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mRNAs containing premature termination codons (PTCs) are rapidly degraded through nonsense-
mediated mRNA decay (NMD). However, some PTC-containing mRNAs evade NMD, and might
generate mutant proteins responsible for various diseases, including cancers. Using PTC-containing
human genomic 3-globin constructs, we show that a fraction (~30%) of PTC-containing mRNAs
expressed from NMD-competent PTC-containing constructs were as stable as their PTC-free
counterparts in a steady state. These PTC-containing mRNAs were monosome-enriched and rarely
contributed to expression of mutant proteins. Expression of trace amounts of mutant proteins from

© NMD-competent PTC-containing constructs was not affected by inhibition of elIF4E-dependent

. translation and such expression was dependent on a continuous influx of newly synthesized PTC-

. containing mRNAs, indicating that truncated mutant proteins originated primarily in the pioneer round
of translation. The generation of mutant proteins was promoted by UPF1 depletion, which induced
polysome association of PTC-containing mRNAs, increased elF4E-bound PTC-containing mRNA levels,
and subsequent elF4E-dependent translation. Our findings suggest that PTC-containing mRNAs are
potent and requlatable sources of mutant protein generation.

Nonsense-mediated mRNA decay (NMD) is a quality-control mechanism at the level of translation that degrades
- PTC-containing mRNAs generated by nonsense/frameshift mutations, gene rearrangement, or splicing'~. If
. translated, PTC-containing mRNAs have the potential to produce deleterious truncated proteins that could
. derange cellular function through gain-of-function or dominant-negative activity. Central to the NMD pathway,
© various factors, such as exon-junction complexes (EJCs) and UPF complexes, play key roles**. The ultimate goal
of NMD is to prevent the generation of truncated mutant proteins by degrading the PTC-containing mRNAs.
If mutant mRNAs contain a PTC in the last exon, they are not efficiently recognized by NMD
(NMD-irrelevant), and truncated mutant proteins are expected to be generated from these mRNAs in human
cells®. We previously reported that NMD-irrelevant PTC-containing mRNAs generated by frameshift mutations
. in the last exon were intact and translated to truncated mutant proteins with neopeptides (neoantigen) in colorec-
. tal cancers with high microsatellite instability (MSI-H). These truncated mutant proteins are rapidly removed
: in human cells by proteasome-mediated degradation, which is another check point, and can be used as potent
* tumor antigens’. Except for the mutant mRNAs containing a PTC in the last exon, the other mutant mRNAs con-
. taining PTC are expected to be degraded by NMD. However, studies have provided growing evidence that some
. NMD-competent PTC-containing mRNAs evade NMD, exist stably in human cells, and/or can be rescued from
: NMD surveillance under specific physiological conditions®~'2. It is crucial to determine whether mutant proteins

are generated from these PTC-containing mRNAs that evade or are rescued from NMD, because generation of

mutant proteins is directly linked to diseases, especially cancers®!>!*. Moreover, recent studies have shown that
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mutational load and neoantigen load are significantly associated with clinical benefits when immunotherapies are
applied to patients with melanoma or MSI-H colorectal cancers. This finding highlights the importance of gaining
a deeper understanding of mechanisms underlying mutant protein generation'>'°.

Using general and Tet-Off expression constructs containing human genomic (3-globin, we show that some
PTC-containing mRNAs from NMD-competent PTC-containing constructs were stably expressed in a steady
state. These mRNAs were mostly associated with monosomes and rarely contributed to continuous mutant
protein generation. Trace amounts of mutant proteins were detectable from NMD-competent PTC-containing
constructs, and they were expressed primarily during the pioneer round of translation of newly synthesized
PTC-containing mRNAs. We also provide evidence that NMD inhibition by UPF1 or SMG1 knockdown induced
bulk production of mutant proteins through eIF4E-dependent translation. Overall, our findings indicate that
trace amounts of truncated mutant proteins are constantly generated in the pioneer round of translation and
that generation of mutant proteins can be significantly enhanced through eIF4E-dependent translation of
PTC-containing mRNAs by inhibiting UPF1 or SMGL.

Materials and Methods

Cell lines and reagents. HeLa and HEK293 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were maintained in Dulbeccos Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (Life Technologies, Carlsbad, CA, USA) according to ATCC guidelines. Cells were treated
with proteasome inhibitor MG132 (Merck, Kenilworth, NJ, USA) and 4EGi-1 (Santa Cruz Biotechnology, TX,
USA), which inhibits the interaction of the translation initiation factors eIF4E and eIF4G, to specifically block
eIF4E-dependent translation'”. To confirm the stability of mRNAs expressed from 3-globin constructs, cells were
treated with Actinomycin D (ActD; Sigma, St. Louis, MO, USA) to inhibit transcription.

Semi-qPCR and qPCR. Total RNA was isolated from cells transfected with expression constructs encoding
B-globin and EGFP using illustra RNAspin Mini Kits (GE Healthcare, Chalfont St. Giles, UK), and RT was carried
out using 2 pg of RNA. qPCR was conducted using the ABI PRISM 7500 Sequence Detector (Applied Biosystems,
Foster City, CA, USA) and SYBR Premix Ex TaqllI (TaKaRa, Shiga, Japan), according to the manufacturers’ guide-
lines. 3-globin mRNA levels were normalized to that of EGFP.

Plasmid construction and transfection. Two human 3-globin expression constructs were prepared, one
containing genomic DNA, including introns, and the other containing cDNA. To generate the genomic DNA
expression vector (gBglo-WT), the three exons of the 3-globin gene and intervening introns were cloned into
vector PCMV10 containing a 3xFLAG tag. Point mutagenesis was carried out to generate mutant constructs
gBglo-P39 and gBglo-P66 (PTC located in exon 2) and gBglo-P101 and gBglo-P127 (PTC located in exon 3, the
last exon). To generate the cDNA expression vector (cBglo-WT), coding regions of the 3-globin gene were ampli-
fied by PCR from cDNA obtained from RNA isolated from cells transfected with gBglo-WT and cloned into vec-
tor PCMV 10 containing a 3xFLAG tag. Using cBglo-WT, mutant constructs cBglo-P39, cBglo-P66, cBlgo-P101
and cBglo-127 were generated by point mutagenesis. To construct Tet-Off genomic 3-globin expression vec-
tors, the region of genomic (3-globin in the PCMV10 vector with a 3xFLAG was cleaved and subcloned into
the pTet-Oft vector (Clontech, Mountain View, CA, USA). Cells transfected with pTet-Off 3-globin expression
vectors were treated with doxycycline (Dox; Clontech) to repress transcription. The coding regions of 4E-BP1
and eIF4E were cloned into PCMV10 containing a HA tag. Cells were cotransfected with vector CMV10-EGFP
as internal control. Cells were transfected with each 3-globin expression construct alone and together with short
interfering RNAs (siRNAs) targeting EIF4Alll, Y14, UPF1, UPF2, MAGOH, or SMG1 (Bioneer, Daejeon Korea)
using Lipofectamine 3000 (Life Technologies) according to the manufacturer’s protocol and harvested 3 days
later. The primers used for cloning and nucleotides targeted by siRNAs are shown in Supplementary Table S1.

Western blotting. Total proteins were prepared from transfected cells using Passive Lysis Buffer (Promega,
WI, USA), and 30 pg of each sample were separated by SDS-PAGE and transferred to PVDF membranes. After
blocking with Tris-buffered saline with Tween 20 (TBST) containing 5% skim milk, blots were incubated for
1h at room temperature with primary antibodies against GAPDH (Trevigen, MD, USA), HA (Santa Cruz
Biotechnology), UPF1 (Cell Signaling Technology, MA, USA), SMG-1 (Cell Signaling Technology), Y14 (Santa
Cruz Biotechnology), UPF2 (Santa Cruz Biotechnology), EIF4Alll (Proteintech, Manchester, UK), MAGOH
(Santa Cruz Biotechnology), FLAG (Sigma), GFP (BD Biosciences, NJ, USA), eIF4E (Santa Cruz Biotechnology),
and HIF1-o (Cell Signaling Technology). Horseradish peroxidase (HRP)-conjugated secondary antibody (Santa
Cruz Biotechnology) was used.

Polysome fractionation. Forty-eight hours after transfection of expression vectors, HeLa cells were incu-
bated with 100 ug/mL cycloheximide for 5min at room temperature and washed three times with ice-cold PBS.
Cells were collected by scraping into PBS and then incubated in lysis buffer (15mM Tris-HCl (pH 7.4), 3mM
MgCl,, 10mM NaCl, 0.5% Triton X-100, 100 ug/mL cycloheximide, and 200 U RNasin). Nuclei and debris were
removed by centrifugation at 12,000 g for 2 min. One milliliter of each sample was layered onto an 11-mL 10-50%
sucrose gradient and centrifuged for 2h at 4°C in an SW41 rotor at 39,000 rpm. Twelve fractions were collected
from the top of each gradient, with concomitant measurements of absorbance at 254 nm, using a fraction collec-
tion system. RNA was extracted from each fraction using TRIZOL reagent (Life Technologies) and analyzed by
Semi-qPCR.

Immunoprecipitation and m’GTP Sepharose pull-down assay. For the immunoprecipitation assay,
HeLa cells transfected with HA-4E-BP1 or treated with 4EGi-1 were lysed with Passive Lysis Buffer and lysates
were incubated overnight with eIF4G antibody (Cell Signaling Technology). After the incubation of lysates with
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A/G PLUS Agarose (Santa Cruz Biotechnology), beads were washed 5 times with Tris-buffered saline (TBS) and
resuspended with 3 x SDS sample buffer. For the m’GTP Sepharose pull-down assay, cell lysates were incubated
with m’GTP Sepharose (Jena Bioscience, Jena, Germany) for 2h at 4 °C and Sepharose beads were washed 5 times
with NT2 buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM MgCl,, 0.05% NP40). Then, Sepharose beads
were resuspended with 3 x SDS sample buffer. Western blotting was performed using the resuspended samples
obtained from immunoprecipitation and m’GTP Sepharose pull-down assays.

RNA immunoprecipitation and RNA fluorescent in situ hybridization (FISH). HeLa Cells trans-
fected with 3-globin and HA-eIF4E expression constructs were harvested and lysed in hypotonic gentle lysis
buffer (10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 2mM EDTA, 0.5% Triton X-100, protease inhibitor cocktail
(Roche, Basel, Switzerland), 40 U/ml RNaseOUT) for 10 min on ice. Then, lysates were incubated overnight with
anti-HA beads (Sigma-Aldrich). Beads were washed 10 times with washing buffer (50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 0.05% Triton X-100) and resuspended in 1 ml of Trizol (Life Technologies). Protein and RNA
were isolated according to the manufacturer’s protocol. For the RNA FISH experiment, HeLa cells transfected
with Bglo-WT, Bglo-P39, or Bglo-P66 were fixed with 3.7% formaldehyde in PBS for 10 min and permeabilized
with 70% ethanol for 1h. Then, cells were hybridized with a 3-globin mRNA-specific probe in a humidified
chamber at 37°C for 4h. A probe targeting GAPDH mRNA was used as a positive control. Probe sequences
targeting 3-globin and GAPDH mRNA were 5’-(CAL Fluor Red 610)-cactcagtgtggcaaaggtg-3’ and 5'-(FAM)-g
ttaaaagcagccctggtga-3/, respectively. All buffers and probes used for the RNA FISH experiment were purchased
from Biosearch Technologies (Novato, CA, USA). All images were obtained using a LSM700 confocal microscope
(Carl Zeiss, Oberkochen, Germany).

Statistical analysis. Data are expressed as mean = standard deviation; P < 0.05 was considered significant.
One-way ANOVA with a post-hoc test (Bonferroni) was performed to compare multiple means using SPSS for
Windows (version 21.0; SPSS Inc., Armonk, NY, USA).

Data availability statement. All data analyzed in this study are presented in this article and also available
upon request.

Results

Some PTC-containing mRNAs expressed from constructs gBglo-P39 and gBglo-P66 are not
degraded. To study the generation of mutant proteins from PTC-containing mRNAs, we created a construct
using the unspliced form of human wild-type 3-globin genomic DNA (gBglo-WT). We then mutagenized gBg-
lo-WT, introducing a PTC at amino acid position 39 or 66, to generate constructs gBglo-P39 and gBglo-P66,
respectively (NMD-competent constructs). Constructs gBglo-P101 and gBglo-P127 were generated by mutagen-
esis of gBglo-W'T, introducing a PTC at amino acid position 101 or 127, which occur in the last exon (exon 3) of
the 3-globin gene (NMD-irrelevant constructs) (Fig. 1a). HeLa cells were transfected with 3-globin constructs
and harvested 48 hours later. Semi-quantitative (qQ)PCR was performed to compare expression levels of precur-
sor 3-globin mRNAs and quantitative (qQ)PCR was performed to compare expression levels of mature 3-globin
mRNAs. Irrespective of PTC location, expression levels of precursor 3-globin mRNAs from all 3-globin con-
structs were similar (Fig. 1b). No significant differences were observed among the levels of mature 3-globin
mRNAs expressed from gBglo-WT, gBglo-P101 and gBglo-P127, which shows that the NMD-irrelevant PTC-
containing gBglo-P101 and gBglo-P127 mRNAs were not recognized as NMD substrates. On the other hand, the
steady-state levels of mRNA from gBglo-P39 and gBglo-P66 were approximately 30% that of gBglo-WT mRNA
(Fig. 1c). RNA FISH was further performed using HeLa cells transfected with gBglo-WT, gBglo-P39, or gBG-
lo-P66 and immunofluorescent intensities of 3-globin and GAPDH mRNA were quantified. The 3-globin mRNAs
from gBglo-WTT, gBglo-P39, and gBglo-P66 showed cytoplasmic localization (Fig. 1d) and mean immunofluores-
cent intensities of mutant 3-globin mRNA from gBglo-P39 and gBglo-P66 were approximately 35% and 33% that
of gBglo-WT mRNA, respectively (Fig. le).

Undegraded PTC-containing gBglo-P39 and gBglo-P66 mRNA in a steady state are as stable as
their PTC-free counterparts, but generate negligible amounts of mutant protein.  Generation
of mutant proteins is largely dependent on the stability of their source mRNAs. Therefore, we sought to investi-
gate the stability of undegraded PTC-containing gBglo-P39 and gBglo-P66 mRNA in a steady state. To measure
the mRNA level after the inhibition of transcription, we employed Actinomycin D, which blocks RNA poly-
merases. HeLa cells were transfected with the genomic (3-globin constructs, treated with ActD, harvested at six
time points (0, 1, 2, 4, 6, and 8 h after ActD treatment), and then analyzed by qPCR. The estimated half-lives
of 3-globin mRNA from gBglo-WT, gBglo-P39, gBglo-P66, gBglo-P101, and gBglo-P127 were 11.33h, 9.88h,
10.16h, 11.51h, and 11.61 h, respectively (Fig. 2a). The time-dependent decrease in mRNA expression from the
five 3-globin constructs was similar, regardless of PTC location (Fig. 2b). Although ActD is the most widely used
reagent to estimate the RNA half-life, several studies have reported unexpected effects of ActD on RNA degra-
dation and translation'®!. Therefore, we additionally generated a Tet-Off 3-globin expression vector system by
cloning 3-globin genomic DNA into a Tet-Off vector, which allowed us to exclude any global and toxic effects
of Actinomycin D on translation and RNA degradation. HeLa cells were transfected with the Tet-Off 3-globin
constructs, treated with Dox, harvested at the same time points used for the ActD-mediated chase experiment,
and then analyzed by qPCR. The estimated half-lives of 3-globin mRNA from gBglo-W'T, gBglo-P39, gBglo-P66,
gBglo-P101, and gBglo-P127 were 10.55h, 10.08 h, 10.26 h, 10.96 h, and 10h, respectively (Fig. 2c). We also found
that the time-dependent decrease in the mRNA level from the five Tet-Off 3-globin constructs was similar to
that observed in the ActD-mediated chase experiment (Fig. 2d). Comparing the half-lives obtained using the
Tet-Off system and using ActD showed that the remaining PTC-containing gBglo-P39 and gBglo-P66 mRNAs in
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Figure 1. Construction and expression of vectors containing human genomic 3-globin. (a) Schematic diagram
of expression vector containing wild-type human genomic 3-globin (gBglo-WT) and plasmids derived from
gBglo-WT by introducing premature termination codons (PTCs) at the indicated positions. (b) Schematic of
location of semi-qPCR amplicon. Semi-qPCR analysis of precursor (3-globin mRNA, with EGFP serving as
internal control (c) qPCR analysis of mRNA isolated from HeLa cells transfected with the 3-globin constructs.
(d) RNA-FISH-mediated evaluation of the cytoplasmic localization of 3-globin mRNAs from gBglo-W'T,
gBglo-P39, and gBglo-P66. (e) Immunofluorescence intensity of 3-globin was quantified and normalized that
of GAPDH mRNA. Every experiment contributing to Fig. 1 was performed three independent times and the
results of one representative experiment are shown. One-way ANOVA with a post-hoc test was performed

to compare multiple means. ***p < 0.001. Error bars in (c) and (e) represent the SD of the mean of three
independently performed qPCR analyses and the SD of the mean of normalized 3-globin intensities from 10
randomly selected cells, respectively.

a steady state were as stable as the wild-type 3-globin mRNAs, and we considered these mRNAs a potential and
stable source for the generation of mutant proteins. Transfecting gBglo-W'T, gBglo-P39, and gBglo-P66 into HeLa
cells, the stability of PTC-containing mRNAs from gBglo-P39 and gBglo-P66 was further measured at earlier
time points after Dox treatment. Unlike wild-type 3-globin mRNA, PTC-containing mRNA from gBglo-P39 and
gBglo-P66 showed a biphasic decay pattern at earlier time points, which is consistent with a previous report?, and
further demonstrated that there are two PTC-containing mRNA populations (highly unstable and stable popu-
lations) (Fig. 2e). Then, the mutant protein expression from the gBglo-P39 and gBglo-P66 constructs was ana-
lyzed in HeLa cells. Western analysis showed that the levels of mutant 3-globin expressed from gBglo-P101 and
gBglo-P127 were approximately 71% and 73%, respectively, that of wild-type 3-globin expressed from gBglo-WT;
however, mutant 3-globin protein was undetectable in cells transfected with gBglo-P39 and gBglo-P66. We con-
firmed mRNA expression from each construct by qPCR (Supplementary Fig. S1a).

Considering the stability of the undegraded PTC-containing mRNAs from gBglo-P39 and gBglo-P66 in a
steady state, the undetectable levels of protein expression from gBglo-P39 and gBglo-P66 was attributable to
intrinsic low stability of the mutant proteins. To evaluate the stability of mutant 3-globins, we generated cDNA
forms of the original 3-globin expression constructs (cBglo-WT, cBglo-P39, cBglo-P66, cBglo-P101, and
cBglo-P127). These vectors expressed NMD-irrelevant PTC-containing mRNAs because of the lack of EJC
assembly (Supplementary Fig. S1b). The five cDNA (3-globin constructs were transfected into HeLa cells and,
this time, cells were treated with proteasome inhibitor MG132 to prevent potential proteasomal degradation of
unstable mutant proteins. Protein and mRNA levels were analyzed by western and qPCR, respectively. Mutant
proteins expressed from cBglo-P101 and cBglo-P127 were detected with and without proteasomal inhibition.
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Figure 2. The undegraded PTC-containing mRNAs from gBglo-P39 and gBglo-P66 are highly stable, but
generate trace amounts of mutant proteins in a steady state. (a,b) qQPCR analysis of mRNA expressed from
expression vectors gBglo-W'T, gBglo-P39, gBglo-P66, gBglo-P101, and gBglo-P127 in HeLa cells at indicated
times after treatment with Actinomycin D (ActD). GAPDH and c-Myc served as stable and highly unstable
controls, respectively. (¢,d) qPCR analysis of mRNA expressed from Tet-Off 3-globin expression vectors
gBglo-WT, gBglo-P39, gBglo-P66, gBglo-P101, and gBglo-P127 in HeLa cells at indicated times after treatment
with Doxycycline (Dox). Arbitrary values and relative values are shown in (a) and (c), and in (b) and (d),
respectively. (e) QPCR analysis of mRNA expressed from gBglo-WT, gBglo-P39, and gBglo-P66 at early time
points after Dox treatment. (f) Western analysis of wild-type and mutant protein expression from the indicated
genomic 3-globin constructs in HeLa cells with or without proteasome inhibitor MG132. Arrows indicated the
expected positions of mutant proteins. GAPDH served as internal control. HIF1 expression was measured to
confirm inhibition of proteasomal degradation by MG132. (g) Quantification of band intensities for the western
blot shown in (f). (h) qPCR analysis of mRNA expressed from the indicated genomic 3-globin constructs in
HeLa cells with or without MG132. Every experiment summarized in Fig. 2 was performed two independent
times and the results of one representative experiment are shown. Error bars in (a-e) and (h), and in (g)
represent the SD of the mean of two independently performed qPCR analyses and the SD of the mean of band
intensities obtained from two independently performed western blots, respectively. IB, immunoblot.

Low level of mutant protein expressed from cBglo-P39 was detected, only after MG132 treatment, and, notably,
substantial level of mutant protein expressed from cBglo-P66 was detected with MG132 treatment. Expression
levels of mRNAs from all cDNA (3-globin constructs were almost similar (Supplementary Fig. S1c). This finding
indicates that the gBglo-P66 construct is an appropriate model to investigate the generation of mutant proteins
from PTC-containing mRNAs in a steady state. Then, protein and mRNA expression were analyzed in HeLa cells
transfected with the genomic 3-globin expression constructs. Mutant proteins expressed from gBglo-P66 were
not detectable, although MG132 treatment rescued the expression of mutant protein (Fig. 2f). HIF1a expression
was measured to confirm inhibition of proteasomal degradation by MG132. The intensities of 3-globin bands
were quantified by densitometry (Fig. 2g). We also confirmed that mRNA expression from each construct was
minimally affected by MG132 treatment (Fig. 2h).
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Figure 3. Trace amounts of mutant proteins from gBglo-P66 do not originate from eIF4E-dependent
translation. (a) qPCR analysis of relative mRNA expression in HeLa cells transfected with constant amount of
gBglo-WT or increasing amounts of gBglo-P66 in the presence and absence of MG132. (b) Western analysis of
protein expression in the same samples used for (a) in the presence and absence of MG132. GAPDH served as
internal control. (¢) Quantification of band intensities for the western blot shown in (b). (d) Western analysis of
protein expression in HeLa cells transfected with gBglo-WT or gBglo-P66 with and without Dox preincubation.
The HeLa cells were also treated with MG132 for the indicated time. (e) Quantification of band intensities

for the western blot shown in (d). (f) qPCR analysis of relative mRNA expression levels in the same samples
used in (d). (g) Normalization of protein levels quantified in (e) relative to its RNA level shown in (f). (h,i) An
immunoprecipitation assay of eIF4E/eIF4G and a pull-down assay using m’GTP-Sepharose after transfecting
gradually increasing amounts of HA-4E-BP1 or treatment with gradually increasing concentrations of 4EGi-1.
(j) Western analysis of protein expression in HeLa cells cotransfected with constant amount of gBglo-WT or
gBglo-P66 and increasing amounts of expression vector encoding eIF4E-dependent translation inhibitors 4E-
BP1. (k) Western analysis of protein expression in HeLa cells transfected with gBglo-WT or gBglo-P66 after
treatment with increasing concentrations of 4EGi-1. (1) Quantification of band intensities of separately exposed
western blots excised at the gBglo-P66 size shown in (j) and (k). Every experiment in Fig. 3 was performed two
independent times and the results of one representative experiment are shown. Error bars in (a) and (f), and in
(c), (e), and (1) represent the SD of the mean of two independently performed qPCR results and the SD of the
mean of band intensities obtained from two independently performed western blots, respectively.

elF4E-dependent translation is not involved in the generation of mutant proteins from
gBglo-P66. Since mutant proteins from gBglo-P66 were detectable after MG132 treatment, we hypothesized
that expression of more PTC-containing mRNAs would lead to expression of more mutant proteins. Therefore,
mRNA and protein levels in HeLa cells transfected with a constant amount of gBglo-WT or increasing amounts
of gBglo-P66, and cultured with or without MG132, were analyzed by qPCR and western blotting, respectively.
Expression of undegraded PTC-containing gBglo-P66 mRNA increased gradually as the amount of transfected
gBglo-P66 increased (Fig. 3a). However, the level of mutant protein did not increase with the accumulation of
mutant mRNAs (Fig. 3b,c). Concomitant increases in mRNA and protein levels were observed when we per-
formed the same experiment using gBglo-WT (Supplementary Fig. S2). We then sought to clarify from where
the small amount of mutant 3-globin protein originated. It is known that the bulk of cellular protein is produced
while mRNAs undergo eIF4E-dependent translation, and some cellular proteins are also generated during the
pioneer round of translation (CBP-dependent)?*2L. If the stably remaining PTC-containing mRNAs undergo
steady-state rounds of translation directed by eIF4E, we expected continuous generation of mutant proteins
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without influx of newly synthesized PTC-containing mRNAs. To test our hypothesis, Tet-Off 3-globin expression
vectors were transfected into HeLa cells to measure the changes in RNA and protein levels in gBglo-WT and
gBglo-P66 over time, with and without MG132 after 2 hours of Dox preincubation, which is sufficient for the
removal of most rapidly degraded PTC-containing mRNA according to our data shown in Fig. 2a-e (Fig. 3d-f).
Then, the quantified protein level was normalized against its RNA level (Fig. 3g). The western blot and qPCR
analyses showed that the gBglo-WT level gradually increased, with or without transcriptional inhibition in the
presence of MG132, while no gradual increase in the gBglo-P66 level was observed with transcriptional inhibi-
tion in the presence of MG132. These findings indicate that the continuous influx of PTC-containing mRNAs, at
least in part, contributes to the constant generation of trace amounts of mutant protein from gBglo-P66. Then,
we sought to elucidate the involvement of eIF4E-dependent translation in the generation of mutant proteins from
gBglo-P66 to determine which mode of translation (CBP-dependent and eIF4E-dependent mode of translation)
is important for the generation of mutant proteins from gBglo-P66. We used 4E-BP1 and 4EGi-1 as specific
inhibitors of eIF4E-dependent translation!’. A coimmunoprecipitation assay of e[F4G/eIF4E and a pull-down
assay using m’GTP-Sepharose were performed to evaluate whether 4E-BP1 and 4EGi-1 effectively inhibit eIF4E
from forming an initiation complex for eIF4E-dependent translation in our system. These assays showed that the
interaction of eIF4E with eIF4G was substantially disturbed when cells were transfected with gradually increas-
ing amounts of the HA-4E-BP1 expression vector or treated with gradually increasing concentrations of 4EGi-1
(Fig. 3h,i). Then, HeLa cells were cotransfected with 4E-BP1 construct and gBglo-WT or gBglo-P66. Wild-type
B-globin expression from gBglo-WT was gradually reduced as 4E-BP1 expression increased; however, mutant
B-globin expression from gBglo-P66 was not affected by 4E-BP1 expression level (Fig. 3j). In parallel experiments
in which transfected cells were treated with eIF4E-specific translation inhibitor 4EGi-1, we confirmed that mutant
(-globin expression from gBglo-P66 was not affected by inhibition of eIF4E-dependent translation (Fig. 3k). Due
to the very low expression level of gBglo-P66 compared to that of gBglo-WT in the same western blot, separately
exposed blots excised at the size of gBglo-P66 (shown in Fig. 3j,k) were quantified, and these results further
confirmed that the inhibition of eIF4E-dependent translation had minimal effect on mutant 3-globin expression
from gBglo-P66 (Fig. 31). These findings suggest that mutant 3-globin expression from gBglo-P66 is independent
of eIF4E-dependent translation and could be attributed to the pioneer round of translation of newly synthesized
PTC-containing mRNAs.

Polysome association of PTC-containing mRNA expressed from gBglo-P66 is induced by
inhibition of NMD. To evaluate the translational status of the undegraded PTC-containing mRNAs from
gBglo-P66 in a steady state, HeLa cells transfected with constructs gBglo-P66 and gBglo-WT were lysed and frac-
tionated by sucrose gradient density centrifugation. Absorbance of fractions at 254 nm was measured to identify
fractions containing polysomes, which were then analyzed by Semi-qPCR. Samples prepared from cells trans-
fected with cBglo-P66 and cBglo-W'T served as NMD-irrelevant controls. We also analyzed the association of
PTC-containing mRNAs from gBglo-P66 with polysomes when NMD was inhibited by siRNA-mediated UPF1
depletion. The polysome analysis showed that the gBglo-WT and cBglo-WT mRNAs were detected primarily
in polysome-associated fractions (right shifted), as was GAPDH mRNA, a translationally competent control
mRNA (Fig. 4a,b). The gBglo-WT mRNAs detected in polysome-associated fractions were shifted to the mono-
some fractions by puromycin treatment, which releases ribosomes during the elongation step, ensuring that the
mRNAs detected in the heavy fractions represent polysome-associated mRNAs (Fig. 4c). The distribution pattern
of 3-globin gBglo-P66 mRNA was shifted left relative to that of cBglo-P66 mRNA, indicating that the undegraded
PTC-containing mRNAs expressed from gBglo-P66 in a steady state were mostly associated with monosomes (left
shifted) (Fig. 4d,e). On the other hand, polysome-association of gBglo-P66 mRNAs (right-shifted) was observed
when NMD was inhibited by UPF1 depletion and their association with polysomes was disrupted by puromy-
cin treatment (Fig. 4f,g). Comparing the polysome association patterns of 3-globin mRNAs from gBglo-P66,
cBglo-P66, and gBglo-P66 with UPF1 depletion and gBglo-P66 with both UPF1 depletion and puromycin treat-
ment suggests that the undegraded PTC-containing mRNAs from gBglo-P66 are not efficiently translated in a
steady state and that inhibition of NMD induces the association of PTC-containing mRNAs from gBglo-P66 with
polysomes, which, in turn, might lead to bulk generation of mutant protein from gBglo-P66 (Fig. 4h).

The bulk of mutant protein is generated from gBglo-P66 when NMD is inhibited. Based
on the results of polysome analysis, we further determined if the bulk of mutant protein was generated from
gBglo-P66 when NMD was inhibited. Therefore, levels of protein and mRNA expression from gBglo-WT and
gBglo-P66 were measured with and without NMD inhibition. To rule out repressive effects on translation, chem-
ical NMD inhibitors, such as cycloheximide and emetine, were not used in this study. qPCR analysis showed
that gBglo-P66 mRNA expression level nearly doubled when NMD was inhibited by UPF1 depletion, whereas
gBglo-WT mRNA expression was essentially unchanged (Fig. 5a). Concomitant western analysis of protein levels
showed that only slight increase in gBglo-WT protein was associated with UPF1 depletion (Fig. 5b and ¢). In
addition, gBglo-P101 and gBglo-P127 (NMD-irrelevant) mRNA and protein levels were also barely affected by
NMD inhibition (Supplementary Fig. S3). On the other hand, UPF1 knockdown induced about 4-fold increase
in mutant gBglo-P66 protein level in the presence of MG132 when gBglo-P66 mRNA expression level doubled
(Fig. 5b-d). To test the involvement of eIF4E-dependent translation in the increase in mutant proteins by UPF1
depletion, we measured the mutant gBglo-P66 protein level after inhibition of eIF4E-dependent translation by
4E-BP1 or 4EGi-1 with and without UPF1 depletion. Western analysis showed that increased level of mutant
gBglo-P66 protein seen with UPF1 downregulation in the presence of MG132 was repressed by either 4E-BP1
overexpression or 4EGi-1 treatment (Fig. 5e,f). The level of gBglo-P66 mRNA was not affected by cotransfection
of 4E-BP1 or 4EGi-1 treatment (Fig. 5g). RNA immunoprecipitation assays were further performed using HeLa
cells transfected with gBglo-WT or gBglo-P66 when UPF1 was depleted or not. Immunoprecipitation using cells
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Figure 4. Polysome associated PTC-containing mRNAs expressed from gBglo-P66 are induced by UPF1
depletion. (a,g) Absorbance at 254 nm (upper panels) and semi-qPCR analysis of relative mRNA levels (lower
panels) of sucrose gradient fractions containing polysomes of HeLa cells transfected with the indicated
constructs in the absence (a—e) or presence (f and g) of siRNA targeting UPF1. Cells were treated with
puromycin before they were harvested (c-g). (h) Comparison of distribution patterns of PTC-containing
mRNAs in cells transfected with the indicated constructs in the presence and absence of UPF1 knockdown
and shown in panels d-g. mRNA bands obtained from semi-qPCR were quantified by densitometry. Every
experiment in Fig. 4 was performed two independent times and the results of one representative experiment
are shown. Error bars represent the SD of the mean of semi-qPCR results using samples obtained from the two
independently performed polysome analyses.

transfected the HA-containing empty vector was performed as a negative control (Fig. 5h). After immunopre-
cipitation by HA, eIF4E-bound mRNAs from gBglo-WT and gBglo-P66 were extracted and used for subsequent
semi-qPCR. Samples treated with RNase were used as a negative control for semi-qPCR (Fig. 5i). Semi-qPCR
results were quantified by densitometry (Fig. 5j). qPCR was further performed using the same samples used for
semi-qPCR to precisely measure the increase in eIF4E-bound 3-globin mRNAs by UPF1 depletion (Fig. 5k). Both
semi-qPCR and qPCR analyses showed that e[F4E-bound mutant 3-globin mRNA from gBglo-P66 increased
(~3-fold) after UPF1 depletion, while eIF4E-bound wild-type (3-globin mRNA from gBglo-WT changed very
little. These findings provide evidence that eIF4E-directed translation is involved in generating the bulk of mutant
proteins from gBglo-P66 when NMD is inhibited.

Depletion of UPF1 or SMG1 is necessary for the generation of the bulk of mutant proteins. We
used siRNA targeting UPF1 to inhibit NMD and found that NMD inhibition significantly increased the level
of mutant protein. However, it was not clear whether inhibition of NMD by depletion of any factors involved
in NMD is sufficient to generate the bulk of mutant protein. To determine if depletion of NMD factors or EJC
components would lead to the generation of bulk mutant from gBglo-P66, core NMD factors (UPF1, UPF2
and SMG1) and core EJC components (Y14, EIF4A3 and MAGOH) were downregulated (Fig. 6a), and levels of
gBglo-P66 mRNA and protein were assessed in HeLa cells transfected with gBglo-P66 and siRNA against each
factor. The increase (~2-fold) in gBglo-P66 mRNA level was similarly observed when UPF1, Y14, siEIF4A3, and
SMG1 were downregulated. A slight increase in gBglo-P66 mRNA was observed after downregulation of UPF2
and MAGOH (Fig. 6b). The level of mutant protein from gBglo-P66 was significantly increased upon downregu-
lation of UPF1 or SMG1, but not the other factors (Fig. 6¢). Moreover, concomitant downregulation of UPF1 with
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Figure 5. The bulk of mutant gBglo-P66 protein is generated via e[F4E-dependent translation when NMD

is inhibited by UPF1 depletion. (a) Western analysis of UPF1 expression (upper) and qPCR analysis of
3-globin mRNA level (lower) in HeLa cells transfected with siRNA targeting UPF1 or control siRNA (NC) and
gBglo-WT or gBglo-P66 constructs. (b) Western analysis of wild-type and mutant 3-globin expression in cells
transfected with the indicated constructs in the presence or absence of siRNA targeting UPF1, in the presence
or absence of MG132. (c) Quantification of band intensities for the western blot shown in (b). (d) gPCR
analysis of mRNA levels in the same samples used in (b). (e) Western analysis of mutant 3-globin translated
from NMD-rescued PTC-containing gBglo-P66 mRNAs in HeLa cells transfected with gBglo-P66 with or
without cotransfection of construct encoding HA-4E-BP1, in the presence or absence of siRNA targeting UPF1
(siUPF1) or control siRNA (siNC), and in the presence and absence of MG132 and 4EGi-1. (f) Quantification
of band intensities for the western blot shown in (e). (g) qPCR analysis of mRNA expression levels in cells
analyzed in (e). (h) RNA immunoprecipitation assays were performed using HeLa cells transfected with a
HA-eIF4E vector with gBglo-WT or gBglo-P66 when UPF1 was depleted or not. RNA immunoprecipitation
using cells transfected with HA-containing empty vector was performed as a negative control experiment.

(i) eIF4E-bound 3-globin mRNA level was analyzed by semi-qPCR in presence and in absence of RNase. (j)
Quantification of band intensities for the semi-qPCR analysis shown in (i). (k) qPCR analysis of elF4E-bound
3-globin mRNA levels. Every experiment in Fig. 5 was performed two independent times and the results of one
representative experiment are shown. Error bars in (a), (d), (g), and (k), in (¢), (f), and in (j) represent the SD
of the mean of two independently performed qPCR results and the SD of the mean of band intensities obtained
from two independently performed western blots, and the SD of the mean of band intensities obtained from two
independently performed semi-qPCR results, respectively. Control siRNA (siNC).
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Figure 6. Inhibition of UPF1 or SMG-1 is required for generation of bulk of mutant protein from NMD-
rescued PTC-containing gBglo-P66 mRNA. (a) Western analysis of siRNA mediated downregulation of core
NMD and EJC factors UPF1, Y14, EIF4A3, SMG1, UPF2, and MAGOH in HeLa cells. GAPDH served as
internal control. (b) qPCR analysis of relative 3-globin mRNA levels in HeLa cells transfected with gBglo-WT
or gBglo-P66 and siRNA against each factor. (c) Western analysis of 3-globin derived from NMD-rescued
PTC-containing gBglo-P66 mRNA in the same samples used in (b). (d) Concomitant inhibition of UPF1 with
UPF2, Y14, EIF4A3, or MAGOH in HeLa cells transfected with gBglo-P66 in the presence and absence of
MG132. Every experiment in Fig. 6 was performed two independent times and the results of one representative
experiment are shown. Error bars in (a) represent the SD of the mean of two independently performed qPCR
results.

UPF2, Y14, EIF4A3, or MAGOH did not lead to synergistic increases in mutant protein levels, compared to single
knockdown of UPF1 (Fig. 6d). These findings suggest that downregulation of NMD or EJC factors commonly
inhibits NMD and that inhibition of UPF1 or SMGI is further required for the generation of the bulk of mutant
proteins.

Discussion

NMD is a well-studied post-transcriptional mechanism that degrades PTC-containing mRNAs to prevent gen-
eration of mutant proteins®. Although NMD efficiently removes PTC-containing mRNAs, recent studies have
provided evidence that some PTC-containing mRNAs escape NMD, whereas others are immuned to NMD®?, If
these mutant mRNAs are translated, truncated mutant proteins with neopeptides are generated”.

The generation of mutant proteins is directly linked to development of diseases, including cancers, and mutant
proteins have also been utilized in developing treatments for diseases. Therefore, it is becoming more important
to understand whether PTC-containing mRNAs could be used as a source for generation of mutant protein and
specify factors regulating the generation of mutant protein. We and other groups previously reported that most
NMD-irrelevant PTC-containing mRNA is a potent source of truncated mutant proteins containing neopep-
tides”?*. However, mRNAs with NMD-irrelevant PTCs represent only a small proportion of all PTC-containing
mRNAs. Further, NMD is dynamically regulated by various external or internal conditions such as hypoxia,
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serum starvation, heat shock, and regulation of NMD factors, suggesting there is a strong possibility that
PTC-containing mRNAs are not degraded and evade NMD?.

We herein addressed whether mutant proteins are generated from PTC-containing mRNAs depending on
NMD status. Using general and Tet-Off 3-globin expression constructs, we demonstrated that the undegraded
PTC-containing mRNAs (previously reported as a NMD-resistant population®) expressed from gBglo-P39
and gBglo-P66 were as stable as wild-type gBglo-WT mRNAs in a steady state, and these NMD-resistant
PTC-containing gBglo-P66 mRNA gradually accumulated as the amount of gBglo-P66 plasmid transfected
increased. These findings show the possibility that NMD has only a limited capacity to remove PTC-containing
mRNAs diffusing away from a region of degradation that is proximal to the nuclear envelope®. Despite their
stable expression, NMD-resistant PTC-containing mRNAs expressed from gBglo-P66 were enriched in mon-
osomes, and their accumulation barely contributed to generation of mutant protein. With continuous influx
of PTC-containing mRNAs, a trace amount of mutant gBglo-P66 protein was detected after proteasome inhi-
bition, and eIF4E-dependent translation was not involved in this process. These findings may suggest 1) that
NMD-resistant PTC-containing mRNAs from gBglo-P66 no longer undergo multiple rounds of translation
before their degradation and 2) that mutant proteins are generated during the pioneer round of translation of
newly synthesized PTC-containing mRNAs. However, these mRNAs should be further characterized to under-
stand a turn-over mechanism of NMD-resistant PTC-containing mRNAs after their release from the nucleus.

After the pioneer round of translation, the 5'-m7GpppN cap structure binds to e[F4E. Based on the fact
that eIF4E-bound mRNAs lack association with EJC components, e[F4E-bound PTC-containing mRNAs are
considered immune to NMD?. eIF4E directs steady-state rounds of mRNA translation, and the translation of
elF4E-bound mRNAs generates the bulk of cellular proteins’. Our data demonstrate that inhibition of NMD
by UPF1 depletion leads to a significant increase of mutant proteins from gBglo-P66, and eIF4E-dependent
translation is involved in this process. Supporting these data, UPF1 depletion induced polysome association
of PTC-containing mRNAs from gBglo-P66. These findings allow us to consider two possible models: One is
that monosome-enriched NMD-resistant PTC-containing mRNAs in a steady state might start to associate
with polysomes by UPF1 depletion. The other is that the PTC-containing mRNAs rescued from NMD by UPF1
knockdown bind to eIF4E and undergo multiple rounds of translation. Considering that both monosome and
polysome-enriched PTC-containing mRNAs were observed when UPF1 was depleted, we believe that the lat-
ter model is more plausible. Rigorous work will be needed to understand differences between NMD-resistant
PTC-containing mRNAs and the NMD-rescued PTC-containing mRNAs.

With differential inhibitory effect on NMD, downregulation of NMD and EJC factors induced an increase of
PTC-containing mRNAs from gBglo-P66. Importantly, inhibition of NMD by downregulation of UPF1 or SMG1
selectively resulted in increases in both PTC-containing mRNAs and truncated mutant proteins. Generally, UPF1
is known to interact with eRF1, eRF3, and SMGI to form the SURF complex, which subsequently binds to the
EJC complex and mRNA decay factors, including SMG5, SMG6, and SMG7, for mRNA degradation?. It has been
also reported that UPF1 phosphorylated by SMG1 interacts with eIF3, which further suppresses translation of
PTC-containing mRNAs by inhibiting the eIF3-dependent conversion of 40 S/Met-tRNAM//mRNA to transla-
tionally competent 80 S/Met-tRNA/mRNA initiation complexes to repress continued translation initiation?’.
These previous reports and our data imply that UPF1 plays suppressive roles in translation of PTC-containing
mRNAs even after NMD inhibition mediated by EJC knockdown, and depletion of UPF1 is required for bulk
generation of mutant proteins. Since both formation of SURF complex and phosphorylation of UPF1 after the
association with EJC require SMG1, we assume that SMG1 plays supplementary roles in UPF1-mediated trans-
lational repression.

In the past decades, many studies have extensively searched for mutations in various cancers, such as colon,
breast, brain, and pancreatic tumors-30, Among the mutations in cancer, some are truncating mutations (non-
sense or frameshift mutations) that lead to generation of PTC-containing mRNAs. Our findings provide evi-
dence that trace amounts of mutant proteins are constantly generated in the pioneer round of translation of
PTC-containing mRNAs, and a large amount of mutant proteins can be generated by inhibition of NMD. Then,
the truncated mutant proteins are eventually degraded by the proteasome system (Supplementary Fig. S4). These
findings support the rationale of recent immunotherapeutic approaches based on the generation and proteasomal
degradation of mutant proteins with neoantigens®'-**. Moreover, Pastor et al. experimentally showed that tumors
expressing mutant proteins from a 3-globin construct that also encoded ovalbumin peptides were effectively
eliminated by CD8+ T cells when NMD was inhibited*. Stimulating the immune system for treatment of tumors
is not a new idea. Many studies have observed intensive immune infiltration around tumor tissues, and now it
is important to identify recurrent neoantigens that can be used as specific targets by activated T cells*>*”. We,
therefore, suggest that PTC-containing mRNAs are continuous and manipulable sources of mutant proteins, and
appropriate application of the mutant proteins will be beneficial in diagnosis or treatment of various cancers.
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