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Extracellular N8-isopentenyladenosine (i®A) addition induces cotranscriptional
i®A incorporation into ribosomal RNAs
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ABSTRACT

N6-isopentenyladenosine (i%A), a modified adenosine monomer, is known to induce cell death upon its addition to the cul-
ture medium. However, the molecular fate of extracellularly added i®A has yet to be identified. Here we show that iA ad-
dition to cell culture medium results in i®A incorporation into cellular RNA in several cell lines, including the 5-fluorouracil (5-
FU)-resistant human oral squamous cell carcinoma cell line FR2-SAS and its parental 5-FU-sensitive cell line SAS. i°A was
predominantly incorporated into 18S and 285 rRNAs, and i®A incorporation into total RNA was mostly suppressed by treat-
ing these cell lines with an RNA polymerase | (Pol I) inhibitor. i®A was incorporated into RNA even upon inactivation of
TRIT1, the only cellular i®A-modifying enzyme. These results indicate that upon cellular uptake of i°A, it is anabolized to
be used for Pol | transcription. Interestingly, at lower i®A concentrations, the cytotoxic effect of i®A was substantially
more pronounced in FR2-SAS cells than in SAS cells. Moreover, in FR2-SAS cells, i°A treatment decreased the rate of cel-
lular protein synthesis and increased intracellular protein aggregation, and these effects were more pronounced than in
SAS cells. Our work provides insights into the molecular fate of extracellularly applied i®A in the context of intracellular
nucleic acid anabolism and suggests investigation of i°A as a candidate for a chemotherapy agent against 5-FU-resistant
cancer cells.

Keywords: RNA modification; N%-isopentenyladenosine; 5-fluorouracil; ribosomal RNA; oral squamous cell carcinoma

INTRODUCTION ified to i°A by tRNA isopentenyltransferase 1 (TRIT1) via rec-
ognition of specific anticodon loop sequences (Lamichhane
etal. 2011, 2013; Khalique et al. 2020).The TRIT1 gene has
been proposed as a cancer suppressor gene candidate
because TRIT1 expression is low in lung cancer cells and
TRITT overexpression suppresses lung cancer cell growth
(Spinola et al. 2005). Addition of i°A to cell culture media in-
duces cell-cycle-arrest and cell death in cancer cell lines, in-
cluding colon cancer, bladder cancer, and glioma cell lines
(Laezza et al. 2009; Castiglioni et al. 2013; Ciaglia et al.
2017). Also, an increase of endogenous i®A monomer level
has been shown to exert an antitumor effect by inducing ex-
cessive autophagy in a glioma cell line (Yamamoto et al.
2019). Despite these reports on cytotoxicity of i°A, the

Post-transcriptional RNA modifications exist in most RNA
species and play pivotal roles in maintaining RNA struc-
tural integrity, function, and metabolism (Frye et al.
2016; Agris et al. 2018; Suzuki 2021). To date, more than
150 RNA modifications have been identified in the three
domains of life (Boccaletto et al. 2018). RNA modifications
are pivotal for life, and aberrations in over 60 human RNA
modification enzymes are associated with diseases that
frequently manifest as brain dysfunction, mitochondrial
diseases, diabetes, or cancer (Wei et al. 2011; Chujo and
Tomizawa 2021; Suzuki 2021).

Né—isopentenyladenosine (i®A) is an RNA modification
that exists in tRNAs. The adenosine at tRNA position 37 of

specifichuman tRNA species are post-transcriptionally mod-
© 2022 Yakita et al. Thisarticle is distributed exclusively by the RNA So-
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molecular fate and molecular function of extracellularly add-
ed i°®A monomer has yet to be identified.

At the end of its life, RNA is degraded to nucleoside
monomers. In human cells, in comparison to unmodified
nucleosides that are salvaged and reused, modified nucle-
osides are resistant to further degradation and many are
exported out of cells through nucleoside transporters
called ENT1 and ENT2 (Shi et al. 2021). The modified nu-
cleosides are then circulated in the blood and finally dis-
carded into urine (Mandel et al. 1966; Pane et al. 1992).
Recently, a physiological function of a modified nucleo-
side in the extracellular space has been reported in human
and higher mammals. The extracellular N°-methyladeno-
sine (M®A) monomer was found to function as a ligand
that strongly binds to human A3 adenosine receptor and
stimulates intracellular signaling pathways to play physio-
logical roles such as type | allergy (Ogawa et al. 2021).

Various artificial analogs of DNA and RNA nucleosides
and nucleobases are used for chemotherapy to cure cancer
and viral infection. Generally, these artificial nucleosides
and nucleobases inhibit the function of nucleoside biosyn-
thetic enzymes and/or are anabolized where their products
are used for nucleotide polymerization by DNA/RNA poly-
merase (Longley et al. 2003; Eyer etal. 2018). For example,
the deoxycytidine analog cytarabine is used in cancer che-
motherapy, and adenosine analog remdesivir is used for
COVID-19 treatment (Braess et al. 1998; Beigel et al. 2020).

5-fluorouracil (5-FU, Fig. 1A) is a uracil base analog and is
commonly used for chemotherapy against various tumors
including colon, breast, stomach, and oral cancers
(Longley et al. 2003). After 5-FU enters cells, 5-FU is con-
verted to various derivatives including 5-fluorodeoxyuri-
dine monophosphate (5-FdUMP) and 5-fluorouridine
triphosphate (5-FUTP). These analogs perturb DNA and
RNA synthesis and inhibit specific RNA modification. The
fluorine atom at uracil C5-position causes 5-FdUMP to co-
valently bind to thymidylate synthase to inhibit dTMP syn-
thesis, thereby blocking DNA nucleotide synthesis (Santi
et al. 1974). FAUTP can be misincorporated into DNA
(Longley et al. 2003) and 5-FUTP used for RNA transcrip-
tion, whereby it is incorporated into RNA polynucleotides
and exists as 5-fluorouridine (5-FUrd, Fig. 1B) within RNA
(Longley et al. 2003). Similarly to the case of thymidylate
synthase inhibition by 5-FAUMP, 5-fluorouridine taken
into tRNAs inhibits the tRNA modification enzymes respon-
sible for 5-methyluridine and pseudouridine by tightly
binding to the enzymes, although cytotoxicity by loss of
RNA modification may be limited (Spenkuch et al. 2014;
Carter et al. 2019). In the human breast cancer cell line
MCEF-7, 5-FU incorporation into RNA correlated with cyto-
toxicity, whereas the simultaneous addition of thymidine to
bypass the thymidylate synthase block does not cancel this
effect. This result suggests that 5-FU incorporation into
RNA is the major mechanism of cytotoxic action in MCF-7
cells (Kufe and Major 1981).
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5-FU is one of the most effective and commonly used
chemotherapeutic agents for various cancers (Longley
et al. 2003). However, its clinical applications have been
limited by acquired drug resistance of the cancer cells.
For example, 5-FU inactivation is initiated by dihydropyri-
dine dehydrogenase (DPYD), an enzyme that incorporates
two hydrogen atoms to 5-FU (Lu et al. 1992), and high
DPYD expression is observed in some cases of 5-FU-resis-
tant tumors (Salonga et al. 2000). However, despite some
advances in the mechanistic understanding of 5-FU resis-
tance, acquired resistance remains a significant limitation
to the clinical use of 5-FU. New strategies for overcoming
5-FU-resistant cells are urgently required.

The most common head and neck cancer is oral cancer,
especially oral squamous cell carcinoma (OSCC). In the
present study, we searched for a means to remove a
5-FU-resistant OSCC cell line and found that i°A was
able to induce cell death in a 5-FU-resistant OSCC cell
line FR2-SAS. Interestingly, i®A was substantially more cy-
totoxic to FR2-SAS cells than the parental 5-FU-sensitive
SAS cells. We also revealed that i°A addition to the medi-
um induces incorporation of i°A into cellular 18S and 285
ribosomal RNAs in an RNA polymerase | transcription-cou-
pled manner. Our work provides insights into the molecu-
lar fate of extracellularly added i°A and suggests that i°A
should be considered as a candidate chemotherapy agent
for fighting 5-FU-resistant cancer cells.

RESULTS

Incorporation of 5-FU into cellular RNA is not
decreased in 5-FU-resistant FR2-SAS cells

In search of clues toward eliminating 5-FU resistant cancer
cells, we started by comparing our 5-FU-resistant oral squ-
amous cell carcinoma (OSCC) cell line FR2-SAS cells to
SAS cells, from which FR2-SAS cells were previously gener-
ated (Nagata et al. 2011). In SAS cells, a marked decrease
of growth speed was observed when the cells were incu-
bated in the medium containing 15 uM 5-FU (Fig. 1C). In
contrast, although 5-FU mildly suppressed growth of
FR2-SAS cells, the FR2-SAS cells continued to grow even
when incubated in the medium containing 15 uM 5-FU
(Fig. 1C), in accordance with a previous study (Nagata
etal. 2011).

Inside cells, 5-FU is converted to 5-fluorouridine
(5-FUrd), which is used for RNA transcription (Longley
etal. 2003), and 5-FUrd incorporation into RNA correlates
with 5-FU cytotoxicity in certain cancer cells (Kufe and
Major 1981). Thus, to compare the amount of 5-FUrd in-
take into RNA of SAS and FR2-SAS cells, the cells were in-
cubated in 5-FU-containing medium and total cellular RNA
was degraded to nucleosides for liquid chromatography
mass spectrometry (LC-MS) analysis. Upon addition of
5-FU to cell culture medium, total RNA from SAS cells
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FIGURE 1. Incorporation of 5-FU into 5-FU-resistant cell line RNA. (A) Chemical structure of 5-fluorouracil (5-FU). The position numbers are in-
dicated in blue. (B) Chemical structure of 5-fluorouridine (5-FUrd). (C) Cell growth of SAS (left) and FR2-SAS cells (right) cultured in the medium
containing 0, 5, or 15 pM 5-FU. Cell growth was quantified by performing WST assay and measuring absorbance at 450 nm. The values are shown
as the relative levels versus the mean of 0 h cells. Mean # standard error of the mean (SEM) from n =8 biological replicates. (D) 5-FUrd level in
cellular RNA from SAS cells and FR2-SAS cells upon addition of 5-FU into cell culture medium. After 48 h of O or 10 pM 5-FU addition in the me-
dium, total RNA was collected and digested into nucleosides for LC-MS analysis. Peak areas were normalized by uridine peak areas of the same
samples and are shown as the relative levels versus SAS 5-FU 10 uM samples. (E) DPYD mRNA levels in SAS cells and FR2-SAS cells. DPYD mRNA
levels were quantified by RT-qPCR and normalized by GAPDH mRNA levels, and are shown as the relative levels versus SAS cells. (F,G) 5-meth-
yluridine (m>U) and pseudouridine levels in cellular RNA of SAS cells and FR2-SAS cells upon addition of 5-FU into cell culture medium. After 48 h
of 0 or 10 uM 5-FU addition in the medium, total RNA was collected and digested into nucleosides for LC-MS analysis. m*U (F) or pseudouridine
(G) peak area was normalized by uridine peak area of the same sample and are shown as the relative levels versus SAS 0 uM samples. Mean + SEM

from n =4 biological replicates in D-G. (*) P<0.05 by Mann-Whitney test.

and FR2-SAS cells showed equivalent 5-FUrd levels
(Fig. 1D; Supplemental Fig. 1A), suggesting that 5-FU
anabolism into RNA did not substantially differ between
5-FU-resitant FR2-SAS cells and the parental SAS cells.
This result was supported by the equivalent DYPD mRNA
steady-state levels in SAS and FR2-SAS cells (Fig. 1E),
the translated protein of which plays a major role in inacti-
vation of 5-FU (Lu et al. 1992).

5-FU is known to suppress tRNA 5-methyluridine (m°U)
modification and pseudouridine modification. Decrease
of these modifications may or may not affect cell viability
depending on cell lines (Spenkuch et al. 2014; Carter
et al. 2019). To investigate the effect of 5-FU on m>U
and pseudouridine modification in SAS and FR2-SAS cells,

we checked the steady-state levels of m°U and pseudour-
idine modifications in cellular RNA after 5-FU addition.
Upon incubation of cells with 5-FU, while both m>U and
pseudouridine modification levels showed some tendency
to decrease in both SAS and FR2-SAS cells, the degrees of
changes did not show significant differences between SAS
and FR2-SAS cells (Fig. 1F,G; Supplemental Fig. 1B,C).
Collectively, these results imply that the 5-FU resistance
of OSCC-derived FR2-SAS cells was not acquired through
alteration of 5-FU incorporation into cellular RNA or chang-
es in RNA modification levels. Therefore, to induce cell
growth arrest or cell death of 5-FU-resistant cells, rather
than targeting 5-FU metabolism or transport pathways, a
different approach may be more effective.

www.rnajournal.org 1015


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079176.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079176.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079176.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079176.122/-/DC1
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on December 25,

Yakita et al.

2023 - Published by Cold Spring Harbor Laboratory Press

i°A suppresses cell growth
of SAS cells

Several groups previously showed
that Nb—isopentenyladenosine (iA,
Fig. 2A) added to cell culture medium
is cytotoxic to various cancer cell lines,
such as colon, bladder, and glioma
(Laezza et al. 2009; Castiglioni et al.
2013; Ciaglia et al. 2017), prompting

us to investigate if i°A is cytotoxic to OuMPFA
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pM 5-FU, caused similar levels of cell
growth arrest (Fig. 2D,E), showing
that the use of iA alone or 5-FU alone
is sufficient to exert a similar effect on
cell growth suppression in the OSCC
cell line SAS.

FIGURE 2. i®A-induced cell growth suppression of oral cancer cell line SAS. (A) Chemical struc-
ture of Né’-isopentenyladenosine (iA). The position numbers are indicated in blue. (B) Cell
growth time course experiment upon addition of 0, 2, 5, or 10 pM i°A in cell culture medium
for indicated hours. Cell growth was quantified by performing WST assay and measuring ab-
sorbance at 450 nm.
i®A 0 h cells. Mean = SEM from n = 8 biological replicates. (C) Microscopic images of SAS cells

The values are shown as the relative levels versus the mean of 0 uM

after 48 h incubation with indicated concentration of i®A in the medium. Scale bar, 50 pm.
(D) Microscopic images of SAS cells after 48 h incubation with indicated concentration of 5-

Susceptibility of FR2-SAS cells
to cell death upon i®A addition
compared to SAS cells

To assess the effects of i®A on 5-FU-re-
sistant FR2-SAS cells, i®A was added to the cell culture me-
dium of FR2-SAS cells and cell viability monitored (Fig. 3A).
Surprisingly, the growth of FR2-SAS was completely
stopped by the addition of 2 pM i°A (Fig. 3A). In compari-
son, SAS cells to which 2 uM i®A was added only partially
suppressed cell growth (Fig. 2B). Addition of both 5-FU
and i®A showed a limited degree of synergistic effect on
FR2-SAS cell growth (Fig. 3B,C), showing that use of i°A
alone is sufficient for cytotoxicity against FR2-SAS cells.
Since FR2-SAS cells were more sensitive to i°A than SAS
cells, we monitored the effect of i®A from smaller concentra-
tions by incubating SAS cells and FR2-SAS cells in medium
containing 0, 1, 2, and 4 uM i®A. We then collected nonad-
herent and adherent cells and distinguished between and
counted alive and dead cells using trypan blue staining.
SAS cellstowhich 0, 1,2,and 4 uM i®Awere applied started
to die only upon 4 uM i®A addition and only when they were
seeded at lower cell density (Fig. 3D, upper and middle
panels and Fig. 3E). Conversely, 1 uM i®A significantly de-
creased FR2-SAS cell number, and 2 or 4 uM i®A caused fur-
ther cell death in FR2-SAS cells (Fig. 3D, lower panels and
Fig. 3F). Even when FR2-SAS cells were cultured ata higher
cell density than SAS cells, FR2-SAS cells were more prone
to cell death than SAS cells (Fig. 3E, lower graph and

1016 RNA (2022) Vol. 28, No. 7

FU and/or i®A in the medium. Scale bar, 50 pum. (E) Cell numbers of alive (blue) and dead
(red) cells after 48 h incubation with indicated concentrations of 5-FU and/or i°A in the medium.
Alive and dead cells were counted using trypan blue and a cell counting device. Mean = SEM
from n=4 biological replicates. (***) P<0.001, (*) P<0.05 by Mann-Whitney test.

Fig. 3F). Therefore, although FR2-SAS cells are resistant
to 5-FU, iA effectively causes cell death in FR2-SAS cells.

i®A addition to the medium causes incorporation
of i°A into cellular RNAs

Although i°A has been reported to be cytotoxic to several
cancer cell lines, the molecular fate and direct molecular
function(s) of i°A have been unknown. Considering that
5-FU in the medium is taken into the cells, anabolized
and incorporated into RNA, we hypothesized that i°A in
the medium might incorporate into RNA. To investigate
this idea, we incubated SAS and FR2-SAS cells in i®A-con-
taining medium, collected total cellular RNA, and subject-
ed the samples to RNA digestion and LC-MS analysis. In
accordance with our hypothesis, upon iA addition to the
medium, the amount of i°A contained in the total cellular
RNA increased four- to fivefold in both SAS and FR2-SAS
cells (“Total RNA" in Fig. 4A; Supplemental Fig. 2).

To investigate whether i°A is widely incorporated into
various RNA species or specifically incorporated into spe-
cific RNA species, we used gel fractionation to collect frac-
tions of tRNA, 18S ribosomal RNA (rRNA), and 28S rRNA.
Né-threonylcarbamoyladenosine (t°A), 2-methylthio-i®A
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to exist exclusively in tRNAs, were enriched in the tRNA
fraction and barely detected in rRNA fractions, confirming
that the tRNA fractionation was successful (Fig. 4B-D).
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Similarly, Né,Né-dimethyIadenosine (m®,A), which is con-
sidered to exist only in 18S rRNA, was enriched in the 18S
rRNA fraction, confirming 18S rRNA fractionation was
successful (Fig. 4E). In this situation, we unexpectedly
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FIGURE 3. i®A-induced cell death of 5-FU-resistant oral cancer cell line FR2-SAS. (A) Cell growth time course experiment upon addition of 0, 2, 5,
or 10 uM i®A in cell culture medium for indicated number of hours. Cell growth was quantified by performing WST assay and measuring absor-
bance at 450 nm. The values shown as the relative levels versus the mean of 0 uM i®A 0 h cells. Mean * SEM from n=8 biological replicates. (B,C)
Cell growth of SAS cells (B) and FR2-SAS cells (C) after 48 h incubation with indicated concentrations of 5-FU and/or i°Ain the medium, quantified
by performing WST assay and measuring absorbance at 450 nm, and the values shown as the relative levels versus the mean of 0 h, 0 uM cells.
Mean +s.e.m. from n =8 biological replicates. (D) Microscopic images of SAS cells and FR2-SAS cells after 48 h incubation with indicated con-
centration of i°A in the medium. SAS cells were seeded at two densities, that is, at the same density as FR2-SAS cells (top panels) and at lower
density (middle panels). Scale bar, 50 pm. (E,F) Cell numbers (left) and percentages (right) of alive (blue) and dead (red) SAS cells (E) and FR2-SAS
cells (F) after 48 h incubation with indicated concentrations of i®A in the medium. SAS cells were seeded at two densities, that is, at the same
density as FR2-SAS cells (E, upper graphs) and at lower density (E, lower graphs). Alive and dead cells were counted using trypan blue and a
cell counting device. Mean * SEM from n =4 biological replicates. (***) P<0.001, (**) P<0.01, (*) P<0.05 by Mann-Whitney test.
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observed substantial increases of i®A incorporation into
the18S rRNA and 28S rRNA fractions in both SAS cells
and FR2-SAS cells (Fig. 4A; Supplemental Fig. 2). We also
attempted to fractionate poly(A)"” RNA, which is primarily

1018 RNA (2022) Vol. 28, No. 7

composed of mMRNAs, but could not completely
remove contaminations of abundant tRNAs and rRNAs.
Thus, poly(A)" RNAs could not be analyzed. Considering
that rRNAs comprise 80%-90% of cellular RNA, tRNAs
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comprise about 10% of cellular RNA, and mRNAs and other
noncoding RNAs comprise the remaining few percent, our
results indicate that i®A addition to the cell culture medium
predominantly induced i°A incorporation into 18S and 285
rRNAs.

Apart from the endogenous i°A at tRNA position 37 in-
corporated by the TRIT1 enzyme, iA addition to the medi-
um slightly increased the i®A level in the SAS cell tRNA
fraction (Fig. 4A). The i°A level in the FR2-SAS cell tRNA
fraction repeatedly fluctuated (Fig. 4A), which may or may
not be due to vulnerability of FR2-SAS cells to i°A. In SAS
cell tRNA, if iA increase is due to an increased activity of
TRIT1-mediated i°A modification at tRNA position
37, ms?i®A modification in mitochondrial tRNA position
37 might also increase, because i°®A modification within
ms?i®A is performed by TRIT1 (Schweizer et al. 2017;
Takenouchi et al. 2019). However, upon i®A addition to
the medium, the ms?i®A level did not increase in SAS cells
and FR2-SAS cells (Fig. 4C), implying that TRIT1 is irrelevant
in this process. In addition, endogenous i°A at tRNA posi-
tion 37 is known to promote m>C modification at tRNA
position 32 in human mitochondria and fission yeast and
2'-O-methyuridine (Um) modification at tRNA position 34
in E. coli (Zhou et al. 2015; Arimbasseri et al. 2016;
Scholler et al. 2021). However, m3C and Um levels did
not increase upon i®A addition to the medium (Fig. 4D,F),
further supporting the irrelevancy of TRIT1.

TRIT1-catalyzed post-transcriptional i®A modification
is not responsible for i°A incorporation into cellular
RNA

Within the cell, the artificial nucleobase analog 5-FU is con-
verted to 5-FUTP and incorporated into RNA, presumably
during RNA transcription (Longley et al. 2003). However,
to the best of our knowledge, all endogenous RNA modi-
fications are incorporated post-transcriptionally by specific
RNA modifying enzymes that act on RNA polynucleotides,
with the exception of the inosine monomer, which can be
made from the adenosine monomer. We set out to differ-
entiate between whether adding i®A to the medium induc-
es  cotranscriptional  or  post-transcriptional  i°A
incorporation into RNA by RNA-modifying enzymes. We
first investigated if inactivation of the only known human
endogenous i®A-modifying enzyme TRIT1 prevents i°A in-
corporation upon i°A addition to the medium. Our ratio-
nale was based on observations that various cellular
stresses induce recruitment of diverse proteins into the nu-
cleolus (Audas et al. 2012). Thus, TRIT1 could be recruited
to the nucleolus upon i°A-induced cellular stress to pro-
miscuously incorporate i°A into rRNAs.

To investigate the role of TRIT1 in i®A incorporation into
RNA, we mutated the TRITT gene in HEK293FT cells using
the CRISPR/Cas? system. We obtained TRITT mutant cells
that have a 1 ntinsertion on one allele and a 14 nt deletion

on the other, each of which causes a frameshift that induc-
es a premature termination codon after translation of sev-
eral amino acids (Fig. 5A; Supplemental Fig. 3). Using
western blot, we confirmed that mature TRIT1 protein
was present in the control cell lysate and barely detected
in the TRIT1 mutant cell lysate (Fig. 5B). Because the muta-
tion site and the premature termination codon are near the
3’ end of the TRIT1 open reading frame, a small amount of
near-full-length TRIT1 may be synthesized by the pioneer-
round translation prior to the nonsense-mediated mRNA
decay. However, we confirmed that TRIT1 was dysfunc-
tional in TRIT1 mutant cells by showing that i°A contained
in the total cellular RNA was reduced to less than one per-
cent compared to the control cells (Fig. 5C).
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TRIT1 mutant - -—= = =0 =m Ay AR AR e A =20

H K P T GH S N K D A | Q Stop
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CAC-=---mmmmmmmms TCCAATAAAGATGCCATACAATGAAGCT
H S N K D A | Q Stp
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_ E iSA (UM): 0 1 2 0 1 2
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FIGURE 5. TRIT1-independent i®A incorporation into cellular RNA
upon i°A addition to the medium. (A) TRITT alleles in TRITT mutant
HEK293FT cells and control HEK293FT cells. Control cells were gen-
erated by the same CRISPR/Cas? cloning procedures using nonhu-
man DNA targeting guide sequence. Encoded amino acids are
indicated under codons. The red G in the mutated allele indicates
an extra base insertion. Red lines indicate deletions, and red “Stop”
indicates premature termination codon made by frameshift mutations.
(B) Western blot of TRIT1 protein in the cells. B-actin is shown as a
loading control. (C) i°A incorporation into control HEK293FT cells or
TRIT1 mutant HEK293FT cells. Cells were incubated in medium con-
taining 0, 1 or 2 uyM i°A for 24 h, and total RNA was extracted and di-
gested to nucleosides for LC-MS analysis. i®A peak area was
normalized by uridine peak area of the same sample, and the values
are shown as the relative levels versus the mean of 0 uM i°A control
cell samples. Mean * SEM from n=4 biological replicates. (****) P<
0.0001, (***) P<0.001, (*) P<0.05 by two-way ANOVA followed by
Tukey's multiple comparison test.
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We then performed LC-MS on total cellular RNA nucle-
osides and showed that i®A addition to the medium in-
duced i°A incorporation into total cellular RNA for both
control cells and TRITT mutant cells (Fig. 5C). Therefore,
TRIT1, which is responsible for post-transcriptional P°A in-
corporation at tRNA position 37, does not mediate incor-
poration of i®A into RNA upon i°A addition to the
medium. Notably, i®A addition to the medium caused
i®A incorporation into RNA not only in SAS and FR2-SAS
cells (Fig. 4A), but also in HEK293FT cells (Fig. 5C), sug-
gesting that i®A incorporation into cellular RNA upon i°A
addition to the medium could be a general phenomenon
in different types of human cells.

i®A incorporation into rRNAs is coupled with Pol |
transcription

We nextinvestigated the extent to which RNA polymerase |
(Pol I)-dependent rRNA transcription is involved in incorpo-
ration of i°A, available from the growth medium, into rRNA.
For these experiments, we used CX-5461, a potent inhibi-
tor of Pol | (Drygin et al. 2011; Harold et al. 2021). Pol |
transcribes 18S, 5.8S and 28S rRNAs in a single precursor
RNA containing spacer sequences around the rRNAs.
Subsequently, the RNA precursor is processed by specific
ribonucleases to produce mature 18S, 5.8S, and 28S
rRNAs (Fig. 6A; Aubert et al. 2018). In the Pol l inhibition ex-
periments, we monitored Pol | transcriptional inhibition by
detecting the ribosomal RNA precursors using RT-gPCR
with primers designed across the spacer RNA and rRNA
(Fig. 6A). Upon incubation of SAS or FR2-SAS cells in the
cell culture medium containing Pol | inhibitor for 24 h, we
detected a reduction of 18S and 28S rRNA precursors
(Fig. 6B, blue bars of “Pre-18S" and "Pre-285") ata compa-
rable level with the previous study (Drygin et al. 2011). We
also performed RT-gqPCR using primers designed within
18S or 28S rRNA regions. 18S and 28S rRNA steady-state
levels, normalized by Pol ll-transcribed GAPDH mRNA,
showed a tendency to decrease to about 75% after 24 h
of Pol | inhibitor treatment (Fig. 6B, blue bars of “18S"
and “28S"). These decreases also imply that Pol | transcrip-
tion was largely inhibited. About 75% of 18S and 28S
rRNAs remained after 24 h of Pol | inhibitor treatment, pre-
sumably due to the long half-lives of cytoplasmic rRNAs.

i®A addition to the medium resulted in i°A incorporation
into total RNA of SAS and FR2-SAS cells; however, this was
inhibited by the further addition of CX-5461 (Fig. 6C).
Some increase of i°A levels in total RNA upon only Pol | in-
hibitor treatment (blue bars in Fig. 6C) might be due to the
relative increase of naturally i°A-containing tRNA due to a
decrease of rRNAs.

Moreover, we showed by the fractionating of 18S and
28S rRNAs isolated by gel excision that i°A incorporation
into 18S and 28S rRNAs upon i°A addition to the medium
was inhibited by the further addition of CX-5461 (Fig. 6C).
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Collectively, these data show that i°A incorporation into
18S and 28S rRNAs did not occur after Pol | transcription,
and that i°A incorporation into 18S and 28S rRNAs is cou-
pled with Pol | transcription of ribosomal RNAs.

i®A induces decrease of cellular protein synthesis
and increase of protein aggregation at stronger
magnitudes in FR2-SAS cells than in SAS cells

Because i°A has a bulky isopentenyl residue (Fig. 2A), in-
corporation of i°A into 18S and 28S rRNAs may alter the
40S and 60S ribosome subunit structure. The ribosome is
a ribozyme for protein synthesis (Cech 2000). Thus, ribo-
somal structural alterations might interfere with protein
synthesis, leading to (1) decreased translation rate, and/
or (2) decreased translational fidelity, inducing misincorpo-
ration of amino acids and misfolding of proteins.

To investigate whether i°A incorporation leads to a de-
creased translation rate, we observed nascent protein syn-
thesis after adding >°S-labeled methionine to the cell
culture medium for 35 min, followed by total protein elec-
trophoresis and radio imaging (Fig. 7A). Considering that
SAS cells and FR2-SAS cells showed similar levels of i°A in-
corporation into rRNAs (Figs. 4, é), we initially expected
that SAS cells and FR2-SAS cells would show a similar
trend. In SAS cells, incubating the cells in the medium con-
taining 0 to 4 uM i°A for 24 h did not change the detect-
able nascent protein level (Fig. 7A,B). In contrast, to our
surprise, in FR2-SAS cells, increasing the medium i°A con-
centration from 0 to 4 pM reduced the global protein syn-
thesis rate in a i°A dose-dependent manner (Fig. 7A,B).

Next, to determine whether i®A incorporation compro-
mises protein quality, we monitored endoplasmic reticu-
lum (ER) stress markers. The extremely high concentration
of proteins within the ER makes this organelle susceptible
to protein misfolding and aggregation. Accumulation of
misfolded or aggregated proteins causes ER stress, which
can induce cell death (Hetz et al. 2011). ER stress can be
monitored by up-regulation of BIP, CHOP and XBP1
mRNAs, as well as by splicing of XBPT mRNA (Hetz et al.
2011; Fakruddin et al. 2018). Thus, we determined levels
of mRNA for these ER stress markers in SAS cells and
FR2-SAS cells after incubation in the medium containing
0,2, or4 uM of i°Afor 24 h (Fig. 7C). In SAS cells, ER stress
marker mRNA levels were not up-regulated by 2 or 4 uM iA
addition. In contrast, in FR2-SAS cells, we observed clear
up-regulations of ER stress marker mRNAs upon 2 or 4
uM i°A addition, suggesting that i®A-mediated impaired
ER protein quality.

Decreased translational fidelity can increase protein mis-
folding and aggregation. Thus, to investigate if i°A treat-
ment compromises protein quality in FR2-SAS cells by a
different method, we monitored protein aggregation us-
ing the ProteoStat assay, with i®A addition to the medium
for 24 h. Although we observed some increase in protein
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aggregation in SAS cells, protein aggregation was much
more prominent in FR2-SAS cells (Fig. 7D). Collectively,
the results shown in Figure 7C and D strongly suggest
that i°A induces more pronounced levels of protein aggre-
gation in FR2-SAS cells than in SAS cells.

DISCUSSION

5-fluorouracil (5-FU) is commonly used for cancer therapy.
However, its clinical applications have often been ham-
pered by acquired drug resistance of cancer cells. Our
study revealed that use of another nucleic acid analog,

iA, effectively induced cell death of a 5-FU-resistant cell
line, FR2-SAS, whereas the parental oral squamous cell
carcinoma cell line SAS showed only a mild reduction in
cell growth at the same i®A concentrations. Future studies
are needed to investigate whether this effect of i°A is gen-
eralizable to cancer cells resistant to 5-FU and other cancer
chemotherapeutic drugs. Also, since artificial nucleoside
analogs are used to treat RNA virus infections (Eyer et al.
2018), it may be of importance to test if i°A is effective
against RNA viruses including SARS-CoV-2.

We also discovered that upon i®A addition to cell growth
media, i°A is incorporated into cellular RNA, especially
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into 18S and 28S rRNAs. i°A incorporation occurred in a  that extracellular i°A is imported into cells and phosphory-
Pol I-transcription coupled manner and even in cells lack-  lated to produce i°ATP, which is then used for transcrip-
ing TRIT1, the cell's sole post-transcriptional i°A modifying  tion. Considering that 5-FU addition to the medium is
enzyme. Our data strongly suggest that i°A incorporation  known to induce 5-FUTP production and 5-FUrd incorpo-
into rRNAs occurs at the level of transcription, implying ration into cellular RNA (Kufe and Major 1981; Longley
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etal. 2003), we propose that intracellular conversion of i°A
into i®ATP is the most reasonable hypothesis to explain our
results. To investigate this hypothesis, chemical synthesis
of authentic i°ATP and development of a detection meth-
od for i®ATP will be required.

A limitation to our study is that we could not establish
causation of i°A incorporation into RNA and cell death
by experiments such as the use of CX-5461 to inhibit Pol
|, which would test if i®A-mediated cell death could be sup-
pressed through a Pol |-mediated mechanism. CX-5461
has itself proven to be cytotoxic, as demonstrated by its
use in a phase | clinical trial against hematologic cancers
(Khot et al. 2019; Harold et al. 2021). It should be noted
that even without i°A addition, FR2-SAS cells showed
more protein aggregation than SAS cells (Fig. 7D,
0 uM i°A SAS and FR2-SAS cells). In addition, the CHOP
mRNA level was higher in FR2-SAS cells than in SAS cells
even without i°A addition (Fig. 7C, CHOP mRNA, blue
bars). Thus, FR2-SAS cells might inherently show slightly
compromised protein quality, and upon i®A incorporation
into rRNAs, compromised protein quality may further
deteriorate and cause ER stress, the excess of which can
cause cell death (Hetz et al. 2011). Also, although the ma-
jority of i®A incorporation into RNA depended on Pol |
(Fig. 6), it is possible that i°A also incorporates based on
Pol Il-mediated mRNA transcription. Such potential i®A in-
corporation into mRNA coding sequences might also in-
terfere with mRNA-tRNA interaction in the ribosomes,
causing decreased translational speed and decreased
translational fidelity.

Generally, artificial analogs of DNA and RNA nucleo-
sides and nucleobases (1) inhibit the function of nucleoside
biosynthetic enzymes and/or (2) are used for nucleotide po-
lymerization by DNA/RNA polymerase (Longley etal. 2003;
Eyer et al. 2018). 5-FU meets both criteria. Our study
strongly suggests that i°A fits in the latter case and is
used in transcription mediated by Pol |. We do not currently
know if i°A inhibits RNA modification enzymes, but our
RNA LC-MS experiments, whereby we simultaneously
monitored more than 50 modified nucleosides in total
RNA, failed to detect observable differences in modifica-
tion levels of other modified nucleosides, including other
N°-modified adenosines such as t°A, ms?i®A, and m®A
(Fig. 4B,C,E).

Extracellular 5-FU has been shown to be imported into
cells, converted to 5-FAUTP, and used for DNA synthesis
(Longley et al. 2003). We wondered if i®A can also be con-
verted to deoxy-i®ATP and used for DNA synthesis. Al-
though our LC-MS cannot detect deoxy-i°ATP, it can be
used to detect the mass equivalent of dephosphorylated
deoxy-i®A. Upon incubation of cells in a medium containing
i°A, we detected a small amount of the mass equivalent to
deoxy-i°A (MH" m/z = 320) from nuclease-digested cellular
genomic DNA (Supplemental Fig. 4A). Moreover, the
detection occurred in an i°A concentration-dependent

manner and an i°A addition time-dependent manner
(Supplemental Fig. 4B). The detected peak equivalent to
the mass of deoxy—iéA (MH* m/z=320) showed a LC reten-
tion time 0.4 min after i®A (Supplemental Fig. 4A). This delay
may be due to increased hydrophobicity of deoxy-i°A com-
pared to i°A, owing to the lack of the 2’ hydroxyl group of ri-
bose, thus making a stronger interaction of deoxy-i°A with
the hydrophobic column in the LC system. In addition, a col-
lision-induced dissociation analysis of this peak detected the
mass equivalent to the N®isopentenyladenine base (MH*
m/z = 204) (Supplemental Fig. 4A). Thus, our preliminary re-
sultsare in accordance with the presumed conversion of me-
dium-derived i®A into deoxy-i°ATP and incorporation into
DNA. A conclusive investigation will require chemical syn-
thesis of authentic deoxy-i°A and deoxy-i®ATP.

In addition to aberrant translation-mediated effects,
considering that the mass equivalent to deoxy-i®A was de-
tected from the genomic DNA (Supplemental Fig. 4A,B),
we should not exclude the possibility of bulky deoxy-i®A
within genomic DNA sterically blocking specific proteins
that function on DNA. Moreover, since incorporation of
i®A into rRNAs implies the putative presence of i°ATP in
cells, we cannot exclude the possibility of i®ATP blocking
various enzymatic processes that use ATP, such as phos-
phorylation, thiolation, and ADP-ribosylation. Therefore,
a comprehensive analysis of the cytotoxic mechanisms of
i®Ais needed. Such studies may be initiated by performing
transcriptome and/or proteome analyses of SAS and FR2-
SAS cells that are either treated or not treated with i®A.

In summary, we searched for means to cause cell death
of 5-FU-resitant oral squamous cell carcinoma cell line FR2-
SAS and found that i°A can induce cell death of FR2-SAS
cells. i®A was more effective in inducing cell death in 5-
FU-resistant FR2-SAS cells than 5-FU-sensitive parental
SAS cells. We also revealed that i°A addition to the medi-
um induced incorporation of i°A into cellular 18S and 285
ribosomal RNAs in a Pol |-coupled manner, providing in-
sights into the molecular fate of extracellularly added i°A
in the context of cellular nucleic acid anabolism.

MATERIALS AND METHODS

Cell culture

Oral squamous cell carcinoma cell line SAS was acquired from the
Cell Resource Center for Biomedical Research in Tohoku
University. FR2-SAS cells (originally named SAS/FR2 cells in
Nagata et al. 2011) were previously generated from SAS cells
(Nagata et al. 2011), and 5-FU-resistance was maintained by cul-
turing the cells in a medium containing 10 uM 5-FU. SAS and FR2-
SAS cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, in a humidified,
37°C atmosphere with 5% CO,. 5-FU (Wako), i°A (Cayman
Chemical Company), CX-5461 (Millipore) or dimethyl sulfoxide
(DMSO) vehicle (Nacalai Tesque) were used in experiments.
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Cell number quantification

Both nonadherent cells and adherent cells were collected, mixed
and stained with trypan blue (Fujifilm Wako), and alive and dead
cells were distinguished and counted using a cell counting device
(Olympus). Cells cultured in 96-well plates were quantified using
Cell Counting Kit-8 (DOJINBO) and a 96-well plate reader
(TECAN).

Construction of TRIT1 mutant cells and control cells

Human TRITT mutant cells and control cells were generated using
the CRISPR/Cas9 system essentially as described previously
(Shalem et al. 2014). Briefly, sense and antisense oligonucleotides
encoding a single guide RNA (sgRNA) against TRITT gene or a
control sgRNA (not targeting human genome) (Supplemental
Table 1; Shalem et al. 2014) were cloned into the BsmBl sites of
lentiCRISPR v2 Blast plasmid (Addgene #83480). Lentiviruses
were generated in HEK293FT cells by transfecting the sgRNA se-
quence-containing lentiCRISPR v2 Blast plasmid, psPAX2 plas-
mid (Addgene #12260) and pMD2.G plasmid (Addgene
#12259) with Lipofectamine 3000 (Invitrogen). Fresh HEK293FT
cells were transduced with the generated viruses, followed by
blasticidin selection of the transduced cells. Subsequently, single
clones were acquired by diluting the cells in 96-well plates fol-
lowed by expansion of the clones. The target region of the ge-
nome in each clone was PCR-amplified and sequenced with
conventional Sanger sequencing, using the primers listed in
Supplemental Table 1.

RNA extraction

Cells were rinsed with phosphate-buffered saline (PBS) at least
three times, and total cellular RNA was prepared using TRI
Reagent (MRC), according to the manufacturer’s protocol.

tRNA and rRNA fractionation

Total tRNA fraction was collected from total RNA by electropho-
resis of total RNA in denaturing 7 M urea/tris-borate-EDTA (TBE)
buffer/10% polyacrylamide gel electrophoresis, staining using
SYBR Gold (Invitrogen), gel excision of the tRNA band, and elu-
tion of tRNA using 60°C water. 18S and 28S rRNAs were collected
by agarose gel electrophoresis of formamide-denatured total
RNA, gel excision of rRNA band, and RNA extraction using
Zymoclean Gel RNA Recovery Kit (Zymo Research).

Quantitative reverse-transcription real-time
PCR (RT-gqPCR)

RT-gPCR was performed as previously described (Takesue et al.
2019). The primer sequences are listed in Supplemental
Table 1. For RT-gPCR to detect spliced XBPT mRNA, pre-18S
rRNA, and pre-28S rRNA, we used previously reported gPCR
primers (Chujo et al. 2017; Yoon et al. 2019).
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Genomic DNA extraction

After incubating cells in medium containing 0, 1, or 2 uM i°A for
24 or 48 h, cells were rinsed with PBS three times, trypsinized,
and collected. The cell pellets were lysed in 1 ml of Proteinase
K buffer (20 mM Tris-HCI [pH 8.0], 5 mM EDTA, 400 mM
NaCl, 0.3% sodium dodecyl sulfate) and sonicated for a total of
24 sec using Sonifier 250 (Branson) at power 4. Then, 10 pL of
Proteinase K (NEB) was added to the solution, and the samples
were incubated at 55°C for 1 h for protein digestion, followed
by Proteinase K inactivation using phenol-chloroform-isoamylal-
cohol (Invitrogen). Nucleic acids were collected by isopropanol
precipitation, cleaned by 75% ethanol washing, and eluted into
10 mM Tris-HCl (pH 8.0)/1 mM EDTA (pH 8.0). RNA in the solution
was digested using RNaseA (Qiagen), and RNaseA was inactivat-
ed using phenol-chloroform-isoamylalcohol (Invitrogen). The
remaining DNA was isopropanol-precipitated, 75% ethanol-
washed, and dissolved into MilliQ water.

Nucleoside mass spectrometry

RNA or genomic DNA was digested to nucleosides, which were
subjected to liquid chromatography triple quadrupole mass spec-
trometry (LC-MS) using LCMS-8050 (Shimadzu), as previously de-
scribed (Hirayama et al. 2020; Nagayoshi et al. 2021). A program
to detect 5-fluorouridine (molecular weight: 262.2) was added by
setting the Q1 m/z to 263.2 Da and Q3 m/z to 131.2 Da with the
same collision energy as uridine. The LC elution time and mass
spectrum were confirmed by using authentic 5-fluorouridine
(Sigma). Programs to detect the DNA-digested nucleosides with
the molecular weights equivalent to deoxy-i°A (Q1 m/z=320.0
Da, Q3 m/z=204.0 Da) and deoxycytidine (Q1 m/z=228.2 Da,
Q3 m/z=112.1 Da) were added with the same collision energy
values as i®A and cytidine, respectively. The LC elution time and
mass spectrum of deoxycytidine were confirmed by using authen-
tic deoxycytidine prepared by dephosphorylating dNTP
(TOYOBO) with bacterial alkaline phosphatase (TAKARA).

Western blotting

Western blotting was performed essentially as described previ-
ously (Takesue et al. 2019). The antibodies and their conditions
for use are listed in Supplemental Table 2.

33S_methionine labeling of nascent proteins

Pulse-labeling of nascent proteins was performed essentially as
previously described (Fukuda et al. 2021), with some modifica-
tions. Briefly, cells grown in 6 cm dishes were incubated in the me-
dium containing 0, 2, or 4 uM i®A for 24 h, and briefly washed
using 37°C DMEM without Met, Cys, and GlIn (Gibco). A total of
3 mL of 37°C preincubation medium (DMEM without Met, Cys,
and GIn, supplemented with 2% FBS, 2 mM GIn, 0.2 mM Cys,
with 0, 2, or 4 pM i%A) was added to the cells, and the cells
were incubated in 37°C CO, incubator for 15 min. The medium
was then exchanged with 2 mL of incubation medium (2 mL of
preincubation medium containing 5.92 MBq of **S-labeled me-
thionine and 0, 2, or 4 uM i°A), and the cells were incubated in
37°C CO; incubator for 35 min. Subsequently, the medium was
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removed and the cells were washed with PBS and collected using
trypsin and DMEM containing 10% FBS. Cells were lysed and pro-
tein concentration was measured using the BCA Protein Assay Kit
(Pierce). A total of 20 pg of total proteins were run on Tricine
PAGE gel (NOVEX). The gel was stained using Coomassie brilliant
blue (CBB) staining solution (Bio-Rad), dried on a gel dryer, pho-
tographed, and the radiation image was acquired using an imag-
ing plate and imager (Fujifilm).

ProteoStat staining assay

A ProteoStat Aggresome Detection Kit (Enzo Life Sciences) was
used to monitor protein aggregation. A total of 4.5 x 10° SAS or
FR2-SAS cells were seeded on 35 mm glass-bottom cell culture
dishes (IWAKI), cultured for 48 h, and incubated in the medium
containing O or 4 uM i®A for 24 h. Subsequently, the ProteoStat
staining assay was performed according to the manufacturer’s in-
structions, followed by image acquisition using FLUOVIEW
FV3000 confocal microscope (Olympus).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Meet the First Author(s) is a new editorial feature within RNA,
in which the first author(s) of research-based papers in each is-
sue have the opportunity to introduce themselves and their
work to readers of RNA and the RNA research community.
Maya Yakita is the first author of this paper, “Extracellular
Nb-isopentenyladenosine (iA) addition induces cotranscrip-
tional i°A incorporation into ribosomal RNAs.” Maya is a dentist
and a graduate student in the Department of Molecular
Physiology in Kumamoto University, Japan.

What are the major results described in your paper and how do
they impact this branch of the field?

Nf’—isopentenyladenosine (iA) is an RNA modification that is post-
transcriptionally added to a tRNA anticodon loop by a specific
tRNA modification enzyme. Using a human oral squamous cell
carcinoma (OSCC) cell line, we found that addition of i®A mono-
mer into the cell culture medium causes the RNA polymerase |
to cotranscriptionally incorporate i®A into ribosomal RNA, accom-
panied by protein aggregation. We were able to reveal an unex-
pected molecular fate of extracellularly added modified RNA
nucleoside monomer. In addition, we found that i°A is cytotoxic
especially to an OSCC line resistant to the chemotherapeutic
drug 5-fluorouracil (5-FU) in a more prominent manner than to its
parental 5-FU-sensitive OSCC line.

What led you to study RNA or this aspect of RNA science?

| am a dentist. | face patients with oral cancers, as well as cancers
that have become resistant to chemotherapy. Some chemothera-
peutic drugs such as 5-FU are nucleobase/nucleoside analogs,
making me interested in RNA modifications and in entering grad-
uate school to study RNA modifications.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

i®A monomer has been known to be cytotoxic, but no one knew its
molecular function. After incubating the cells in culture medium
containing i°A, | extracted cellular RNA and checked the RNA
modification, just as a control. Then, we were totally surprised
and puzzled to detect a lot of i°A incorporated into total RNA.
We could not believe it, so we fractionated total RNA to tRNA
and rRNA, and we were further surprised to see that i®A was incor-
porated mostly into rRNAs, although endogenous i°A is a tRNA
modification.

What are some of the landmark moments that provoked
your interest in science or your development as
a scientist?

As a graduate student, through studying and struggling with my
mentors, | gained confidence on which way to proceed and started
to make findings. The more | proceeded, the more | wanted to
deepen understanding of my RNA molecules.

If you were able to give one piece of advice to your younger
self, what would that be?

To find and reach the truth, there is no short cut, but also no waste.
If you are having a hard time, it means that you are sincerely doing
science, so do not give up, but keep going. At the same time, it is
also important to discuss often with the people around you to get
good advice.
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