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Abstract

Nonessential tRNA modifications by methyltransferases are evolutionarily conserved and have been reported to stabilize
mature tRNA molecules and prevent rapid tRNA decay (RTD). The tRNA modifying enzymes, NSUN2 and METTL1, are
mammalian orthologs of yeast Trm4 and Trm8, which are required for protecting tRNA against RTD. A simultaneous
overexpression of NSUN2 and METTL1 is widely observed among human cancers suggesting that targeting of both proteins
provides a novel powerful strategy for cancer chemotherapy. Here, we show that combined knockdown of NSUN2 and
METTL1 in HeLa cells drastically potentiate sensitivity of cells to 5-fluorouracil (5-FU) whereas heat stress of cells revealed no
effects. Since NSUN2 and METTL1 are phosphorylated by Aurora-B and Akt, respectively, and their tRNA modifying activities
are suppressed by phosphorylation, overexpression of constitutively dephosphorylated forms of both methyltransferases is
able to suppress 5-FU sensitivity. Thus, NSUN2 and METTL1 are implicated in 5-FU sensitivity in HeLa cells. Interfering with
methylation of tRNAs might provide a promising rationale to improve 5-FU chemotherapy of cancer.
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Introduction

5-Fluorouracil (5-FU) is a pyrimidine analog and is the most

widely used chemotherapeutic agent for the treatment of a variety

of solid cancers. Its mechanism of action has been attributed to the

production of cytotoxic metabolites incorporated into RNA and

DNA and inhibiting thymidylate synthase, finally leading to cell

cycle arrest and apoptosis in cancer cells [1]. 5-FU is used against

cancer for about 40 years and it is known that systemic

administration of 5-FU might result in drug resistance of tumor

cells. Furthermore, treatment regimens with increased dosage of 5-

FU have been reported to cause severe side effects such as

myelosuppression, mucositis, dermatitis and diarrhea., In order to

address this dilemma, different strategies were pursued to improve

outcomes for patients and to reduce side effects of 5-FU therapy

[2–9]. However, also with current approaches, there is still a need

to develop new compounds or novel strategies by which cancer

cells are killed more effectively and more selectively [10–12].

Overexpression of tRNA-modifying enzymes NSUN2 and

METTL1 is widely observed among human cancers [13–16].

NSUN2 (NOP2/Sun domain family, member 2), also known as

SAKI (Substrate of AIM-1/Aurora kinase B), is a NOL1/NOP2/

SUN domain-containing tRNA (cytosine-5-)-methyltransferase. It

is phosphorylated at Ser139 by Aurora-B to inhibit its enzymatic

activity during mitosis [17]. Trm4, a yeast Saccharomyces
cerevisiae homologue of human NSUN2, participates in the

nonessential modification of tRNA [18,19], and a yeast mutant

deficient in Trm4 shows no defect in cell growth and has normal

sensitivities to various stresses [18,19].

On the other hand, another tRNA modification enzyme Trm8,

which is also nonessential and catalyzes tRNA 7-methylguanosine

modification [20], acts together with Trm4 to stabilize tRNA

under heat stress [21]. If tRNA modifications caused by Trm4 and

Trm8 are defective, a rapid degradation of tRNA is induced under

heat stress, resulting in the expression of heat-sensitive phenotype

[21]. The tRNA surveillance system that monitors compromised

tRNAs with no modification by Trm4 and Trm8 uses a rapid

tRNA degradation (RTD) pathway to decay non-modified tRNAs,

leading to cell death [21–23].

A human tRNA (guanine-N7-)-methyltransferase, a homologue

of yeast Trm8, is known as METTL1 (methyltransferase like 1)

[20,24]. Whereas NSUN2 has been initially identified as a

substrate of protein kinase (Aurora-B) in HeLa cells [17],

METTL1 has been initially identified as a substrate of Akt/
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protein kinase Ba (PKBa) in HeLa cells [13]. Interestingly,

phosphorylated METTL1 at Ser27 by Akt is also enzymatically

inactive [13]. The fact that both tRNA methyltransferases are

evolutionally conserved suggests a similar tRNA surveillance

system including Trm4 and Trm8 in human cells. Furthermore,

the observation that the cytotoxic effect of 5-FU in yeast is

enhanced by heat stress in a trm8 mutant strain [25] leads us to the

hypothesis that nonessential tRNA modifications catalyzed by

NSUN2 and METTL1 impacts the efficiency of 5-FU treatment

in human cancer cells.

Here, we provide evidence that tRNA methyltransferases,

NSUN2 and METTL1, strongly influences 5-FU sensitivity in

human cancer cells. Therefore, targeting these methyltransferases

might represent a promising rationale to improve 5-FU-treatment

of tumors and to reduce 5-FU-related side effects in patients.

Results

NSUN2 did not affect cell growth
NSUN2 (SAKI) has been reported to be overexpressed and with

gain in gene copy-number in various of human cancers [15].

Furthermore, NSUN2 has been implicated in myc-induced

proliferation [26]. In line with these observations, the siRNA-

mediated knockdown of NSUN2 negatively affects cancer cell

growth [14] and homozygous knockout of the NSUN2 gene locus

causes delayed cell growth in bulge stem cells [27]. However, in

our previous studies, NSUN2 expression was not altered during

the cell cycle of HeLa cervix carcinoma cells [17]. When we

investigated normal human diploid fibroblasts, NSUN2 expression

was found to be very low compared with HeLa cells and again

NSUN2 was not differentially expresses during the cell cycle [17].

In initial studies we sought to analyze the impact of increased or

decreased NSUN2 expression on the growth properties of HeLa

cells. We therefore utilized cell lines clonally derived from stable

transfectants described previously [17]. These studies indicated

that there was a difference in the growth properties that arise as a

result of heterogeneity among clones although we found that

NSUN2 did not alter the growth properties of HeLa cells both

onto plastic dish culture and in semisolid agar culture (Figure S1).

Subsequently, we pooled cells from five independent clones for

further experiments and examined expression levels of NSUN2

and METTL1. We then generated Xpress-NSUN2-overexpress-

ing HeLa cells as well as NSUN2 knockdown cells, the latter by

using an shRNA targeting the 59-UTR of NSUN2 mRNA.

Successively we tested cell growth both onto plastic dish culture

and in semisolid agar culture. The data clearly indicated that

NSUN2 is related to neither cell multiplication nor cancerous cell

growth (Figure S2 and S3).

Co-overexpression of NSUN2 and METTL1 confers a
protective effect of 5-FU-induced cytotoxicity

To further elucidate NSUN2 function in mammalian cells, we

focused on mechanisms involved in tRNA methylation. NSUN2 is

a mammalian homolog of yeast Trm4. In yeast system, Trm4-

mediated tRNA modification is nonessential, but the additional

knockout of Trm8, which is tRNA (guanine-N7-)-methyltransfer-

ase, under Trm4 knockout background leads to an unstable tRNA

situation, resulting in a temperature-sensitive growth. Based on

cooperative functions of Trm4 and Trm8 in yeast, we sought to

analyze the effects of overexpressed NSUN2 and METTL1 in

HeLa cells suffering heat stress. For this we used HeLa cell lines

engineered to express NSUN2, METTL1 and both methyltrans-

ferases. The ectopic expression of the methyltransferases was

confirmed by Western blot analysis as depicted in Figure 1A.

Contrary to our expectations, overexpression of NSUN2 and

METTL1 did not affect heat stress-induced cytotoxicity (Fig-

ure 1A, 1B and 1C).

Next, we sought to investigate whether overexpression of

NSUN2 and METTL1 protects from 5-FU-induced cytotoxicity,

since tRNA modifying enzymes have been implicated as in vivo
targets for 5-FU in yeast [25]. Although we could not observe a

protective effect after 5-FU-treatment in HeLa cells expressing

NSUN2 or METTL1 alone, we revealed that combined overex-

pression of NSUN2 and METTL1 significantly protected HeLa

cells from 5-FU-induced cell death (Figure 1D and 1E). Notewor-

thy, co-overexpression of NSUN2 and METTL1 did not affect cell

proliferation growth in soft agar (Figure S4).

Double knockdown of NSUN2 and METTL1 potentiated
the cytotoxic effect of 5-FU

To examine the effects of double knockdown of NSUN2 and

METTL1 on heat stress-induced cytotoxicity and 5-FU-induced

cytotoxicity, we established stable HeLa cells with knockdown of

NSUN2, METTL1, or NSUN2 and METTL1. As depicted in

Figure 2A we fully knocked down NSUN2, METTL1 protein

expression and were also able to achieve an effective NSUN2/

METTL1 double knockdown.

Interestingly, the knockdown of NSUN2 did not affect cell

multiplication and cancerous cell growth (Figure S5). Also, we

noted that knockdown of METTL1 and double knockdown of

NSUN2 and METTL1 did not affect cell multiplication and

cancerous cell growth (Figure S5).

Since it was of special interest whether the knockdown of

NSUN2, METTL1 and double knockdown of NSUN2 and

METTL1 results in a temperature-sensitive growth phenotype as

reported in yeast we incubated the cells at 43uC for a time period

of 1 h to 6 h. Contrary to our expectations, the double knockdown

of NSUN2 and METTL1 did not enhance heat stress-induced

cytotoxicity (Figure 2B and 2C).

Subsequently we examined whether the double knockdown of

NSUN2 and METTL1 affects 5-FU-induced cytotoxicity. Con-

sistent with our observation of NSUN2 and METTL1 overex-

pression experiments, which shows protective effects of tRNA

methyltransferases, we revealed that double knockdown of

NSUN2 and METTL1 significantly sensitized HeLa cells to 5-

FU treatment (Figure 2D and 2E).

Author Summary

The cellular mechanisms for sensing and responding to
stress on nucleic acid metabolism or to genotoxic stress
are the fundamental and ancient evolutionary biological
activities with conserved and diverse biological functions.
In yeast, hypomodified mature tRNA species are rapidly
decayed under heat stress by the RTD pathway. Yet, it has
been shown that tRNA-specific methyltransferases Trm4
and Trm8 protect from tRNA decay. 5-FU, a pyrimidine
analog used for cancer treatment, is generally known to
act as a thymidylate synthase inhibitor although other
ways for the mechanisms of action are suggested. We
studied NSUN2 and METTL1, the human orthologs of Trm4
and Trm8 in yeast, and demonstrated that these RTD-
related tRNA modifying enzymes are involved in 5-FU
sensitivity in cervical cancer HeLa cells. We conclude that
the evolutionarily conserved regulation of tRNA modifica-
tions is a potential mechanism of chemotherapy resistance
in cancer cells.

tRNA Modifying Enzymes and 5-FU Sensitivity
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Double knockdown of NSUN2 and METTL1 did not affect
cisplatin- and paclitaxel-induced cytotoxicity

To examine the effects of double knockdown of NSUN2 and

METTL1 on further chemotherapeutic agents other than 5-FU,

we used cisplatin, a platinum-containing anti-cancer drug that

binds to and causes crosslinking of DNA, and paclitaxel, a

microtubule-stabilizing mitotic inhibitor. Contradictory to 5-FU

treatment, both agents caused no detectable differences in

induced cytotoxicity between control cells and double knockout

(Figure 3).

Double knockdown of NSUN2 and METTL1 caused
increased sensitivity to 5-FU-induced cell death
measured by colony formation assay

As shown in Figure 2, we found that double knockdown of

NSUN2 and METTL1 potentiated the cytotoxic effect of 5-FU,

Figure 1. Effects of increased expression of NSUN2 and METTL1 on 5-FU-treatment and heat stress and 5-FU. (A) Immunoblot analysis
of proteins from Xpress-NSUN2-overexpressing cells (lane Xpress-NSUN2), Xpress-METTL1-overexpressing cells (lane Xpress-METTL1), Xpress-NSUN2
and Xpress-METTL1-co-overexpressing cells (lane Xpress-NSUN2 + Xpress-METTL1), and control vector-transfected cells (lane empty) with anti-Xpress,
anti-NSUN2, anti-METTL1 and anti-a-tubulin antibodies. (B) Time-dependent cell survival in response to heat stress in Xpress-NSUN2-overexpressing
cells (open circle), Xpress-METTL1-overexpressing cells (open triangle), Xpress-NSUN2 and Xpress-METTL1-co-overexpressing cells (open square), and
control vector-transfected cells (closed circle) with the MTT viability assay. There was no significant difference in survival of Xpress-NSUN2- or Xpress-
METTL-1-overexpressing cells compared with control vector-transfected cells in all of each duration period. (C) Comparison of the average IC50 values
for heat stress between Xpress-NSUN2- or Xpress-METTL-1-overexpressing cells and control vector-transfected cells. NS, not significant. (D) Dose-
dependent cell survival in response to 5-FU in Xpress-NSUN2-overexpressing cells (open circle), Xpress-METTL1-overexpressing cells (open triangle),
Xpress-NSUN2 and Xpress-METTL1-co-overexpressing cells (open square), and control vector-transfected cells (closed circle) with the MTT viability
assay. *Significant difference compared with control vector-transfected cells (P,0.05). (E) Comparison of the average IC50 values for 5-FU between
Xpress-NSUN2- and/or Xpress-METTL-1-overexpressing cells and control vector-transfected cells. Data throughout this study represent the mean 6
SD for three independent experiments, and error bars represent the SD. Difference between values were analyzed using a two-tailed Welch’s t-test. P-
values of ,0.05 were considered significant. NS, not significant. *Significant difference compared with control vector-transfected cells (P,0.05).
doi:10.1371/journal.pgen.1004639.g001

tRNA Modifying Enzymes and 5-FU Sensitivity
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measured by MTT assay. To confirm our results, colony

formation assay, a method capable to essentially test every cell

in the population for its ability to cell multiplication escaping cell

reproductive death, was used to determine the effectiveness of 5-

FU. The data revealed that double knockdown of NSUN2 and

METTL1 caused increased sensitivity to 5-FU-treatment resulting

in a dose-dependent and significant decreased clonal survival when

compared to scrambled shRNA control (Figure 4). NSUN2 and

METTL1 knockdown cells treated with 5–20 mM 5-FU showed a

60 - 68% decreased values of the average IC50 (4.5460.12 mM)

compared with those of the parent cells (12.8560.25 mM) and

control vector-transfected cells (12.7961.05 mM) (Figure 4C).

Figure 2. Effects of decreased NSUN2 and METTL1 expression on 5-FU-treatment and heat stress and 5-FU. (A) Immunoblot analysis of
total proteins lysates and immunoprecipitated NSUN2 and METTL1 proteins from indicated NSUN2-, METTL1-, and double NSUN2/METTL1
knockdowns and control transfectant. As loading control the western blot was probed with an anti-a-tubulin antibody. (B) Time-dependent cell
survival in response to heat stress in NSUN2 knockdown cells (open circle), METTL1 knockdown cells (open triangle), NSUN2 and METTL1 knockdown
cells (open square), and control vector-transfected cells (closed circle) with the MTT viability assay. There was no significant difference in survival of
NSUN2 knockdown cells, METTL-1 knockdown cells, or NSUN2 and METTL1 knockdown cells compared with control vector-transfected cells in all of
each duration period. (C) Comparison of the average IC50 values for heat stress between NSUN2 knockdown cells, METTL-1 knockdown cells, or
NSUN2 and METTL1 knockdown cells and control vector-transfected cells. NS, not significant. (D) Dose-dependent cell survival in response to 5-FU in
NSUN2 knockdown cells (open circle), METTL1 knockdown cells (open triangle), NSUN2 and METTL1 knockdown cells (open square), and control vector-
transfected cells (closed circle) with the MTT viability assay. *Significant difference compared with control vector-transfected cells (P,0.05). (E)
Comparison of the average IC50 values for 5-FU between NSUN2 knockdown cells, METTL-1 knockdown cells, or NSUN2 and METTL1 knockdown cells
and control vector-transfected cells. NS, not significant. *Significant difference compared with control vector-transfected cells (P,0.05).
doi:10.1371/journal.pgen.1004639.g002

tRNA Modifying Enzymes and 5-FU Sensitivity
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Double knockdown of NSUN2 and METTL1 caused rapid
tRNA(ValAAC) degradation induced by 5-FU

In the yeast system, a double knockout of Trm4 and Trm8, the

orthologs of human NSUN2 and METTL1, shows an increased

sensitivity to heat stress, resulting in a rapid tRNA(ValAAC)

degradation. A similar situation may therefore occur when

exposing HeLa cells depleted of NSUN2 and METTL1 to 5-

FU. To address this question we performed tRNA stability assays

using HeLa cells with double knockdown of NSUN2 and

METTL1 and as control HeLa cells transfected wit scramble

shRNA. As shown in Figure 5, tRNA(ValAAC) was unstable in

HeLa cells with double knockdown of NSUN2 and METTL1

when exposed to 5-FU whereas in control cells the amount of

tRNA(ValAAC) remained stable. Interestingly, we monitored a

rapid degradation of initiator tRNAMet (tRNA(iMet)) in both

control cells and knockdown cells when exposed to heat stress and

even when exposed to 5-FU whereas the amounts of elongator

tRNAMet (tRNA(eMet)) molecules were not affected.

Co-expression of a dephosphorylation-mimic NSUN2 and
a dephosphorylation-mimic METTL1 conferred significant
protection against 5-FU-induced cytotoxicity but
phosphorylation-mimic forms did not

NSUN2 is phosphorylated at Ser139 by Aurora-B, and the

phosphorylation of this site is critical for repression of its

methyltransferase activity [17]. The same regulation of enzymatic

activity has been reported for METTL1, which is phosphorylated

at Ser27 by Akt [13]. If decreased sensitivities to 5-FU by double

knockdown of NSUN2 and METTL1 are due to decreased

methyltransferase activities resulting from decreased expression

levels of both proteins, co-expression of enzymatic active forms of

both methyltransferases in NSUN2 and METTL1 knockdown

cells may confer resistance to 5-FU. To test this hypothesis, we

established stable clones originating from UTR-targeting shRNA-

Figure 3. Effect of cisplatin and paclitaxel treatment in NSUN2
and METTL1 knockdown and double knockdown cells. (A) Dose-
dependent cell survival in response to cisplatin in NSUN2 and METTL1
knockdown cells (open circle) and control vector-transfected cells
(closed circle) with the MTT viability assay. There was no significant
difference in survival of NSUN2 and METTL1 knockdown cells compared
with control vector-transfected cells in all of each concentration. (B)
Comparison of the average IC50 values for cisplatin between NSUN2 and
METTL1 knockdown cells and control vector-transfected cells. NS, not
significant. (C) Dose-dependent cell survival in response to paclitaxel in
NSUN2 and METTL1 knockdown cells (open circle) and control vector-
transfected cells (closed circle) with the MTT viability assay. There was no
significant difference in survival of NSUN2 and METTL1 knockdown cells
compared with control vector-transfected cells in all of each
concentration. (D) Comparison of the average IC50 values for paclitaxel
between NSUN2 and METTL1 knockdown cells and control vector-
transfected cells. NS, not significant.
doi:10.1371/journal.pgen.1004639.g003

Figure 4. Colony formation assay showing synergistic effects of
NSUN2 and METTL1 double knock down and 5-FU-treatment.
(A) Depiction of colonies formed after 5-FU treatment at various
concentrations on Giemsa-stained dishes. (B) Dose-dependent cell
survival in response to 5-FU in NSUN2 and METTL1 knockdown cells
(open triangle), the parent cells (closed circle), and control vector-
transfected cells (open circle) in colony formation assay. (C) Comparison
of the average IC50 values for 5-FU assessed by colony formation assay
between NSUN2 and METTL1 knockdown cells and control vector-
transfected cells. *Significant difference compared with control vector-
transfected cells (P,0.05).
doi:10.1371/journal.pgen.1004639.g004

tRNA Modifying Enzymes and 5-FU Sensitivity
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mediated NSUN2 and METTL1 knockdown cells with co-

expression of both NSUN2 and METTL1 using expression

plasmids containing only the wild type coding region of NSUN2

and METTL1 or genetically engineered to encode phosphoryla-

tion- or dephosphorylation-mimetic proteins (Figure 6A). Then 5-

FU sensitivities were examined in these stable clones. As shown in

Figure 6B and 6C, co-expression of wild type proteins NSUN2

and METTL1 conferred protection against 5-FU-induced cyto-

toxicity on NSUN2 and METTL1 knockdown cells. Compared to

wild type, dephosphorylation-mimic forms were more effective

(Figure 6C). On the other hand, phosphorylation-mimic forms

had no effect (Figure 6B and 6C). Thus, the combined activity of

NSUN2 and METTL1 seems to be critical for 5-FU sensitivity of

cancer cells, suggesting the presence of a conserved RTD-like

pathway regulated by NSUN2 and METTL1 for participating in a

surveillance system for tRNA quality control in human.

Discussion

NUSN2 is not a critical regulator of cancer cell growth
The upregulated expression of NSUN2 in cancer cells is notable

because the overexpression is accompanied by gene copy number

gain [14,15]. NSUN2 has an enzyme activity that can methylate

tRNA [17]. Over the past several decades, many reports have

shown elevations of tRNA methyltranferase activity and tRNA

level in cancer cells [28,29]. These observations indicate tRNAs as

potential biomarkers for tumor progression and malignancy. Yet,

there have been no mechanistic explanation linking increased

expression of modifier enzymes of tRNAs to growth advantage of

cancer cells. In this study we revealed that NSUN2 is not a critical

regulator of cancer cell growth. We conclusively show that forced

overexpression and knockdown of NSUN2 do not impact

proliferation and cancerous growth properties in soft agar. Indeed,

forced overexpression of NSUN2 did not have any oncogenic

activity per se and did not potentiate ras-induced in vitro
neoplastic transformation in BALB/c 3T3 (Figure S6).

Although NSUN2 overexpression does not act as oncogene, the

likelihood that NSUN2 overexpression might confer a growth

advantage or a cancer stem cell property in cancer cells remains.

Through the generation and phenotypic analysis of knockout

mice, murine NSUN2 as a target of proto-oncogene Myc [26] is

required to stem cell growth and normal stem cell differentiation in

skin and is also required to testis differentiation [27]. NSUN2

catalyzes the formation of cytosine-5-methylation in nucleic acids

including tRNA, rRNA, coding and non-coding RNA, and

possibly genome DNA [17,30–34]. The altered expression levels

Figure 5. Degradation of tRNAs in HeLa cells treated with heat stress or 5-FU. (A) Northern blot analysis of tRNA(ValAAC), tRNA(iMet),
tRNA(eMet), and 5S rRNA. NSUN2 and METTL1 knockdown cells and control vector-transfected cells were treated with 37uC (control), 43uC (heat
stress), or 5-FU (7.69 mM) for indicated time. Total RNA (20 mg) was loaded and blotted. (B) Degradation profile of tRNA(ValAAC), tRNA(iMet), and
tRNA(eMet) in NSUN2 and METTL1 knockdown cells (closed symbols) and control vector-transfected cells (open symbols). The cells were treated with
37uC (circle), 43uC (triangle), and 5-FU (square). 5S rRNA transcribed by RNA polymerase III was used as a control, and quantitative data were indicated.
doi:10.1371/journal.pgen.1004639.g005

tRNA Modifying Enzymes and 5-FU Sensitivity
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of NUSUN2 might affect cell properties of certain tissues in an

epigenetic fashion. Notably, mutations in NSUN2 gene resulting

in the gene expression defect are found in patients with intelligence

deficiencies [35–37].

Previous studies suggest an alternative mechanism by which

NSUN2 overexpression contributes to cancer development.

NSUN2 is phosphorylated by Aurora-B, resulting in the

repression of enzymatic activity, and distributed to the cytoplasm

for participating in spindle stability during mitotic cells [17,38].

Although the elucidation of the roles of NSUN2 overexpression

in cancer cells is still challenging, mitotic spindle-related NSUN2

functions involved in chromosome segregation processes might

induce chromosome instability leading to cancer progression.

Cooperation between NSUN2 and METTL1 is responsible
for determining 5-FU sensitivity in cancer cells

In yeast trm4/trm8 double mutant, certain hypo-modified

tRNAs, particularly tRNA(ValAAC), are destabilized by RTD

pathway [21]. Due to this tRNA quality check, the double mutant

is temperature-sensitive. The RTD pathway in yeast can also be

triggered without coincident temperature sensitivity or without loss

of modifications in different tRNA variants [23]. In our present

study, double knockdown of NSUN2 and METTL1 in HeLa cells

did not affect heat stress-induced cytotoxicity. Thus, it is likely that

RTD is not evolutionarily conserved with respect to heat stress-

induced rapid tRNA decay involving Trm4 and Trm8.

Wild type yeast cells are temperature-sensitive in the presence of

higher 5-FU concentrations. Moreover, synthetic interaction

between trm8 and pus1 (pseudouridylation defective) mutations

is observed under heat stress [25]. Reduced pseudouridylation is

the most likely cause of 5-FU-induced tRNA damage(s) that

mediate tRNA destabilization [25]. Similarly, HeLa cells is 5-FU-

sensitive under heat stress. However, the 5-FU-sensitive phenotype

of yeast trm8 mutant under heat stress is not evolutionarily

conserved because heat stress potentiates the sensitivity of those

cells to the cytotoxicity of 5-FU in the same way as control cells

(Figure S7).

At normal temperature in the presence of 5-FU, analysis of

double mutants showed that yeast trm8 genetically interacts with

other genes encoding tRNA modification activities such as trm10,

pus1, and mod5 [25]. Only trm8 mutant, but not trm4 mutant, is

found to be 5-FU sensitive [25]. Although it is not clear whether

yeast trm4/trm8 double mutant displays hypersensitivity to 5-FU,

tRNA modifying enzymes should be important factors for

determining 5-FU sensitivity in yeast. Here, our experiments

using HeLa cells demonstrated that these RTD-related tRNA

modifying enzymes are associated with 5-FU sensitivity. Appar-

ently the effect of 5-FU is different in yeast when compared to

Figure 6. Effects of co-expression of NSUN2 and METTL1 on the cytotoxic effects of heat stress and 5-FU in NSUN2 and METTL1
knockdown cells. (A) Immunoblot analysis of proteins from NSUN2 and METTL1 knockdown cells co-expressing Xpress-tagged wild type NSUN2
and Xpress-tagged wild type METTL1 (lane WT/WT), NSUN2 and METTL1 knockdown cells co-expressing Xpress-tagged phosphorylation-mimic
NSUN2 and Xpress-tagged phosphorylation-mimic METTL1 (lane SE/SE), NSUN2 and METTL1 knockdown cells co-expressing Xpress-tagged
dephosphorylation-mimic NSUN2 and Xpress-tagged dephosphorylation-mimic METTL1 (lane SA/SA), and NSUN2 and METTL1 knockdown cells
transfected with control vector (lane empty) with anti-Xpress and anti-a-tubulin antibodies. Five independent clones that co-expressed Xpress-NSUN2
and Xpress-METTL1 or were transfected with the empty vector, originating from UTR-targeting shRNA-mediated NSUN2 and METTL1 knockdown
cells, were pooled and used as a stable transfectant. (B) Dose-dependent cell survival in response to 5-FU in NSUN2 and METTL1 knockdown cells co-
expressing Xpress-tagged wild type NSUN2 and Xpress-tagged wild type METTL1 (open circle, DKD + WT/WT), NSUN2 and METTL1 knockdown cells
co-expressing Xpress-tagged phosphorylation-mimic NSUN2 and Xpress-tagged phosphorylation-mimic METTL1 (open triangle, DKD + SE/SE), NSUN2
and METTL1 knockdown cells co-expressing Xpress-tagged dephosphorylation-mimic NSUN2 and Xpress-tagged dephosphorylation-mimic METTL1
(open square, DKD + SA/SA), and NSUN2 and METTL1 knockdown cells transfected with control vector (closed circle, DKD + empty) with the MTT
viability assay. (C) Comparison of the average IC50 values for 5-FU between NSUN2 and METTL1 knockdown cells co-expressing NSUN2 and METTL1
and control vector-transfected cells. NS, not significant. *Significant difference compared with control vector-transfected cells (P,0.05).
doi:10.1371/journal.pgen.1004639.g006
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HeLa cells. Knockdown of NSUN2 and METTL1 in HeLa cells

potentiates sensitivity of the cells to 5-FU, whereas heat stress of

cells revealed no effects. In contrast, yeast tRNA modification

mutants show similar synthetic interactions for temperature

sensitivity and sensitivity to 5-FU. These differences are related

to tRNA stability (Figure 5). This result supports the idea that 5-

FU-substituted and hypomodified tRNA that is caused by

knockdown of tRNA methylases (NSUN2 and METTL1) after

5-FU exposure is possibly monitored and checked by RTD

pathway in mammalian cells. Although the sites of specific tRNA

modifications have not been yet determined in HeLa cells used

here, METTL1 and NSUN2 target sites are mostly conserved

between mammals and yeasts [32,39]. In our model (Figure 7),

loss of tRNA modification causes tRNA destabilization, which is

detected as temperature sensitivity in yeast but not in mammals,

but may be detected as 5-FU sensitivity in mammals.

Interestingly, in our study, degradation of tRNA(iMet) is heat-

sensitive but is also 5-FU-sensitive (Figure 5). From these data, the

tRNA(iMet) stability is not likely to be related to tRNA modifica-

tions generated by NSUN2 and METTL1. This observation is of

particular interest when considering stress responses that undergo a

quality control check by RTD, because tRNA(iMet) stability is not

affected by stresses other than heat or 5-FU, such as ethanol,

hydrogen peroxide (oxidative stresses), low-pH (pH 5.0), cyclohex-

imide, and sodium chloride (high salt concentrations) [40].

Loss of tRNA(iMet) at high temperature was reported

previously by Watanabe et al. who has shown that degradation

of initiator tRNA, tRNA(iMet), depends on Xrn1/2 nucleases

[40]. Yeast RTD pathway that includes Rat1 and Xrn2, monitors

the structural integrity of the acceptor and T-stem of tRNA and

degrades unstable tRNA species. Since the problem of the

structural stabilization of the acceptor and T-stem in tRNA(iMet)

in HeLa has been not clarified, Watanabe and colleagues suggest

that the degradation pathway in human may resemble the RTD

pathway in yeast. A role of Xrn1/2 in degradation of

tRNA(ValAAC) in HeLa exposed to 5-FU is unknown. Yeast

Trm4 and Trm8 are required for protecting yeast tRNA against

RTD, but the functional analogy of their mammalian orthologs

NSUN2 and METTL1 would need further study to determine

more precisely.

DNA and RNA species other than tRNA, such as rRNA,

snRNA, mRNA and pre-mRNA, are targets for 5-FU [1]. Those

are also targets for NSUN2 with broad substrate specificity

[17,26,31–34]. However, the possibility that the nucleic acid

species other than tRNA are involved in the NSUN2 and

METTL1-dependent potentiation mechanism under 5-FU treat-

ment is probably eliminated, because METTL1 is evolutionarily

conserved and catalyzes the formation of N7-methylguanine at

position 46 in tRNA in a substrate-specific manner [13,20,24].

tRNA and cancer
It has long been suggested that deregulation of translation

contributes to cancer development [41,42]. Forced overexpression

of components of translation machinery can lead to cell

transformation [43,44]. Elevations of tRNA methyltransferase

activities and elevated expression levels of tRNA have also long

been recognized in cancer cells [28,29,45,46]. Although such

several circumstantial evidences suggests that deregulation of

translation might be a common cause for human cancer, one

viewpoint still argues that such tRNA deregulation might be only

characteristics of cancer cells like a by-product, which is associated

with increased proliferation and elevated levels of protein

synthesis. The tRNA overexpression that leads to increase the

translation efficiency of genes is indeed characteristic of cancer

cells but does not necessarily need to be related to their growth

advantage. In our view, based on the present study, tRNA

modifications are likely to contribute to cancer cell survival under

certain stresses that interferes with tRNA stability. We therefore

envisage new approaches implementing RNA-methyltransferase

inhibitors or tRNA-modifying molecules as amplifier for chemo-

therapy of cancer.

Materials and Methods

Cells, cell culture and reagents
The human cervical cancer cell line HeLa was provided by the

late Professor Masakatsu Horikawa, Faculty of Pharmaceutical

Figure 7. Model for how loss of NSUN2- and METTL1-
dependent tRNA(ValAAC) modifications causes 5-FU-induced
tRNA destabilization. (A) Synthetic interaction between trm4 and
trm8 mutations in yeast. The temperature-sensitive phenotype of yeast
trm4/trm8 double mutant is due to rapid decay of hypomodified tRNA.
A melted loop indicates destabilized tRNA. Although 5-FU-induced
tRNA damage(s) that mediate tRNA destabilization remains to be fully
determined, reduced pseudouridylation is the most likely cause of this.
Only trm8 mutant, but not trm4 mutant, is sensitive to 5-FU. And so
hypomodified tRNA caused by trm4 and trm8 mutations is probably
hypersensitive to 5-FU (shown as a melted loop with question mark). (B)
Cooperative effect between NSUN2 and METTL1 in HeLa cells.
Hypomodified tRNA caused by double knockdown of NSUN2 and
METTL1 is not heat-sensitive but is 5-FU-sensitive. A melted loop
indicates destabilized tRNA.
doi:10.1371/journal.pgen.1004639.g007
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Sciences, Kanazawa University [47]. The cells were cultured in

Dulbecco’s modified Eagle’s minimum essential medium contain-

ing 10% fetal bovine serum at 37uC in a humidified atmosphere of

5% CO2 and 95% air.

5-FU (Nakarai Tesque, Kyoto, Japan) was dissolved in distilled

water. Cisplatin (Sigma-Aldrich, St. Louis, MO, USA) was

dissolved in phosphate buffered saline solution without Ca2+ and

Mg2+. Paclitaxel (Sigma-Aldrich, St. Louis, MO, USA) was

dissolved in dimethyl sulfoxide. The chemical treatment was

performed carefully under a protocol approved for evaluation in in
vitro cultured cells [48].

Antibodies
Rabbit polyclonal anti-NSUN2 [17] and anti-METTL1 (Protein-

Tech Group, Chicago, IL, USA) antibodies were used to detect

endogenous tRNA modifying enzymes. Monoclonal anti-Xpress

(Invitrogen, Carlsbad, CA, USA) and anti-a-tubulin (Cedarlane

Laboratories, Burlington, Ontario, Canada) antibodies were also used.

Protein extraction and immunoblot analysis
Whole cell lysates were prepared using Laemmli SDS-sample

buffer. Protein concentration of lysed cells was quantified via the

Bradford assay (Bio-Rad Protein Assay, Bio-Rad Laboratories,

Hercules, CA, USA). Proteins were resolved by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (20 mg/lane), electro-

blotted onto a polyvinylidene difluoride membrane, Immobilon P

(Millipore Corporation, Billerica, MA, USA), using an electro-

blotter (ATTO, Tokyo, Japan), and incubated with an appropriate

antibody. The immunoblots were developed using electrogener-

ated chemiluminescence reagents kit (GE-Amersham, Princeton,

NJ, USA).

Plasmids
Expression plasmids for Xpress-tagged NSUN2 and its consti-

tutively dephosphorylated and phosphorylated forms (Xpress-

tagged NSUN2-S139A and Xpress-tagged NSUN2-S139E) have

been described previously [17]. The coding region of METTL1

cDNA (GenBank: BC000550.1, Open Biosystems, Huntsville, AL,

USA) was amplified by polymerase chain reaction and subcloned

into pcDNA3.1/His, generating plasmid pcDNA3.1-Xpress-

METTL1. The following mutant METTL1 expression plasmids

were also constructed: pcDNA3.1-Xpress-METTL1-SA, produc-

ing dephosphorylation-mimic METTL1-S27A, in which Ser27 of

METTL1 was replaced with Ala by site-directed mutation at

T79G; and pcDNA3.1-Xpress-METTL1-SE, producing phos-

phorylation-mimic METTL1-S27E in which Ser27 of METTL1

was replaced with Glu by site-directed mutation at T79G, C80A

and C81A.

Stable transfectants with forced overexpression of tRNA
modifying enzymes

HeLa cells were transfected with constructs encoding tRNA

modifying enzymes or control vector by using lipofectamine 2000

(Invitrogen, Carlsbad, CA, USA). G418-resistant colonies (over

twenty colonies) were cloned in each transfection, and the protein

expression of each clone was checked by immunoblot analysis.

Five independent clones that overexpressed Xpress-tagged pro-

teins were pooled and used as a stable transfectant.

Knockdown of endogeneous tRNA modifying enzymes
using short hairpin RNA (shRNA)

Oligonucleotides targeted to the 59-untranslated region (UTR)

of NSUN2 and METTL1 were synthesized, and were ligated into

pSUPERIOR.PURO (OligoEngine, Seattle, WA, USA). Puromy-

cin-resistant colonies (thirty colonies) were cloned in each

transfection, and the protein expression of each clone was checked

by immunoblot analysis as shown previously [17]. Five indepen-

dent clones that repress expression of endogenous tRNA

modifying enzymes were pooled and used as a knockdown clone.

Analysis of cell growth curves
Doubling times were calculated from growth curves in

logarithmic growth phase.

Ability to form colonies in semisolid medium
Colony-forming abilities in semisolid medium were determined

by the method described previously [49]. Anchorage-independent

colonies grown in 0.2% washed agar medium were counted.

Analysis of cell viability with water-soluble tetrazolium-1
(WST-1) assay

Cells were inoculated into 96-well plates. After 4 h of culture,

each drug solution was added. For hyperthermia experiments, cells

were cultured at 43uC for various periods. The treated cells were

cultured for additional 72 h. Cell viability was determined by

WST-1 assay (Roche Applied Science, Indianapolis, IN, USA).

The IC50 value represents the drug concentration resulting in 50%

viability.

Analysis of cell viability with colony formation assay
Colony formation assay [50], also known as clonogenic assay,

was used to confirm the cytotoxic effect of 5-FU. Cells were plated

onto a plastic surface and allowed to attach for 24 h. Each drug

solution was added directly into each dish, as mentioned

previously[48]. Colonies formed were stained and counted. The

IC50 value represents the drug concentration resulting in 50%

survival.

Northern blot analysis of RNA
Total RNA was isolated from HeLa cells treated with heat stress

or 5-FU by using RNAiso Plus (Takara-Clontech, Tokyo, Japan).

RNA gel electrophoresis and Northern blot analysis identified

tRNA(ValAAC), tRNA(iMet), tRNA(eMet), and 5S rRNA by using

each specific labeled probes as described below. Quantification of

band intensity was calculated by Multi Gauge (Fujifilm, Tokyo,

Japan). The probe sequences are tRNA(ValAAC): GGACC-

TTTCGCGTGTTAGG, tRNA(iMet): GCAGAGGATGGTT-

TCGATCCATC, tRNA(eMet): CCCCGTGTGAGGATCGA-

ACTCAC, and 5S rRNA: CAGGGTGGTATGGCCGTAGAC.

Statistics
All experiments to obtain quantitative data were repeated

independently three times (n = 3). Differences between values were

analyzed using a two-tailed Welch’s t-test. P-values of ,0.05 were

considered significant. Data is presented as the mean +/2 one

standard deviation (SD).

Supporting Information

Figure S1 Effects of decreased NSUN2 expression on cell

growth and on anchorage-independent growth. HeLa cells and

their derived five clones transfected with NSUN2-shRNA #1, #2,

or #3 were used. Expression levels of NSUN2 were previously

checked by immunoblot analysis (see Figure S4 in ref. [17]).

NSUN2 expression is completely repressed in clones #2-1, #2-8,

and #3-5, moderately repressed in clone #1-7, and not repressed
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in clone #3-3. (A) In vitro growth curves of these clones (#1-7,

#2-1, #2-8 #3-3, and #3-5) and parental HeLa cells. (B) Colony-

forming abilities of these clones (lanes #1-7, #2-1, #2-8 #3-3,
and #3-5) and parental HeLa cells (lane HeLa) in 0.2% washed

agar medium. All experiments to obtain quantitative data were

repeated independently three times (n = 3). Data throughout this

study represent the mean 6 SD for three independent

experiments, and error bars represent the SD. Difference between

values were analyzed using a two-tailed Welch’s t-test. P-values of

,0.05 were considered significant. NS, not significant.

(TIF)

Figure S2 Effects of increased NSUN2 expression on cell growth

and on anchorage-independent growth. (A) Immunoblot analysis

of proteins from Xpress-NSUN2-overexpressing cells (lane Xpress-
NSUN2) and control vector-transfected cells (lane empty) with

anti-Xpress, anti-NSUN2 and anti-a-tubulin antibodies. Five

independent clones that overexpressed Xpress-NSUN2 or were

transfected with the empty vector were pooled and used as a stable

transfectant. (B) In vitro doubling times of Xpress-NSUN2-

overexpressing cells (lane Xpress-NSUN2) and control vector-

transfected cells (lane empty). (C) Colony-forming abilities of

Xpress-NSUN2-overexpressing cells (lane Xpress-NSUN2) and

control vector-transfected cells (lane empty) in 0.2% washed agar

medium. NS, not significant.

(TIF)

Figure S3 Effects of decreased NSUN2 expression on cell

growth and on anchorage-independent growth. Newly isolated

clones transfected with NSUN2-shRNA targeted to UTR were

used. (A) Immunoblot analysis of proteins from NSUN2

knockdown cells (lane NSUN2) and scrambled control vector-

transfected cells (lane scrambled) with anti-NSUN2 and anti-a-

tubulin antibodies. Five independent clones that decreased

endogenous NSUN2 expression or were transfected with the

scrambled control vector were pooled and used as a stable

transfectant. (B) In vitro doubling times of NSUN2 knockdown

cells (lane NSUN2) and scrambled control vector-transfected cells

(lane scrambled). (C) Colony-forming abilities of NSUN2 knock-

down cells (lane NSUN2) and scrambled control vector-transfect-

ed cells (lane scrambled) in 0.2% washed agar medium. NS, not

significant.

(TIF)

Figure S4 Effects of increased NSUN2 and METTL1 co-

expression on cell growth and on anchorage-independent growth.

(A) In vitro doubling times of Xpress-METTL1-overexpressing

cells (lane Xpress-METTL1), Xpress-NSUN2- and Xpress-

METTL1-co-overexpressing cells (lane Xpress-NSUN2 + Xpress-
METTL1) and control vector-transfected cells (lane empty). (B)

Colony-forming abilities of Xpress-METTL1-overexpressing cells

(lane Xpress-METTL1), Xpress-NSUN2- and Xpress-METTL1-

co-overexpressing cells (lane Xpress-NSUN2 + Xpress-METTL1)

and control vector-transfected cells (lane empty) in 0.2% washed

agar medium. NS, not significant.

(TIF)

Figure S5 Effects of decreased expression of NSUN2 and

METTL1 on cell growth and on anchorage-independent growth

in UTR-targeting shRNA-mediated newly established knockdown

cells. (A) In vitro doubling times of NSUN2 knockdown cells (lane

NSUN2), METTL1 knockdown cells (lane METTL1), NSUN2

and METTL1 knockdown cells (lane NSUN2 + METTL1) and

scrambled control vector-transfected cells (lane scrambled). (B)

Colony-forming abilities of NSUN2 knockdown cells (lane

NSUN2), METTL1 knockdown cells (lane METTL1), NSUN2

and METTL1 knockdown cells (lane NSUN2 + METTL1) and

scrambled control vector-transfected cells (lane scrambled) in 0.2%

washed agar medium. NS, not significant.

(TIF)

Figure S6 Effects of overexpression of NSUN2, NSUN2S139A,

and NSUN2S139E on H-RasG12V-induced cell transformation in

vitro. A BALB/c 3T3 A31-1-1 cell transformation assay system

was utilized, and quantification of the number of transformed foci

was determined using standard criteria [51,52]. The inset shows

an immunoblot of cells transfected with empty vectors (lane 1),

NSUN2 (lane 2), NSUN2S139A (lane 3), NSUN2S139E (lane 4), H-

RasG12V (lane 5), NSUN2 + H-RasG12V (lane 6), NSUN2S139A +
H-RasG12V (lane 7), and NSUN2S139E + H-RasG12V (lane 8). NS,

not significant.

(TIF)

Figure S7 Cell survival in response to 5-FU (IC50 concentra-

tions) under heat stress (43uC for 1.5 h) in NSUN2 and METTL1

knockdown cells (lane NSUN2 + METTL1), and control vector-

transfected cells (lane scrambled) with the MTT viability assay. NS,

not significant.

(TIF)
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