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Reactive oxygen species formed within the mammalian cell can
produce 8-oxo-7,8-dihydroguanine (8-oxoG) in mRNA, which can
cause base mispairing during gene expression. Here we found that
administration of 8-oxoGTP in MTH1-knockdown cells results in
increased 8-oxoG content in mRNA. Under this condition, an amber
mutation of the reporter luciferase is suppressed. Using second-
generation sequencing techniques, we found that U-to-G changes
at preassigned sites of the luciferase transcript increased when 8-
oxoGTP was supplied. In addition, an increased level of 8-oxoG
content in RNA induced the accumulation of aggregable amyloid β
peptides in cells expressing amyloid precursor protein. Our findings
indicate that 8-oxoG accumulation in mRNA can alter protein syn-
thesis in mammalian cells. Further work is required to assess the sig-
nificance of these findings under normal physiological conditions.
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In aerobically growing cells, reactive oxygen and nitrogen spe-
cies (ROS) are generated as byproducts of ATP production

and oxygen utilization. Although most of these radicals are
eliminated by the action of cellular antioxidant systems, some
ROS still remain within the cell and damage various biologically
important molecules, including proteins, lipids, and nucleic acids
(1–3). Among the various types of oxidized purine and pyrimi-
dine bases thus produced, 8-oxo-7,8-dihydroguanine (8-oxoG)
appears to be the most important with respect to the mainte-
nance and transfer of genetic information (4). Unlike other types
of oxidized bases, 8-oxoG does not block nucleic acid synthesis
but rather induces alternate base mispairing. When such mispair-
ing occurs during DNA replication, base substitution mutations
may result (5, 6). Likewise, the 8-oxoG mispairing that occurs
during RNA synthesis may induce errors in gene expression (7).
Organisms are equipped with elaborate mechanisms for

counteracting the deleterious effects of 8-oxoG (6, 8). One of
these well-known mechanisms involves MTH1 enzymatic activity
where deoxyribonucleoside triphosphate, 8-oxo-dGTP, is hy-
drolyzed to the monophosphate 8-oxo-dGMP, preventing 8-
oxoG incorporation into DNA (9). The importance of MTH1 in
the maintenance of DNA integrity was shown through a study of
MTH1-deficient cells that revealed an increased frequency of
spontaneous mutations compared with wild-type cells and that
MTH1−/− mice developed more tumors than wild-type mice (3,
10). In addition to protecting DNA, MTH1 also plays a role in
maintaining RNA integrity through its ability to degrade the 8-
oxoG–containing ribonucleoside triphosphate, 8-oxoGTP. Thus,
MTH1 can prevent an alteration in gene expression due to

misincorporation of 8-oxoG into mRNA (9). Nevertheless, an
influence of 8-oxoG in mRNA in mammalian cells is still unclear.
In the present study, we developed a luciferase reporter system

for the detection of sequence-altered abnormal proteins, and we
also applied a deep-sequencing method to measure ultra-rare
mutations in oxidized mRNA to investigate the role of MTH1 in
8-oxoG–induced RNA mutagenesis in human cells. We found
that the incorporation of 8-oxoG into the mRNA strand can
induce translation errors, thus accelerating the production of the
pathogenic amyloid β peptides in mammalian cells.

Results
Introduction of 8-oxoG into RNA of Living Cells. Since HeLa cells
contain a relatively large amount of MTH1, we reduced the
MTH1 content of cells using shRNA treatment. HeLa cells were
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infected with an shRNA retroviral vector containing a MTH1-
targeting sequence and then selected for stable knockdown cells
(Fig. 1A). To examine the biological effects of 8-oxoG in RNA,
we introduced 8-oxoGTP into living cells by a hypotonic shift
method (11). The addition of 8-oxoGTP to these MTH1-knockdown
cells led to an increase in the 8-oxoG content in RNA (Fig. 1B).
Two to four hours after the administration of 8-oxoGTP, the 8-
oxoGsn/106 Gsn (guanosine) value in the MTH1-knockdown
cells was twofold higher than in control cells. We noted that the
RNA level of 8-oxoG detected in the 8-oxoGTP–treated cells
decreased gradually to the control level within 12 h after the in-
troduction of 8-oxoGTP. This decrease may be related to the
preferential degradation of 8-oxoG–containing messenger RNA in
HeLa cells (12).

Gene Expression Alteration via Insertion of 8-oxoG into Messenger
RNA. Since 8-oxoG is able to pair with both adenine and cytosine
(6, 8), the incorporation of 8-oxoG into messenger RNA can
alter its coding properties. When an amber mutation was in-
troduced into mRNA, we assumed that the °GAG codon (where
°G represents an 8-oxoG–containing nucleotide) would pair with

an anticodon sequence, e.g., 3′-CUC-5′ of tRNA, that codes for
glutamate. Thus, an amount of sequence-altered protein carrying
glutamate at this site will be produced within cells by bypassing
the stop codon (Fig. 1C). Although we have evaluated this
phenomenon in bacteria (7), the effect of 8-oxoG–containing
mRNA in mammalian cells has remained unclear, because it is
very hard to capture these sequence-altered proteins in living
mammalian cells.
To quantify the extent of the production of this type of altered

protein in mammalian cells, we developed a system using
Gaussia princeps luciferase (GaLuc) (13) as the reporter. The
luciferase is excreted outside the cell and can be easily assayed in
the medium. When 8-oxoGTP was externally supplied, certain U
bases were replaced with 8-oxoG, resulting in the formation of
active GaLuc enzyme. As a reference, the sequence for Cypridina
noctiluca luciferase (CLuc) was also included in the vector (Fig.
S1) and was coexpressed. Since the activities of GaLuc and CLuc
can be easily assayed with different reaction buffers, the GaLuc/
CLuc ratio indicates the level of amber suppression, and we
measured this ratio throughout the time course of the experi-
ment (Fig. 1D). The MTH1-knockdown cells exhibited a higher
level of suppression against the amber codon in response to 8-
oxoG addition, whereas the control GFP-knockdown cells had
only a weak response. Conversely, overproduction of MTH1
greatly reduced the GaLuc/CLuc ratio in the cells (Fig. 1E).
Application of higher concentrations of 8-oxoGTP increased the
level of GaLuc expression (Fig. 2A), while CLuc expression was
not significantly affected and was inhibited at high concentra-
tions of 8-oxoGTP (Fig. 2B). Overproduction of MTH1 resulted
in a reversal of the effects of 8-oxoGTP on GaLuc and CLuc
production (Fig. 2 C and D). These findings indicate that 8-oxoG
introduction into RNA can induce alterations in gene expression.

Fig. 1. Incorporation of 8-oxoG into RNA induced translation errors in HeLa
cells. (A) Knockdown of the MTH1 gene in HeLa cells. The amounts of
MTH1 and GAPDH proteins in the MTH1-targeting (iMTH1) and GFP-tar-
geting (iGFP) stable knockdown cells were measured using a Western blot
analysis. The relative ratios of the MTH1 expression are presented (n = 4). (B)
The 8-oxoG content in cellular RNA of the MTH1-knockdown cells. The cells
were treated with 1.8 mM 8-oxoGTP, and the amount of 8-oxoG in the RNA
was measured (n = 3) (•). As a control, cells were treated with KHB buffer (SI
Materials and Methods) alone (o). (C) A schematic representation of the
abnormal protein synthesis induced by 8-oxoG incorporation into messenger
RNA. °G, 8-oxoG. (D) The GaLuc/CLuc values in MTH1-knockdown (•) and
control iGFP (o) cells. Twenty-four hours after transfection with pIRES-GCluc,
the cells were treated with KHB buffer containing 1.8 mM 8-oxoGTP. At the
indicated times, the culture medium was retrieved, and the two types of
luciferase activities were measured, as described in SI Materials and Methods
(n = 5). (E) The GaLuc/CLuc values in the MTH1-knockdown cells transfected
with an empty vector (•) and those transfected with MTH1 cDNA to over-
produce MTH1 proteins (o).

Fig. 2. Expression of GaLuc and CLuc in response to 8-oxoG. (A) The relative
GaLuc signals in the MTH1-knockdown (iMTH1, closed bars) and control
(iGFP, open bars) cells upon the application of 8-oxoGTP. Twenty-four hours
after transfection with the reporter, the cells were permeabilized in the
presence of various concentrations of 8-oxoGTP and then were cultured in
medium for 12 h. The relative GaLuc signal was calculated by dividing the
value for the 8-oxoGTP–treated cells by that for the nontreated control cells.
(B) The relative CLuc signals in the MTH1-knockdown and control cells. The
CLuc signal was calculated in a similar manner to the GaLuc signal. (C) The
relative GaLuc signals in the MTH1-knockdown cells transfected with an
empty vector (open bar) and those transfected with MTH1 cDNA to over-
produce MTH1 proteins (closed bar). The experimental conditions were as
described in A. (D) The relative CLuc signals in the MTH1-knockdown cells
transfected with an empty vector (open bar) and those transfected with
MTH1 cDNA to overproduce MTH1 protein (closed bar).
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RNA Mutagenesis Induced by 8-oxoG. To correlate changes in the
GaLuc signal with RNA nucleotide alterations, we amplified the
RNA sequences via RT-PCR and determined the frequency of base
substitutions using second-generation sequencing technology. Fig.
S2 shows the workflow of this procedure, which consisted of two
different PCR amplification steps. In the first step, the assignment
of a unique identifier (UID) was made at each end of a PCR
fragment using a pair of 5′-tailed primers that contained nine de-
generate N bases (creating UIDs for each amplicon). The second
PCR amplification step used universal primers containing the se-
quences required for attachment to the Hiseq2000 sequencer, in
which each uniquely tagged template was amplified to obtain a
large number of daughter molecules with the same double-UID
sequences. This allowed the elimination of consequent replication
or sequencing errors in the subsequent data analysis.
We then evaluated the accuracy of this method by mixing

GaLuc mRNA with a small amount of mutated GaLuc mRNA,
which contained three independent base changes at the positions
shown in Fig. 3A. The RNA mixture was subjected to the RT-
PCR amplification procedure, and the resulting sequences were
determined. Briefly, mutated GaLuc RNA was diluted in a
stepwise fashion to concentrations of 10−2, 10−3, 10−4, 10−5, and
10−6 with wild-type GaLuc RNA, and the RNA mixture was then
used as the template for RT-PCR amplification. As shown in Fig.
3B and in Table S1, this method allowed the detection of very
rare mutant RNA among a large number of wild-type RNA
molecules, with a detection threshold as low as 10−5.
Using this method, we investigated the level of 8-oxoG–in-

duced mRNA mutagenesis in living cells (Fig. 3C). When 8-
oxoGTP was introduced into HeLa cells, the frequency of a U (T
for cDNA)-to-G change at positions 304 and 323 increased
strongly, and we observed a substantially larger effect of 8-
oxoGTP in the MTH1-knockdown cells compared with the
MTH1-overexpressing cells. At the other site, 307, administra-
tion of 8-oxoGTP resulted in a similar but much lower effect.
The quantitative differences observed at the three sites may be
due to differences in the surrounding sequences. For site 304, the
base substitution changed an amber nonsense codon, UAG, to a
sense codon encoding for glutamate; such a change could reduce
mRNA nonsense-mediated decay (14). The results in this study are
complex, but overall they indicate that human MTH1 counteracts
oxidative stress by maintaining the fidelity of gene expression.

Amyloid Peptide Secretion Is Increased in 8-oxoGTP–Treated CHO_APP_iMTH1
Cells. Previous studies had shown that brain amyloid is composed
almost entirely of the 4-kDa aggregable hydrophobic amyloid β
(Aβ) peptides, such as Aβ1–40 or Aβ1–42 (15). Two amino acid
substitutions (Lys to Asn at residue 595 and Met to Leu at po-
sition 596) in the amyloid precursor protein (APP) can cause
higher β secretase-cleaving activity, resulting in a six- to eightfold
increment of Aβ versus normal β-APP (16). To illustrate the
utility of the findings described above, we hypothesized that
accumulation of 8-oxoG in APP mRNA would lead to sequence
changes in APP proteins, subsequently causing alterations in the
sites where secretase cleaves. In this case, an increase in the
amount of Aβ peptides would be observed in the brains of Alz-
heimer’s disease (AD) patients compared with that in normal
subjects. To investigate whether the accumulation of 8-oxoG in
RNA can influence the production of Aβ protein in mammalian
cells, we developed CHO_APP_iMTH1 cells, a stable CHO cell
line with low expression of MTH1 and high expression of human
APP (Fig. S3), and fed them with 8-oxoGTP in the culture medium.
We found that the basal 8-oxoGsn/106Gsn ratio in untreated cells
was 6.5, but it increased to 25.1 in treated cells after the application
of 8-oxoGTP (Fig. 4A).
Next, we determined the overall amount of three typical Aβ

peptides (Aβ1–x, Aβ1–40, and Aβ1–42) in the culture medium
using an ELISA kit. After normalizing by the cell number, the 8-

oxoGTP–treated cells showed a 1.6-fold, 1.8-fold, and 1.7d-fold
increase in the levels of the Aβ1–x, Aβ1–40, and Aβ1–42 pep-
tides, respectively, relative to untreated control. This demon-
strated that the accumulation of 8-oxoG in RNA significantly
increased Aβ secretion in vivo (Fig. 4 B–D).
To better understand the detailed characteristics of secreted

Aβ peptides, we performed a nanoscale LC (nLC)-orbitrap MS
analysis on peptides after immunoprecipitation by Aβ-specific
monoclonal antibodies. We identified 28 different types of Aβ
products specific to the treated samples (Fig. 4E). There were 22
Aβ products present in both control and treated samples; how-
ever, 14 of these products were up-regulated in the 8-oxoGTP–
treated samples (ratio >2) under acidic separation conditions
(Fig. 4F). To quantify the Aβ products that were of relatively
long length, such as Aβ1–40 and Aβ1–42, we performed another

Fig. 3. Evaluation of the mutation-detecting system and 8-oxoG–related
transcriptional mutagenesis. (A) The target sequences with preassigned
mutations. The numbers above the sequences indicate the position of the T
nucleotides included in the target regions of the cDNA in wild-type GaLuc
and site-mutated GaLuc (MGaLuc) sequences. MGaLuc mRNA standard in-
cludes three predesigned T(U)→G mutation sites (289, 307, and 323) around
the internal control site (304). (B) Graphic presentation of evaluation data of
the mutation-detecting system. The y axis represents the log ratio of the
concentration of T(U)→G mutations detected in this experiment. The red line
represents the fitted linear curve with R2 = 0.97. Wild-type GaLuc mRNA was
mixed with mutated GaLuc mRNA standards via gradient dilution at the
following series of concentrations: 10−2, 10−3, 10−4, 10−5, and 10−6. (C) Three
T sites within the GaLuc target sequence (sites 304, 307, and 323) were
scored to estimate the rate of U-to-G conversion under various conditions.
Mutations were detected using the second-generation sequencing platform.
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MS analysis on an UltiMate 3000 system (Thermo Fisher Sci-
entific) and found that Aβ1–38, 1–39, 1–40, and 1–42 were up-
regulated (ratio >2), while Aβ1–37 was only slightly different
(0.5 < ratio < 2) in the 8-oxoGTP–treated samples (Fig. 4G and
Fig. S4). Overall, these data suggest that an increase in 8-oxoG
content in mRNA could lead to an accumulation of Aβ protein
in mammalian cells.

Discussion
The 8-oxoGTP in the cellular nucleotide pool can be used in
RNA synthesis, as RNA polymerase II utilizes 8-oxoGTP as one
of its substrates (17). On the other hand, 8-oxoGTP cannot be
used for DNA synthesis, since ribonucleoside diphosphate re-
ductase, which converts GDP and other ribonucleoside diphos-
phates to the corresponding deoxyribonucleoside diphosphates,
is unable to reduce 8-oxoG–containing ribonucleotides (17, 18).
It appears, therefore, that externally supplied 8-oxoGTP may be
used for RNA synthesis. We have taken advantage of this
specificity for RNA and have investigated the effects of 8-oxoG
on gene expression.
Taddei et al. (7) used the lacZ amber system to investigate the

specific role of the Escherichia coli MutT enzyme in preventing
transcriptional errors caused by 8-oxoG. However, this system
cannot be used directly in mammalian cells, because the amounts
of oxidized mRNA-induced sequence-altered abnormal proteins
are so tiny that another, more sensitive and stable reporter en-
zyme must to be included in the analysis. In this study, we de-
veloped a method using GaLuc as the reporter. This enzyme,
which consists of only 185 amino acid residues, is accumulatively
excreted into the culture medium and remains stable (13, 19).
When 8-oxoG is introduced into sites of the amber codon in the
messenger RNA for GaLuc, it is expected that a small amount of
active enzyme will be produced (Fig. 1C). By introducing the
sequence for CLuc into the reporter construct, which allowed us
to estimate the extent of suppression more precisely, it was
possible to demonstrate that MTH1-knockdown cells exhibit a
high level of suppression of amber mutations in response to

externally supplied 8-oxoGTP. Thus, we could correlate the 8-
oxoG content in RNA with the biological response.
To better understand the effects of 8-oxoG on translational

errors under normal physiological conditions, we also examined
wild-type cells treated with H2O2. Under this oxidative stress
condition, about 20% up-regulation in the GaLuc signal could be
detected at 2–8 h after treatment. In contrast, a 13-fold higher
amber suppression over control was observed in 8-oxoGTP–
treated wild-type cells (Fig. 1D). We believe that, in addition
to the oxidation of GTP, H2O2 can cause oxidation of dNTPs
and damage DNA stands, proteins, and lipids. Such damage
could potentially obscure the effect of 8-oxoG–related amber
suppression in our system. Further work will be required to as-
sess the effects of 8-oxoG on translation more thoroughly.
To detect mutations arising in the RNA transcripts, we de-

veloped a sequencing method based on a second-generation
sequencing platform, which enabled us to detect as few as 10−5

mutations in the transcripts (Fig. 3B). When a large amount of 8-
oxoGTP was introduced into the cells depleted of MTH1 activity
by gene knockdown, the frequency of U-to-G changes in mRNA
transcripts (T-to-G in cDNA) increased significantly. Thus, the
GaLuc signal in our system corresponds well to the change of 8-
oxoG content in mRNA.
Nunomura et al. (20) suggested that RNA oxidation is a

prominent feature of neuronal vulnerability in patients with AD.
Here, we clarified the causal relationship between RNA oxida-
tion and Aβ plaque formation using CHO cells with 8-oxoGTP.
Our amino acid sequence analysis revealed that 8-oxoGTP–
treated cells secreted 28 previously unobserved Aβ peptides, in
addition to a greater amount of pathogenic Aβ peptides (e.g.,
Aβ1–42) (Fig. 4). These results suggest that the existence of a
large amount of 8-oxoG in the RNA could promote the secretion
of pathogenic Aβ peptides in vivo.
How does RNA oxidation affect Aβ production and metabo-

lism? Previous studies have shown that RNA oxidation is not a
random event but occurs rather selectively, and some RNA
species closely related to AD are more susceptible to oxidative

Fig. 4. Changes in the Aβ peptide expression pattern in 8-oxoGTP–treated CHO_APP_iMTH1 cells. (A) The effect of externally supplied 8-oxoGTP on the 8-
oxoG content of the RNA of CHO_APP_iMTH1 cells. 8-oxoGTP was supplied to cells by osmotic pressure; then the cells were cocultured with 1 mM 8-oxoGTP
for an additional 24 h to increase the efficiency of incorporation. The 8-oxoG content of the RNA was calculated as 8-oxoGsn/106Gsn (n = 3). Significance was
determined using the Student’s t test: *P < 0.05. (B–D) RNA oxidation enhances the secretion of typical Aβ peptides in vitro. The amounts of Aβ1–x, Aβ1–40,
and Aβ1–42 in the culture medium of 8-oxoGTP–treated CHO_APP_iMTH1 cells were quantified using a commercialized ELISA kit. The results were normalized
to the cell number (n = 3), and significance was determined using the Student’s t test: *P < 0.05, #P < 0.01. (E) The overall types of Aβ products identified in the
control and 8-oxoGTP–treated samples using nLC-orbitrap MS in an acid mobile phase. (F) The relative quantification of 22 Aβ products identified in both
treated and untreated samples using nLC-orbitrap MS in an acid mobile phase. For each pair, the ratio of the treated/untreated samples is presented. (G)
Quantification of large Aβ fragments in the medium of 8-oxoGTP–treated and untreated CHO_APP_iMTH1 cells using nLC-orbitrap MS in an alkaline mobile phase.
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damage (21). As we demonstrated with our reporter system, 8-
oxoG–containing mRNA may be translated to abnormal protein.
It is reasonable to assume that oxidized RNA induces the for-
mation of altered forms of APPs, making these proteins more
vulnerable to degradation into pathogenic Aβ variants. Recently,
Szaruga et al. (22) reported that some pathogenic substitutions
(such as T43I, I45F, and V46I) located around the γ-cleavage
sites can destabilize the γ-secretase–Aβn complexes and conse-
quently enhance the product dissociation and the release of long,
amyloidogenic Aβ. We suspect that some mutations caused by
the 8-oxoG–containing mRNA maybe have similar effects on the
stability of enzyme–substrate complex and result in the acceler-
ation of longer, amyloidogenic Aβ productions. Alternatively,
RNA oxidation may result in a decreased level of enzymatic
activity so that the degradation of toxic Aβ peptides is reduced or
prevented. All these mechanisms would contribute to the accu-
mulation of plaque, as observed in the brains of AD patients.
A previous study revealed that 8-oxoG can be regarded as a

representative marker of oxidative RNA lesions (23). An increased
amount of 8-oxoG has been noted in RNA in the hippocampi of
senescence-accelerated SAMP8 mice, which was correlated with a
decreased expression level of MTH1 in these mice. Notably, these
mice exhibited early aging and declining abilities for both learning
and memory compared with age-matched control mice (24). In

several previous studies, we revealed that both the 8-oxoG content
in the brain RNA and the amount of 8-oxoguanosine in urine in-
crease more rapidly in elderly mice, rats, and monkeys (24–27).
These results are consistent with our findings here that indicate
that 8-oxoG–mediated RNA dysfunction is a causative factor of
aging and accelerates the development of age-related disorders.
Overall, our work here shows that 8-oxoG in mRNA can lead

to translation errors in protein of mammalian cells; the accu-
mulation of such sequence-altered proteins could have impor-
tant implications in mammalian cells.

Materials and Methods
Detailed information on methods, including the construction of stable cell
lines, 8-oxoGTP treatment, development and detection of the reporter sys-
tem, second-generation sequencing of transcribed messenger RNAs, mea-
surement of 8-oxoG content in RNA by HPLC-MS/MS, and detection of Aβ
peptides by nLC-orbitrap MS are provided in SI Materials and Methods.
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