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While near-cognate codons are frequently used for translation ini-
tiation in eukaryotes, their efficiencies are usually low (<10% com-
pared to an AUG in optimal context). Here, we describe a rare case
of highly efficient near-cognate initiation. A CUG triplet located in
the 5′ leader of POLG messenger RNA (mRNA) initiates almost as
efficiently (∼60 to 70%) as an AUG in optimal context. This CUG
directs translation of a conserved 260-triplet-long overlapping
open reading frame (ORF), which we call POLGARF (POLG Alterna-
tive Reading Frame). Translation of a short upstream ORF 5′ of this
CUG governs the ratio between POLG (the catalytic subunit of
mitochondrial DNA polymerase) and POLGARF synthesized from
a single POLG mRNA. Functional investigation of POLGARF sug-
gests a role in extracellular signaling. While unprocessed POLGARF
localizes to the nucleoli together with its interacting partner
C1QBP, serum stimulation results in rapid cleavage and secretion
of a POLGARF C-terminal fragment. Phylogenetic analysis shows
that POLGARF evolved ∼160 million y ago due to a mammalian-
wide interspersed repeat (MIR) transposition into the 5′ leader
sequence of the mammalian POLG gene, which became fixed in
placental mammals. This discovery of POLGARF unveils a previ-
ously undescribed mechanism of de novo protein-coding gene
evolution.
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The process of translation can be described in four steps: ini-
tiation, elongation, termination, and ribosome recycling. It is

believed that protein synthesis is mostly regulated at the level of
initiation. In eukaryotes, the scanning model for translation
initiation postulates that the small ribosomal subunit, in complex
with initiation factors and Met-initiator transfer RNA (tRNAi),
enters at the 5′ end of messenger RNA (mRNA) and then scans
toward the 3′ end (1, 2). Base-pairing interactions between the
anticodon of the Met-tRNAi and an AUG codon in the mRNA
halt ribosome scanning and set the reading frame for subsequent
elongation steps (3). Notably, due to mRNA mispairing with
the anticodon of Met-tRNAi, initiation can also occur at most
triplets that differ from AUG by a single nucleotide (near-
cognate), albeit with much lower efficiency (4). However,
some examples of highly efficient near-cognate initiation have
been reported (5, 6).
Initiation efficiency on any translation initiation site (TIS)

critically depends on its surrounding nucleotide context. In pio-
neering work, Kozak proposed that the context comprising six
nucleotides (nt) before and one nt immediately following a po-
tential initiation codon has significant influence on its recogni-
tion as a TIS (7). In agreement with Kozak, recent high-
throughput analysis of all possible initiation contexts revealed
RYMRMVAUGGC as the optimal context in human and mouse

cells and additionally revealed synergistic effects of neighboring
nucleotides (8).
TISs in unfavorable context can be bypassed by the scanning

ribosome in a process known as leaky scanning. Since many
mammalian mRNA 5′ leaders possess AUG codons, as well as
many potential near-cognate start codons, then leaky scanning
must be widespread. However, the mere presence of a potential
TIS in a 5′ leader doesn’t necessarily guarantee initiation there.
Until recently, it was difficult to estimate how frequently up-
stream TISs (uTISs) are recognized by scanning ribosomes in
living cells. This can now be directly addressed since the emer-
gence of the ribosome profiling technique (Riboseq), which al-
lows monitoring of global translation at single nucleotide
resolution (9). Riboseq revealed widespread translation in the 5′
leaders of mRNAs, especially in mammalian cells (6, 10–12).
What is the role of translation initiation in 5′ leaders? In some

instances, it gives rise to N-terminal extensions (13–15) although,
in most cases, they result in translation of short (some are simply
AUG-stop) upstream open reading frames (uORFs). While it is
believed that most uORFs suppress translation of their main
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protein-coding sequence (16–18), a number of uORFs are in-
volved in more specialized regulation of translation, ranging
from selective stress responses to eIF2 phosphorylation (19–22)
to metabolite sensing (23–26).
Our attention was drawn to one such uORF within an mRNA

encoding a catalytic subunit of mammalian mitochondrial DNA
polymerase (POLG). POLG is a hotspot for more than 200
known mutations in humans that cause mitochondria-associated
diseases: such as, progressive external ophthalmoplegia with
mitochondrial DNA deletions, autosomal dominant 1 (PEOA1);
sensory ataxic neuropathy, dysarthria, ophthalmoparesis (SANDO);
Alpers–Huttenlocher syndrome (AHS); and mitochondrial neuro-
gastrointestinal encephalopathy (MNGIE) (https://tools.niehs.nih.
gov/polg/). Disease development is believed to result from a gradual
depletion of mitochondrial DNA (mtDNA) due to polymerase
dysfunction(s). Transgenic mice with a POLG mutation that causes
proofreading deficiency (Polg mutator mouse) develop an mtDNA
mutator phenotype characterized by low mtDNA copy number,
decreased life span, and premature aging (27).
There is a single AUG within the POLG 5′ leader which is

expected to initiate translation of a conserved 23-codon uORF.
Here, we show that, contrary to expectations, removal of the
upstream AUG suppresses translation of the POLG coding se-
quence. Exploring the unusual effect of the uORF mutation
revealed highly efficient CUG initiation of a 260-codon-long
alternative reading frame (−1) overlapping the POLG main
ORF. Thus, the POLG mRNA turns out to be a dual coding
messenger.

Results
A CUG Triplet Located Upstream of the POLG Coding Sequence
Initiates Translation of a Long Overlapping Reading Frame. The 5′
leader of the POLG mRNA contains a 23-codon conserved
AUG-initiated uORF. To determine whether translation of this
uORF affects the synthesis of POLG, we fused the whole 5′
leader of POLG (plus 33 nt downstream of the main ORF start
codon) to a Firefly luciferase (Fluc) reporter and explored the
effect of preventing uORF translation on reporter activity
(Fig. 1A). In general, uORF translation represses translation of
the main ORF by decreasing the number of scanning 43S pre-
initiation complexes that reach the main ORF start codon (18);
however, here, translation of the uORF enhances main ORF
translation (Fig. 1A). In a search for potential explanations, we
examined POLG in publicly available ribosome profiling data (28,
29). Within the POLG mRNA, the phase of triplet periodicity of
ribosome footprints supports translation of an alternative reading
frame (−1 frame) that overlaps the POLG coding sequence (CDS)
(Fig. 1B). This −1 frame footprint density is higher than the density
of footprints aligning to the POLG CDS and decreases abruptly at
the first −1 frame stop codon that is located in exon 3 of POLG
(Fig. 1C). Notably, this −1 frame stop codon is conserved across
placental mammals (Fig. 1 C, Middle), and the pattern of synony-
mous substitutions in the POLG CDS before the −1 frame stop
codon suggests dual coding in this region.
Since there are no AUG triplets that could initiate translation

of the −1 frame ORF, we searched for conserved potential near-
cognate initiation codons and, in exon 2, identified a CUG triplet
located 52 nt upstream of the POLG CDS start codon (Fig. 2A).
To test whether this CUG triplet can initiate translation in the
alternative reading frame, we fused the 5′ leader of POLG to
Fluc in the −1 frame (Fig. 2B). We observed robust −1 frame
translation that almost doubled when translation of the uORF
was abolished (Fig. 2B, constructs 1 and 2). Thus, translation of
the uORF decreases −1 frame initiation and increases 0 frame
(POLG) initiation (Fig. 1A), which suggests preferential trans-
lation reinitiation on the more distal initiation codon (0 frame)
after uORF translation (Figs. 1A and 2B). Replacement of the
predicted CUG start codon with a noninitiating CUA completely

abolished −1 frame translation, strongly suggesting that this
CUG triplet is the only −1 frame initiation codon (Fig. 2B,
construct 3). We termed this long ORF (260 codons in humans),
which extensively overlaps with the annotated POLG reading
frame and starts at CUG, as POLG Alternative Reading Frame
(POLGARF).

The POLG CUG Acts as a Highly Efficient Initiation Codon. Notably, in
reporter constructs, initiation at the POLG CUG is ∼60% as
efficient as an AUG in the same position (Fig. 2B, constructs 1
and 4), which is markedly higher than most of the values
reported for CUG initiation (5 to 10% efficiency, also observed
in Fig. 2B, constructs 6 and 8) (30). Several previous studies
reported that stable RNA secondary structures positioned ∼12 to
15 nt 3′ of a poor context start codon can stimulate initiation (31,
32). RNAfold (33) predicts a 35-nt RNA stem loop (ΔG = –20.5
kcal/mol) that starts 13 nt 3′ of the POLG CUG initiation codon
(SI Appendix, Fig. S1A). We generated a series of −1 frame re-
porters to determine sequences important for POLG CUG ini-
tiation efficiency (SI Appendix, Fig. S1 B–D) and found that
almost the entire 5′ leader is dispensable for efficient −1 frame
initiation (SI Appendix, Fig. S1B). POLG −1 frame reporters
with only 57 nt 3′, that still retain sequences predicted to be
important for maintaining the stem loop, initiate as efficiently as
reporters with all 3′ nucleotides (SI Appendix, Fig. S1C). We
observed a decrease from >60% to just 20% CUG initiation
efficiency when only the 5′ half of the predicted stem loop was
included and no further decrease in efficiency when only a single
3′ codon is retained (SI Appendix, Fig. S1C). Mutations predicted
to disrupt the stem loop reduce initiation efficiency, and this
decrease is reversed in reporters with compensatory changes
expected to restore the stem loop (SI Appendix, Fig. S1C). A
series of systematic nested deletions from the 3′ end provide
further support for a stimulatory role for the stem loop (SI Ap-
pendix, Fig. S1D). Surprisingly, we observed a striking increase in
CUG initiation efficiency with reporters missing a significant
part of the 3′ half of the predicted stem (compare +35 and +38
in SI Appendix, Fig. S1D). However, we subsequently noticed
that a downstream vector-derived sequence can base pair with a
POLG sequence to restore stem loop formation (SI Appendix,
Fig. S1E). This confirms the importance of a downstream sec-
ondary structure for POLGARF translation.
Since the 3′ deletions did not reduce POLG CUG initiation

below 20% and a CUG reporter in optimal Kozak context ini-
tiates at only 7% in our experiments (Fig. 2B), we concluded that
the 3′ sequences (beyond +3) cannot be solely responsible for
the highly efficient POLG CUG initiation. It has been reported
that initiation at near-cognate codons may be more dependent
on local context than initiation at AUG codons (34). Therefore,
it seems highly probable that such efficient POLG CUG initia-
tion is heavily reliant on its surrounding nucleotide context.
Particularly important is a G at the +4 position (where the first
nucleotide of the start codon is +1), which has been recently
shown to be critical for near-cognate initiation efficiency (34). In
the context of the POLG CUG, the −3A and +4G are evolu-
tionarily conserved (Fig. 2A), and, as expected, when we
exchanged −3A to G and +4G to A in both CUG- and AUG-
initiating reporters, initiation at the AUG codon decreased by
30%, but CUG-initiated translation dropped by 85% (SI Ap-
pendix, Fig. S2A). This reinforces the idea that near-cognates are
more sensitive to changes at the −3 and +4 positions. However,
our CUG reporter in optimal Kozak context that only initiates at
7% efficiency also has −3G and +4A. A comparison between the
local context (−6 to +6) of POLG CUG and the Kozak CUG
reveals differences at positions −2,−1, +5, and +6. A role for
positions +5 and +6 in CUG initiation has been previously
reported (35, 36). Exchanging these positions in the POLG
context with those from the Kozak CUG decreased POLG CUG
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initiation to 11% (SI Appendix, Fig. S2B). Both −2,−1 and
+5,+6 nucleotide positions alone reduced CUG initiation al-
though −2,−1 has much more of an impact (SI Appendix, Fig.
S2B). These data support the idea that the optimal nucleotide
context for near-cognate initiation is not the same as the optimal
context for AUG initiation (34), and the finding that the POLG
CUG initiation codon context is favorable for efficient near-cognate
initiation. Furthermore, we tested several naturally occurring near-
cognate contexts from eIF4G2GUG (37), R3HCC1 CUG (13), and
TEAD1 AUU (38), which all have a high degree of similarity to the
POLG CUG context (SI Appendix, Fig. S3A). All of these near-
cognate codons initiated more efficiently than expected if they were
in optimal Kozak context (SI Appendix, Fig. S3B). Replacement of
the eIF4G2 GUG codon with CUG increased initiation efficiency
almost fourfold, verifying previous findings (6) and indicating that
CUG is the preferred near-cognate start codon. Notably, eIF4G2
CUG initiation is almost twofold more efficient than for POLGCUG
without its stem loop.
Since all near-cognate initiation codons are expected to be

suboptimal, it seemed likely that the POLG CUG initiation
should be sensitive to the levels of initiation factors responsible
for the stringency of suboptimal start codon selection: i.e., EIF1
and EIF5 or its antagonists BZW/5MP (6, 39–42). To test this,
we coexpressed POLG reporters with an excess of either EIF1 or
EIF5. To avoid the confounding effects of initiation factors’
overexpression on reinitiation, POLG reporters were designed
without the uORF. Surprisingly, we saw almost no effect of EIF1
or EIF5 overexpression on POLG CUG initiation. Thus, in its

natural nucleotide context, the POLG CUG codon behaves as a
canonical AUG codon in good Kozak context, which is also unre-
sponsive to EIF1 and EIF5 overexpression (41, 43). Interestingly,
reducing POLG CUG initiation by either deletion of the POLG 3′
sequences or placing the POLG CUG in a suboptimal context re-
verses its independence from EIF1 and EIF5 levels. (Fig. 2C).
Thus, initiation efficiency rather than initiation codon identity ap-
pears to be the major determinant of sensitivity to EIF1/5 levels.
This is in contrast to the effect of eIF5 and 5MP expression on
GUG or CUG initiation from the eIF4G2 context (6).
What is the role of the 23-codon uORF upstream of POLG

CUG? It is likely that ribosomes access the POLG CUG either
by leaky scanning past the uORF AUG and/or by reinitiation of
ribosomes that have translated the uORF. To determine whether
leaky scanning is important for POLG CUG initiation, we tested
reporters in which reinitiation on CUG is prevented by extending
the uORF from 23 to 71 codons. Compared to wild-type con-
structs, CUG initiation is reduced by >50%, suggesting that
leaky scanning plays an important role in POLG CUG initiation
(SI Appendix, Fig. S4). In accordance with this, reducing leaky
scanning by inserting a second in-frame AUG within the ex-
tended uORF almost completely abolished CUG initiation.
Confirmation that reinitiation plays an equally important role in
CUG initiation is observed in constructs in which leaky scanning
is prevented by insertion of an in-frame AUG (reinitiation is
still possible). Here, we still observed CUG initiation that is
approximately half of wild-type CUG initiation. Furthermore,
reducing uORF length is thought to be more permissive for

Frame 0 (POLG CDS)

Frame -1

Frame +1

Wild-type

No uORF
Re

la
ve

 lu
ci

fe
ra

se
 a

c
vi

ty
AUG
AUA

Exon 3

synonymous

non-synonymous
TGA
TAG
TAA

Riboseq

RNAseq

Ri
bo

se
q

re
ad

 c
ou

nt
s

Wild-type No uORF

Exon 3

Frame -1

Frame 0 (POLG CDS)

uORF POLG CDS 3’UTR

A

B

C

Fig. 1. Identification of an alternative translated ORF in POLG. (А) Schematic representation of reporter constructs bearing full-length POLG 5′ leaders (with
and without the uORF AUG codon, mutated start codon is shown in red font), its AUG start codon plus 33 nt fused to firefly luciferase (in frame with the POLG
AUG), and relative luciferase activities of corresponding constructs transfected into HEK293T cells (n = 12). (B) Riboseq aligned to each reading frame for the
POLG mRNA generated in the Trips-Viz browser. The region in the −1 frame, which has high Riboseq density, is depicted by a green dotted box. Dotted
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reinitiation (44), and, consistent with this, we observed an ∼10%
increase in CUG initiation by decreasing the uORF from 23 to 5
codons. In conclusion, both leaky scanning and reinitiation at the
uORF appear to play equally important roles in POLG CUG
initiation (SI Appendix, Fig. S4).

Being Originated through Mammalian-Wide Interspersed Repeat
Transposition, POLGARF Is Conserved in Placental Mammals. To ex-
plore whether the POLG −1 frame ORF encodes a functional
protein, we carried out phylogenetic analysis of 100 vertebrate
genomes (45). The POLG −1 frame ORF as well as its CUG
start codon are conserved in placental mammals, and PhyloCSF
analysis (46) reveals strong purifying selection acting on the
evolution of the POLGARF protein-coding sequence (Fig. 3A).
RepeatMasker (http://repeatmasker.org) identified a mammalian-

wide interspersed repeat (MIR) within the POLG 5′ leader that
overlaps with the short uORF and the CUG codon (Fig. 3A). De-
tailed analysis of vertebrate alignments suggests that the POLG −1
frame ORF originated by an MIR transposition before the adaptive
radiation of placental mammals (Fig. 3B and Discussion below).

Detection of Endogenous POLGARF Protein. Alternative reading
frame translation does not necessarily mean the existence of a

stable protein product. To search for endogenous POLGARF
peptides, we applied the post-acquisition targeted search (PATS)
technique (47) to a BioPlex interactome dataset containing af-
finity purification-mass spectrometry results for ∼6,000 protein
baits overexpressed in HEK293 cells (48). The PATS algorithm
predicted POLGARF peptides in >90 protein baits, among
which TRIP13, CAMK2D, NPM2, HAVCR2, CLEC3A, and
CHCHD10 pull down datasets were predicted to have two or
more POLGARF originated peptides (SI Appendix, Table S1).
Direct .raw data analysis for the latter baits indeed identified

four POLGARF tryptic peptides; three of these are not found
within the nr protein database by BLAST (49) and are unique for
POLGARF. We confirmed the fidelity of peptide identification
by comparing MS2 spectra from BioPlex .raw files with our liquid
chromatography tandem mass spectrometry (LC-MS/MS) data
produced with overexpressed POLGARF (SI Appendix, Fig. S5).
The pattern of tryptic peptide coverage as well as the MS2
spectra were highly similar between the two datasets. Together
these data unambiguously identify endogenous POLGARF protein
in HEK293 cells from the BioPlex data.
Notably, the abundance of endogenous POLGARF in

HEK293 cells seems to be very low as we were unable to detect
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POLGARF originated peptides from either in-house generated
proteomics data without POLGARF overexpression or in deep
proteome datasets from ref. 50 for HEK293, HeLa, colon, liver,
HCT116, and prostate cells while, in the same datasets, several
POLGARF originated peptides were detected in MCF7, SHSY,
and A549 cells, as well as in Jurkat cells in the dataset from ref.
51 and in immune cells in the dataset from ref. 52. All peptide
identifications are isolated and with very low intensities. Con-
sidering the high efficiency of CUG initiation from the POLG
mRNA observed with Riboseq and reporter assays, it seems
likely that endogenous POLGARF is either compartmentalized
within subcellular locations that are insoluble under standard cell
lysis protocols, secreted, or else unstable.

POLGARF Interacts with C1QBP and Redirects It to the Nucleoli. In
order to shed light on POLGARF function, we searched for its
interacting partners using a GST-POLGARF fusion protein
overexpressed in Expi293F cells. Pull down assays detected a
32-kDa major protein identified as C1QBP, also known as P32
(Fig. 4A). The P32 homotrimer adopts a doughnut-shaped
quaternary structure with asymmetric charge distribution on its
surface. P32 is involved in a wide range of intracellular and ex-
tracellular activities. However, directed by a mitochondrial tar-
geting sequence (MTS), it predominantly localizes in the
mitochondrial matrix (53). In mitochondria, P32 is thought to
control the translation of mitochondrially encoded proteins, ei-
ther directly or by affecting mitochondrial ribosome biogenesis
(54, 55). We confirmed the specificity of the POLGARF/P32

interaction using SNAP-tag pull down assays: SNAP-POLGARF
and SNAP-P32 fusion proteins efficiently pulled down P32 and
POLGARF, respectively (Fig. 4B). Next, we found that SNAP-
POLGARF, when overexpressed in HEK293T cells, accumulates
in nucleoli where it colocalizes with fibrillarin, one of the major
nucleolar components (Fig. 4C), and does not colocalize with
SC35, a nuclear speckle marker (SI Appendix, Fig. S6). Nucleolar
localization of POLGARF is dependent on amino acids located
within its N-terminal half (SI Appendix, Fig. S7). In nucleoli,
POLGARF localizes to areas of active ribosomal RNA (rRNA)
production, enriched with RNA polymerase I (Fig. 4C). SNAP-
P32 alone was not observed in the nucleoli; however, when
coexpressed with CLIP-POLGARF, SNAP-P32 showed clear
nucleolar localization (Fig. 4D). To determine whether it is full-
length, or mature P32 (without MTS) that accumulates in the
nucleoli in a POLGARF-dependent manner, we carried out
subcellular fractionation of cells overexpressing P32 with or
without POLGARF (Fig. 4E). Mass spectrometry analysis of
nucleolar P32 demonstrated that it retained the MTS (SI Ap-
pendix, Fig. S8). This suggests that its interaction with POLGARF
prevents P32 maturation, redirects P32 from the mitochondria to
the nucleoli, and thus may affect P32 functions.

A POLGARF C-Terminal Fragment, POLGARFin, Is Secreted from Cells
upon Serum Stimulation. To investigate the kinetics of POLGARF
accumulation, we fused POLGARF with HiBiT, an 11-amino
acid peptide which can complement a truncated Nanoluciferase
fragment (LgBiT) to regain full activity (56). After transfection
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of POLGARF-HiBiT, we detected a progressive increase in lu-
ciferase activity in HEK293T cell lysates. Interestingly, we also
detected luciferase activity in the conditioned media (SI Ap-
pendix, Fig. S9). Extracellular HiBiT-containing protein was

purified from the conditionedmedia with an engineered SNAP-LgBiT
protein and SNAP magnetic beads. Upon fractionation by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS/
PAGE), intracellular POLGARF-HiBiT migrates at 35 kDa as
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expected (Fig. 5A) whereas the purified extracellular HiBiT fu-
sion protein migrates at ∼17 kDa (Fig. 5B). LC-MS/MS analysis
of the extracellular HiBiT fusion identified it as a heterogeneous
population of C-terminal POLGARF fragments mainly pro-
duced by cleavages around positions 138 to 140 and 150 with a
minor population of both longer and shorter proteoforms
around the major cleavage positions (Fig. 5C). We called these
fragments POLGARFin. Notably, POLGARFin fragments were
not observed in cell lysates representing soluble cytosolic frac-
tions, nor could we detect full-length POLGARF in the media
(Fig. 5A). It seems unlikely that POLGARFin-HiBiT is released
into the media from dead cells. The most probable explanation is
that POLGARFin is secreted immediately after intracellular
POLGARF cleavage. Alternatively, the full-length protein can
be secreted and immediately cleaved outside of cells.
To investigate whether this secretion is regulated, we sub-

jected POLGARF-HiBiT overexpressing cells to various treat-
ments. It appeared that POLGARFin secretion is up-regulated
by serum addition: When the media of transfected cells is sup-
plemented with fresh media containing 10% fetal bovine serum
(FBS), rapid accumulation of POLGARFin is observed within
30 min after stimulation with no further increase over time
(Fig. 5C). In contrast, addition of serum-free media does not
result in POLGARFin secretion. POLGARFin secretion in re-
sponse to FBS-containing media does not depend on de novo
protein synthesis as supplementation of cells with serum-rich
media infused with cycloheximide does not prevent POLGARFin
extracellular accumulation. Collectively, these data suggest that
POLGARF is processed into actively secreted POLGARFin, which
may be implicated in extracellular signaling events.

Discussion
The results presented above provide strong evidence for the
unusual existence of alternative functional protein encoded
within the POLG mRNA. This protein, termed POLGARF, is
initiated by an unusually strong non-AUG codon due to its op-
timal nucleotide context (refs. 6 and 34, and this study), a 3′-
terminal secondary structure that allows the initiating ribosome

to stall (31), and the use of a CUG codon, the preferred non-
AUG start codon (5, 6, 41, 43). When two different proteins are
translated from a single mRNA, the efficiency of initiation at
each start codon could set the ratio of product steady state levels,
assuming each protein has similar stability. However, this ratio
may vary during conditions in which initiation efficiency is al-
tered. Eukaryotes have developed elaborate mechanisms for the
recognition of the correct initiation codon, and the levels of
certain initiation factors can regulate the fidelity of initiation,
especially on suboptimal (near-cognate and AUG in poor con-
text) start codons (2). While elevated levels of EIF1 can increase
the stringency of start codon selection, elevated levels of EIF5
have the opposite effect. Here, we show that overexpression of
either EIF1 or EIF5 had minimal effect on CUG-initiated
POLGARF (Fig. 2C), indicating that this highly efficient CUG
initiation is refractory to normal stringency controls. However, it
should be noted that these findings are in contrast to the effect of
eIF5 expression on GUG or CUG initiation from the eIF4G2
context (6), suggesting that a 3′ stem loop (not present in
eIF4G2) may be crucial for this effect.
Our analysis of the role of the conserved uORF in POLGARF

initiation reveals that both leaky scanning and reinitiating ribo-
somes can equally start translation at the POLGARF CUG (SI
Appendix, Fig. S4). However, since preventing translation of the
uORF (therefore no reinitiation) results in predominantly CUG
initiation then it follows that under normal conditions most of
the ribosomes initiating the POLG ORF are reinitiating ribo-
somes. This raises the intriguing possibility that the ratio of
POLG to POLGARF may be regulated by stress conditions.
Transposons are known to contribute to eukaryotic genome

evolution. The activity of short interspersed nuclear element
(SINE) transposons and their exonization made a particularly
large impact on mammalian genomes (57). Here we propose that
an event related to MIR transposition inflicted a birth of a dual-
coding gene. How did POLGARF evolve, and why did it sub-
sequently become fixed in placental mammals? All mammalian
sequences, with the exception of platypus, share significant
similarity with MIR sequences as determined with Dfam search
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(58). Therefore, it is likely that MIR insertion occurred after
Monotremata diverged from the common ancestor of Marsupials
and Placentals. We found that POLG sequences of many ver-
tebrate species (including platypus) lack stop codons in one of
the alternative frames in the first coding exon; thus, acquisition
of an in-frame start codon could lead to the expression of the
alternative frames. However, MIR did not contain a suitable
start codon. Two subsequent mutations had to occur to enable
POLGARF expression: a substitution of CCA with CTG and a
single nucleotide deletion downstream that was necessary to
place the CTG in-frame with the alternative ORF. Interestingly,
these variants are common for both marsupials and placental
mammals (shown in green in Fig. 3B), suggesting that proto-
POLGARF existed in their common ancestor. However, mar-
supials have two variants (in red in the region shown in Fig. 3B)
and several stop codons in the POLGARF frame further
downstream, suggesting that POLGARF was subsequently lost in
marsupials, while, in the common ancestor of placental mam-
mals, it acquired a functional role and became fixed in
subsequent lineages.
What may be the functional role of POLGARF? The poly-

peptide can be tentatively divided into four parts; notably, the
64-amino acid-long C terminus is the most conserved region,
with 22 invariant amino acids (SI Appendix, Fig. S10). We failed
to find any significant similarity between POLGARF and other
known or predicted proteins or any similarity with known
structural motifs. It seems likely that POLGARF is an intrinsi-
cally disordered protein (IDP) with a remarkably high isoelectric
point (pI =12.05 for a human protein).
As a conserved IDP, POLGARF has a good potential to be an

important regulatory protein. In cell signaling and regulation,
IDPs emerged as parts of integrated circuits. Indeed, the ca-
pacity of IDPs to acquire numerous posttranslational modifica-
tions and change conformation in a context-dependent manner
allows immense versatility of their interactomes (59, 60). The
observed specific interaction of POLGARF with P32 as well as
the modulatory effects of POLGARF on P32 localization and
processing exemplify the importance of POLGARF for cell
functioning (Fig. 4 and SI Appendix, Fig. S8). Along with P32,
other putative interaction partners of POLGARF (TRIP13,
CAMK2D, etc.) (SI Appendix, Table S1) can be considered as
good candidates for mechanistic follow-up studies.
According to Riboseq analysis and reporter assays, the levels

of POLG and POLGARF proteins should be comparable.
However, according to proteomics data, in contrast to the
moderately high levels of the housekeeping protein POLG,
POLGARF’s concentration is extremely low. Our discovery that
POLGARFin can be secreted is likely the most probable ex-
planation for this discrepancy. We propose that endogenous
POLGARF may be almost completely processed and secreted
outside of cells where it may participate in currently unknown
cell-to-cell communication. We speculate that the levels of se-
creted POLGARFin reflect the capacity of the donor cell to have
enough POLG to replicate mtDNA as both POLG and POL-
GARF are encoded in the same mRNA. In contrast, cells with
decreased expression of POLG mRNA would also produce less
POLGARFin.
Finally, these findings could have profound implications for

the interpretation of POLG mutations. As a previously unknown
dual coding gene, POLG could bear hidden mutations respon-
sible for diseases of still unknown etiology. Among the known
POLG mutations, some do not cause changes in the amino acid
composition of POLG. Such synonymous single nucleotide var-
iations (SNVs) are often considered harmless (except for their
potential effects on splicing) (61). However, in dual coding re-
gions (such as POLG/POLGARF described in this study), syn-
onymous SNVs in one ORF are unlikely to be synonymous in the

other ORF. This emphasizes the need to consider POLGARF
variants in future studies.

Materials and Methods
Cell Culture. Here and elsewhere, all reagents were from Millipore-Sigma,
unless stated otherwise. Human embryonic kidney HEK293T and Expi293F
cells were from the American Type Culture Collection (Manassas, VA) and
Thermo Fisher Scientific (Rockford, IL), respectively. HEK293T were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 2 mM L-glutamine, 100 U/mL penicillin/100 μg/mL streptomycin
(complete DMEM) with or without 10 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) (pH 7.2), in humidified atmosphere of 95%
air and 5% CO2 at 37 °C. Expi293F cells were maintained in Expi293 Ex-
pression medium (Thermo Fisher) at 8% CO2 and 37 °C under continuous
mixing at 160 RPM on an orbital shaker.

Plasmids and Constructs. To create plasmids for luciferase reporter assays, the
POLG 5′ leader plus 33 nt of POLG CDS were amplified by PCR from HEK293T
complementary DNA (cDNA) and cloned in dual luciferase vector p2-Luc (62)
between HindIII and BamHI restriction sites. All other variants were gener-
ated by two-step PCR using appropriately designed mutagenic or nested
deletion primers. For firefly luciferase reporters expressing varying
N-terminal amino acids (Fig. 2 B and C and SI Appendix, Figs. S1 C and D, S2B,
and S3B), HindIII and BamHI digested PCR amplicons were cloned into
p2-LucSG—a modified variant of p2Luc encoding the porcine enterovirus
StopGo sequence. Plasmids used to overexpress deregulated eIF1 (eIF1g*),
and deregulated eIF5 (eIF5-AAA), have been described previously (43).

Plasmids for expression of POLGARF and P32 with various tags (FLAG and
HiBiT at C terminus; GST, SNAP, and CLIP at N terminus) were created with
modified pcDNA3.4 vector (Thermo Fisher), which contained a custom polylinker.
SNAP and CLIP tags were originated from pSNAPf and pCLIPf vectors from New
England Biolabs (NEB, Ipswich, MA).

To create the plasmid containing SNAP-LgBiT, the gene block containing
the LgBiT sequence flanked by BamHI and NotI was ordered from IDT. The
pcDNA3.4-SNAP-POLGARF plasmid was treated with BamHI and NotI, and
the POLGARF coding fragment was exchanged with an LgBiT sequence to
yield pcDNA3.4. SNAP-LgBiT. For more details about plasmid preparation,
see SI Appendix, Supplementary Methods.

Cell Transfection. Four main transfection protocols were used (see SI Appendix,
Supplementary Methods for details): one-day Lipofectamine 2000-based protocols
for 1) suspended and 2) adherent HEK293T cells; 3) 40 to 48 h FuGENE protocol for
adherent HEK293T cells; and 4) 48 h Expifectamine 293 protocol for expi293F cells.

Dual Luciferase Assay and Western Analysis. Firefly and Renilla luciferase ac-
tivities were determined using the Dual Luciferase Stop & Glo System
(Promega). Relative light units were measured on a Veritas Microplate
Luminometer with two injectors (Turner Biosystems, Sunnyvale, CA). Trans-
fected cells were lysed in 15 μL of 1× Passive Lysis Buffer (PLB; Promega), and
light emission was measured following injection of 25 μL of either Renilla or
Firefly luciferase substrate. Initiation efficiencies (% initiation) were deter-
mined by calculating relative luciferase activities (Firefly/Renilla) of test
constructs and dividing by relative luciferase activities from replicate wells of
control ATG constructs.

For Western blotting in Fig. 2, transfected cells were lysed in 100 μL of 1×
PLB. Proteins were resolved by SDS/PAGE and transferred to Protran nitro-
cellulose membranes (GE Healthcare Life Sciences, Waukesha, WI), which
were incubated at 4 °C overnight with primary antibodies. Anti-EIF1 was a
kind gift from Ariel Stanhill (Technion-Israel Institute of Technology, Haifa,
Israel). Immunoreactive bands were detected on membranes after incuba-
tion with appropriate fluorescently labeled secondary antibodies using a
LI-COR Odyssey Infrared Imaging Scanner (LI-COR, Lincoln, NE).

For Western blotting analyses of POLGARF expression, transfected cells
were washed with phosphate-buffered saline (PBS) and lysed for 20 min on
ice with radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher),
containing phosphatase and protease inhibitors; complete protease inhibi-
tor mixture and PhosSTOP tablets were from Roche (Mannheim, Germany).
After lysate clarification by centrifugation for 15 min at 14,000 × g and 4 °C,
protein concentration was measured using BCA Protein Assay kit (Thermo
Fisher) and equalized. Proteins were separated by 4 to 20% polyacrylamide
gel electrophoresis using premade acrylamide gels and running buffers from
GeneScript (Piscataway, NJ), transferred onto a 0.2-μm ImmobilonTM-P
poly(vinylidene difluoride) (PVDF) membrane (Sigma) using the Hoefer TE
22 transfer system (Hoefer, Holliston, MA) and probed with antibodies
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against POLGARF (1:1,000) and α-tubulin (1:5,000) in 5% fat-free milk in Tris
buffered saline with Tween 20 (TBST) buffer (0.8% Tween 20). Immunoblots
were analyzed using the Amersham ECL Prime Kit from GE Healthcare Life
Sciences (Waukesha, WI) and the LAS-3000 Imager (Fujifilm). Quantitative
image analysis was performed with the ImageJ program using α-tubulin
signals for normalization.

GST and SNAP Pull Down Assays. For GST pull down assay, 2 × 108 expi293F
cells transfected with pcDNA3.4-GST-POLGARF or with pcDNA3.4-GST were
harvested by centrifugation and lysed in 2 mL of PLB. The lysates were di-
luted with PBS to 10 mL and incubated with 200 μL of GST-Sepharose (GE
Healthcare) for 1 h on ice under agitation. GST resin was washed three times
with 10 mL of PBS, and POLGARF bound proteins were eluted by incubation
with 1 μL of Prescission Protease (GE Healthcare) in PBS at 4 °C overnight.
The eluted proteins were resolved by SDS/PAGE and stained with Coomassie,
and protein bands were excised and subjected to matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) MS/MS analysis.

For SNAP pull down assay, transfected cells were lysed in 200 μL of PLB
supplemented with 1 mM DTT. The lysates were mixed with 30 μL of SNAP-
magnetic beads (NEB) and incubated for 1 h at 24 °C on a thermomixer (900
rpm). After incubation, the beads were washed twice with 1 mL of PBS
supplemented with 1 mM dithiothreitol (DTT), and bound proteins were
eluted by boiling with SDS gel loading buffer. The samples were resolved on
SDS/PAGE and immunoblotted with either anti-FLAG or with custom made
anti-POLGARF antibodies.

Staining of Cells with Probes and Confocal Microscopy. Transfected cells were
stained with SNAP-Cell TMR-Star or SNAP-Cell 647-SiR (NEB), both diluted
1:500 with complete DMEM for 30 min immediately prior to live cell imaging
or immunostaining. Cell imaging was conducted on an Olympus FV1000
confocal laser scanning microscope with controlled CO2, humidity, and
temperature. Analysis was performed using FV1000 Viewer software
(Olympus) and Microsoft Excel. See SI Appendix, Supplementary Methods for
detailed protocols of live cell staining, immunostaining, and imaging.

Subcellular Fractionation. Nucleolar fraction was prepared from suspension
expi293F cells according to the protocol described by Lamond and coauthors
(63) with modifications. Cells (2 × 108) were harvested by centrifugation 48 h
after transfection. Cell pellets were resuspended in 2 mL of hypotonic buffer
A (10 mM Hepes [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT, and
Complete Protease Inhibitor tablet), incubated on ice for 15 min, homoge-
nized 25 times in a Dounce tissue homogenizer (using a tight pestle “B”),
and centrifuged at 1,000 × g for 5 min. Pellets were resuspended in buffer A,
incubated on ice for 10 min, and then homogenization followed by centri-
fugation was repeated in order to obtain a purer nuclear pellet. Then, the
pellet was resuspended in 3 mL of S1 solution (0.25 M Sucrose, 10 mMMgCl2,
and Complete Protease Inhibitor tablet), layered over 3 mL of S2 solution
(0.35 M Sucrose, 0.5 mMMgCl2, and Complete Protease inhibitor tablet), and
centrifuged at 1,430 × g for 5 min. Purified nuclear pellets resuspended in
3 mL of S2 solution were sonicated 5× 10 s using SONICS Vibra cell (Sonics &
Materials Inc., Newton, CT) (50% of max power). The sonicated sample was
layered over 3 mL of S3 solution (0.88 M Sucrose, 0.5 mM MgCl2, and
Complete Protease Inhibitor tablet) and centrifuged at 3,000 × g for 10 min.
The resulting pellet contained the nucleolar enriched fraction.

MALDI-TOF Analysis. Protein spots were excised from the gel and digested
with trypsin. Mass spectra were recorded on an UltrafleXtreme MALDI-TOF/
TOF mass spectrometer (Bruker Daltonics) equipped with an Nd laser (354
nm). For the detailed protocol, see SI Appendix, Supplementary Methods.

Identification of POLGARF in Proteomics Data. Using the recently developed
Post-Acquisition Targeted Searches technique (47), we submitted the eight
longest predicted tryptic peptides from POLGARF for a targeted search in
the preanalyzed HEK293 interactome dataset (48). The search yielded a total
of 118 .raw file hits for 94 protein baits (SI Appendix, Table S1). For the baits
with greater than two predicted peptide identifications, all .raw data were
downloaded from the BioPlex2.0 website (http://bioplex.hms.harvard.edu)
for in-house database search analysis.

POLGARF-predicted tryptic peptides were searched in PeptideAtlas (64).
One of the peptides, AAAAQPIGHPDALER, turned out to be known and
identified in several proteome datasets mostly connected with immune cells.
In particular, this peptide was identified in a Jurkat dataset from ref. 51 and
in immune cell analysis from ref. 52. For some other cell lines, including
HEK293 cells, the dataset was taken from ref. 50. Corresponding datasets
were downloaded from ProteomeXchange for in-house database search

analysis. For the list of all publicly available datasets downloaded and
reanalyzed against the POLGARF-containing protein database, see SI Ap-
pendix, Table S4.

To obtain reference peptide spectra, POLGARF was overexpressed in
HEK293T and expi293F cells. The 293T cells were transfected in 12-well plates
with 1 μg of pcDNA3.4 POLGARF or pcDNA3.4 Timer (as a negative control)
with FuGENE transfection reagent according to the manufacturer’s instruc-
tions. After 48 h, the cells were washed with PBS and lysed in a sonication
bath in 150 μL of 1× Passive Lysis Buffer (Promega) supplemented with
Protease Inhibitor mixture (Roche). Expi293F cells were transfected
with pcDNA3.4 POLGARF or pcDNA3.4 (40 μg of DNA per 108 of cells) with
Expifectamine 293 (Thermo Fisher). After 48 h, cells were washed with PBS
and lysed in a sonication bath in 1× Passive Lysis Buffer (Promega) supple-
mented with Protease Inhibitor mixture (Roche). The lysates were heated for
10 min at 90 °C. Protein material was cleaned by precipitation, digested with
trypsin, and analyzed by LC-MS. For the detailed protocol, see SI Appendix,
Supplementary Methods.

LC-MS analysis was done on an Ultimate 3000 RSLCnano high-performance
liquid chromatography (HPLC) system in a trap-elute configuration connected
to a QExactive Plus mass spectrometer (Thermo Fisher). Peptides were sepa-
rated by a 2-h gradient of acetonitrile in water with the addition of 0.1%
formic acid (FA) in a home-packed 50 cm × 100 μm capillary column (65). MS
data were collected in a Data-Dependent Acquisition (DDA) mode. Detailed
parameters of the separation and detection are described in SI Appendix,
Supplementary Methods.

Raw files from BioPlex, from ProteomeXchange, and the in-house gen-
erated LC-MS data were subjected to protein identification in Peaks Studio X
(Bioinformatic Solution Inc., Waterloo, CA) against the UniProt Homo sapi-
ens database containing both canonical and isoform proteoforms (version
from 2019.08.26) with a manually attached POLGARF sequence. Search pa-
rameters included "trypsin with D|P" digestion with a maximum three mis-
cleavages, precursor mass correction, 10 parts per million (ppm), and 0.05-Da
error tolerance for precursor and fragment ions, respectively, oxidation (M)
and deamidation (NQ) as variable modifications (maximum number of var-
iable modification per peptide: five), and carbamidomethylation (C) as a
fixed modification, Decoy–Fusion false discovery rate (FDR) estimation.
Identification results were filtered by 0.1% peptide‐spectrum match (PSM)
FDR and one unique peptide per group, with the final protein FDR <1%.

Induction of POLGARFin Secretion. In initial experiments, HEK293T cells were
transfected in three 4-well plates with POLGARF-HiBiT (FuGENE protocol).
After every 24 h, a plate was taken out, medium and cells were harvested,
and luminescence in cell lysates and in the media was measured using a
Nano-Glo HiBiT luciferase assay. This experiment was repeated five times.

To investigate the conditions that mediate POLGARFin secretion,
HEK293T cells were transfected with POLGARF-HiBiT in 48-well plate
(FuGENE protocol). After 24 h posttransfection, medium was substituted for
fresh DMEM with or without 10% FBS, with or without 100 μg/mL cyclo-
heximide (or the same volume of dimethyl sulfoxide [DMSO] as control).
Every 30 min after media exchange, aliquots of the media were collected,
and HiBiT activity was analyzed with a Nano-Glo HiBiT luciferase assay
(Promega). This experiment was repeated 21 times.

Purification of POLGARFin from Cultured Media and LC-MS Analysis. To prepare
the bait protein SNAP-LgBiT containing lysate, pcDNA3.4 SNAP-LgBiT plas-
mid was transfected into expi293F cells (Expifectamine 293 protocol). Then,
48 h after transfection, 25 × 106 cells expressing SNAP-LgBiT were lysed in
5 mL of luciferase cell culture lysis (CCL) buffer (Promega). The lysate aliquots
were stored at −80 °C.

To prepare the conditioned media for POLGARFin purification, expi293F
cells were transfected with pcDNA3.4 POLGARF-HiBiT (and pcDNA3.4 for
negative control, Expifectamine 293 protocol). Forty-eight hours after
transfection, the media was substituted for a fresh one, and transfected cells
were grown for an additional 48 h. Then, the cells were sedimented by
centrifugation, and the conditioned media was used for POLGARFin
purification.

First, SNAP-LgBiT protein was loaded onto SNAP magnetic beads. For
that, 40 μL of prewashed SNAP magnetic beads were incubated with 500 μL
of SNAP-LgBiT lysate for 1.5 h at room temperature. Then, the beads were
washed in the CCL buffer supplemented with 0.5 M NaCl. Next, SNAP-
LgBiT–modified magnetic beads were incubated with 10 mL of the condi-
tioned medium for 30 min at room temperature with shaking. This proce-
dure was repeated five times with fresh aliquots of the POLGARF-HiBiT–transfected
cells medium. After the final incubation, the magnetic beads were washed in
buffer A1000 (20 mM Tris·HCl, 10% glycerol, 1 mMDTT, ethylenediaminetetraacetic
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acid [EDTA], 1 M KCl) and then washed two times in PBS (we have found that
high salt wash does not disrupt association of HiBiT-containing proteins
from SNAP-LgBiT). Bound proteins were eluted from the beads by incuba-
tion with 1x SDS-Loading dye for 5 min at 50 °C and resolved on Tris-Tricine
SDS/PAGE. The gels were either stained with Coomassie (for mass spectrometry
analysis) or transferred to a nitrocellulose membrane and then analyzed with
HiBiT-blot. Briefly, the membrane was incubated in TBST buffer for 30 min,
followed by sequential incubation with the buffer, LgBiT protein, and Fur-
imazine from a Nano-Glo HiBiT luciferase assay (Promega) for 5 min followed
by chemiluminescence detection on ChemiDoc XRS+ (Bio-Rad).

For LC-MS sequencing, the HiBiT-containing protein was purified from the
conditioned media using the SNAP-LgBiT bait protein, resolved on a Tris-
Tricine gel, and stained with Coomassie. The protein band corresponding to
the mobility of the POLGARFin-HiBiT protein in the blot experiment of the
same eluate was excised and analyzed by LC-MS/MS. In-gel protein digestion
was done as in ref. 66 without protein reduction and Cys alkylation. The gel
slice was divided into six pieces; three were digested with GluC, and the
other three with GluC and trypsin. All samples were analyzed by LC-MS in
the same way as for the full-cell proteome analysis described above. Peptides
were separated on an Acclaim PepMap C18 2-μm column, 75 μm × 150 mm,
using a 45-min gradient. Each sample was analyzed by a single LC-MS run.

The data were analyzed in PEAKS software against a Uniprot human
database with a manually attached POLGARF sequence and the common
contaminant database. The enzyme parameter was selected as “Specified by
each sample” with semispecific digestion and chosen accordingly to the
proteases used in the sample preparation. The results were filtered to PSM
FDR 1%, which resulted in 2.1% peptide FDR and 0.2% protein group FDR.

Data Presentation. The number of biological replicates for each experiment is
indicated in each figure legend. For all box plots, center lines show the
medians; box limits indicate the 25th and 75th percentiles as determined by R
software; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles, and outliers are represented by dots. The alignment shown
in Fig. 3B was manually refined.

Data Availability. The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD016007 (http://proteomecentral.proteomexchange.
org/cgi/GetDataset?ID=PXD016007).

Note. While this manuscript was under revision, an independent study pro-
vided bioinformatics evidence for the existence of alternative reading frame
translation in POLG (67).
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