CUC, the CUG-CUC mutant ver-
sion of cMyc 408 (Figure 6A, rows 2 and 3). Thus, over-
all, cMYC expression from the longer construct cMyc 408
(WT) is only marginally higher than expression from the
cMyc 408 CUC construct (Figure 6A, rows 1 and 4). The
minor contribution of uCUG initiation is at least partially
attributable to a weak CUG initiation rate, as measured
with the cMYC CUG construct bearing 24-nt UTR in
both the luciferase assay and the assay using purified GFP
mRNA (Figure 6A, row 5, and Supplementary Figure S3D,
row 1). Surprisingly, while ribosome protection of a CUG-
initiated uORF was noted in mESC (14) and we found a
ribosome protection in cMyc mRNA (Figure 6A, top), we
did not find a high rate of CUG initiation from that site
(Supplementary Figure S3D, row 3).

Similar to other non-AUG codons examined, eIF5 ex-
pression increases and 5MP1/2 expression decreases the
CUG initiation from cMyc 408 AUC construct altering the
cMYC AUG codon (Figure 6B, cMyc 408 AUC). We also
observed a relatively large decrease in cMyc 408 expression
by 5MP1/2 (Figure 6B, cMyc 408), which may be attributed
to the suboptimal Kozak context of its AUG start codon
(AxxAUGC). This is reminiscent of the 5MP1/2 effect on
NAT1 uAUG initiation from a suboptimal Kozak context
(UxxAUGG) (Supplementary Figure S3C). A comparable
decrease in overall cMYC expression (in cMyc 408) by eIF5
is surprising (Figure 6B, also see Table 1) and instead, sug-
gests that the increase in CUG initiation inhibits down-
stream AUG initiation in this particular case. In agreement
with this idea, eIF5 represses expression from cMyc 408
CUC devoid of CUG initiation less strongly than expres-
sion from cMyc 408 WT (Figure 6C). Together, these re-
sults indicate that, overall, eIF5 or 5MP expression de-
creases cMYC translation, in agreement with ribosome pro-
filing (Table 1). However, eIF5 and 5MP conversely alters
the proportion of cMyc isoforms with or without the CUG-
initiated polypeptide, as shown in Figure 6D.

Similar to cMYC and H1F0, Ribo-seq data suggest that
non-AUG translation of DDX17 encoding a DEAD-box
RNA helicase (47) was repressed by both eIF5 and 5MP1
(Table 1). We found that the in-frame uGUG codon, as
more recently proposed (13), rather than the CUG start
codon as originally proposed (47), is a stronger initiation
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Figure 6. Translational control of cMYC and DDX17 by eIF5 and 5MP. (A) Analysis of cMYC start codons. Top, schematics depict the cMYC leader
region with UCSC ribosome profile and boxes representing reading frames color-coded as in Figure 3A. The table describes firefly luciferase activities
from constructs listed to the left and depicted in the middle, relative to the activity from cMyc 408 (row 1). ∧, activity for cMyc(CUG) 24 is presented
relative to that from Kozak AUG. Asterisks, start codon mutations. (B) Effect of eIF5 and 5MP1/2 expression was tested with indicated cMyc reporter
plasmids, and presented as values relative to cMyc 408 vector control, as in Figure 2C. P values of significance from top; cMyc 408, 0.04, 0.00004 (n = 8),
0.01 (n = 4); cMyc 408 AUC, 0.01, 0.0007, 0.0005 (n = 10) compared to vector control. (C) Effect of eIF5 and 5MP1 on cMyc 408 and cMyc 408 CUC
was compared to the values from vector control for each, and statistical significance was computed using students’ Ttest. *P values of significance; from
top, 0.04, 0.02 (n = 4). (D) CUG/AUG ratio (R) in cMyc 408 (WT) was computed based on the following formula and presented with asterisks denoting
statistical significance (P < 0.05) compared to the value with vector control. R = a/(a – b), where a is activity from cMyc 408 AUC and b is activity from
cMyc 408 (WT). *P values of significance; from top, 0.01, 0.02, 0.009 (n = 10) compared to vector control. (E) DDX17 mRNA structure was depicted as
in Figure 5A–C. Graph 1 indicates firefly luciferase activities from the reporter with DDX17 CUG and GUG codons carrying the 24-nt mRNA sequences
preceding each (columns 1 and 2) and compared to activity from Kozak GUG (column 3). Graph 2, the effect of eIF5 and 5MP1/2 on the DDX17 GUG
reporter translation. p values from top; *0.02, 0.003, 0.003 (n = 6) compared to vector control.
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Figure 7. Possible feedback control of 5MP1 transcription. Pearson corre-
lation between ATF4 mRNA levels (A) or cMYC mRNA (B) and 5MP1,
5MP2 and eIF5 mRNA levels. Correlation coefficients were calculated in
10 different cancers. Significant correlations are demarcated with an as-
terisk (P < 0.05). (C) A model of cMyc-5MP1-ATF4 pathway involved in
oncogenic transcription. Dotted arrows indicate transcriptional control,
whereas straight arrows and stop bar denote translational control. (D) Cor-
relation between 5MP1 or eIF5 expression with the prognosis of breast or
lung cancer patients (see Supplemental text for details).

site (Figure 6E, graph 1, columns 1–2), even stronger than
a typical Kozak GUG (column 3). Since eIF5 increases
and 5MP1/2 decreases DDX17 GUG initiation (Figure 6E,
graph 2), the increased GUG initiation might contribute to
overall inhibition of AUG initiation from the suboptimal
context (ACCAUGC), similarly to the case with cMYC.

Cancer genomics databases suggest feedback control of
5MP1 transcription

Given the consistent non-AUG initiation rate across differ-
ent cell types (Figures 2A and 3B, and Supplementary Fig-
ure S5), we pondered whether eIF5 or 5MP are significantly
controled at the level of transcription. To address this, we
took advantage of the TCGA database including ∼10 000
sets of patient data. We examined corelations with ATF4
and cMYC, which 5MP regulates on a translational level.
As shown in Figure 7A and B, 5MP1, but not 5MP2 or
eIF5, positively correlates with ATF4 and cMYC expression
in most cancer types investigated. Furthermore, 5MP1 ex-
pression correlates with levels of several ATF4 target genes
in liver, lung and stomach cancers (Supplementary Figure
S9). Collectively, these results strongly suggest the existance
of a positive feedback loop consisting of cMyc, 5MP1 and
ATF4 (Figure 7C). Additional co-expression analysis sup-
ports this view (Supplementary Figure S10; see Supplemen-
tal text for details). In agreement with the role of 5MP1 in
promoting fibrosarcoma tumorigenesis (27), 5MP1 expres-
sion correlates with a poor prognosis in breast and lung
cancer patients (Figure 7D). Overall, this data supports a
transcriptional program to maintain non-AUG translatome
homeostais and warrants future investigation of 5MP1 as a
potential oncogene.

DISCUSSION

5MP contributes to accurate initiation in eukaryotes

eIF5′s GAP function is a prerequisite for accurate initiation
(7). Yet, eIF5 expression above a certain threshold leads to
an increased frequency of non-AUG initiation (18,36,40).
In this work, we showed that 5MP increases the initiation
accuracy through competition with eIF5 (Figures 1 and 2C
and D). eIF5 is thought to be responsibe for stabilizing
PIC conformations favoring accurate initiation (2,40,48).
We propose that high eIF5 expression permits a second
eIF5 copy to bind the PIC during mRNA scanning. This
shifts the PIC conformation to favor non-AUG initiation.
Consistent with this idea, eIF5 overexpression in yeast dou-
bles the amount of eIF5 bound to eIF3 (49). Upon elevation
of 5MP expression, we predict that 5MP binding to the PIC
will preclude binding of the second eIF5 copy to the scan-
ning PIC, thereby preventing non-AUG initiation. Detailed
mapping studies identified the �-subunit of eIF2 as a cru-
cial eIF5-binding partner when the PIC changes its confor-
mation in response to AUG recognition (40). Prior to this
event, eIF2� would be available as a competitive binding
site for the second eIF5 copy or 5MP during mRNA scan-
ning (see the model in (2)). An alternative explanation may
be that excess of eIF5, in respect to PIC, may sequester a
factor that facilitates scanning. This would result in scan-
ning arrest at non-AUG start codons. Notably however, we
did not identify such a factor bound to FLAG-eIF5 in our
previous immunoprecipitation/MS studies (27).

Non-AUG initiation in mammals

Herein, we showed that the non-AUG initiation rate
strongly depends on the surrounding nucloetide contexts,
leading to expression levels ranging from <1% to almost
equivalent to the AUG-mediated initiation rate (Figures 1–
3). One of the best contexts for non-AUG initiation was
found within the 24-nt region immediately upstream of
NAT1 GUG codon, specifically the Kozak context and
the rGCCGCC sequence, which partially overlaps with the
Kozak. Surprisingly, the CUG codon placed under the same
NAT1 context displayed expression nearly equivalent to
AUG under the Kozak context. The minimum requirement
for appreciable GUG or CUG initiation is the Kozak con-
text of (G/A)xxxNUGG; any CUG or GUG codon that
falls outside of this context was translated very poorly (Fig-
ures 3 and 5 and Supplementary Figure S3), as reported pre-
viously (13). In addition to the GUG of NAT1, the GUG of
DDX17 and the R3HCC1 CUG codons initiated transla-
tion more strongly than their counterparts when placed un-
der the Kozak context (Figure 5A). The nucleotide contexts
that allow higher rate of translation from these non-AUG
codons remains to be investigated. Finally, we noted that
the coding regions initiated by non-AUG codons are often
followed by an AUG-initiated downstream ORF, which pre-
vents leaky scanned ribosomes to initiate downstream in-
frame AUG codons (Figure 5 and Supplementary Figure
S7).
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Possible role of non-AUG translatome in regulating cell fate

The non-AUG initiation rates are consistent across differ-
ent cell-types, whether normal, cancer, non-vertebrate, or
pluripotent stem cells (Figures 2A and 4B and Supplemen-
tary Figure S2-4). Yet, the non-AUG initiation rates can
be altered by elevated levels of eIF5 and 5MP (Figures
2–5). We therefore propose that the maintenance of con-
sistent non-AUG initiaion rate is important for optimal
cell function which is actively achieved via the balance of
eIF5, 5MP and potentially other factors such as eIF2A. Our
study using the cancer genomic database suggests that eIF5
or 5MP1 levels probably govern non-AUG initiaion pro-
grams through regulation by oncogenes including cMYC
and ATF4 (Figure 7 and Supplementary Figures S9 and
S10).

In contrast to the findings suggesting that non-AUG ini-
tiation is elevated in mouse ES cells (14) or SOX2-induced
premalignant tumor cells (15), our data suggest that the ef-
ficiency of non-AUG translation is mostly constant in var-
ious cell types and organisms. However, the latter does not
exclude the possibility that non-AUG initiation, which may
be implicated in tumorigenesis, is transient and induced by
increase in eIF5 copy number or specific signaling events
(e.g. cMyc activation). Given the important role of cMyc
in cell reprogramming and tumorigenesis (50,51), it would
be important to investigate the role of the longer, CUG-
initiated form of cMyc, shown here to be up-regulated by
eIF5 expression (Figure 6). For example, the longer cMyc
isoform might serve as an activator of 5MP1 transcription,
thereby shutting down the transient, non-AUG upregula-
tion, and simlutanously promoting ATF4 translation (Fig-
ure 7 and Supplementary Figure S9). ATF4, in turn, con-
fers stress-resistance to cancer cells (52). Again, it would be
pertinent to study the effect of the proposed enrichment of
AUG-initiated (vs. CUG-initiated) cMyc isoform on onco-
genic transcriptional programs in this context (Figure 7C).
We believe that the ribosome profiling data presented in this
study provides the wealth of information in order to effec-
tively identify such key proteins encoded by non-AUG reg-
ulated genes.
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