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ABSTRACT

Intracellular and intercellular signalling networks play an essential role in optimizing cellular homoeos-
tasis and are thought to be partly reflected in nuclear mRNA dynamics. However, the regulation of
nuclear mRNA dynamics by intracellular and intercellular signals remains largely unexplored, and
research tools are lacking. Through an original screening based on the mRNA metabolic mechanism,
we discovered that eight well-known inhibitors cause significant nuclear poly(A)* RNA accumulation.
Among these inhibitors, we discovered a new mRNA metabolic response in which the addition of
antimycin A, an inhibitor of mitochondrial respiratory-chain complex Il (complex Ill), resulted in
a marked accumulation of poly(A)* RNA near the nuclear speckles. Furthermore, dihydroorotate dehy-
drogenase (DHODH) inhibitors, a rate-limiting enzyme in the intracellular de novo pyrimidine synthesis
reaction that specifically exchanges electrons with complex Ill, also caused a remarkable accumulation of
nuclear poly(A)" RNA adjacent to the nuclear speckles, which was abolished by extracellular uridine
supply, indicating that the depletion of intracellular pyrimidine affects poly(A)* RNA metabolism. Further
analysis revealed that ataxia telangiectasia mutated (ATM), a serine and threonine kinase and a master
regulator of DNA double-strand break (DSB) and nucleolar stress, is required for this poly(A)* RNA
nuclear accumulation phenomenon. This study reports new insights into novel aspects of nuclear
poly(A)* RNA metabolism, especially the relationship between mitochondrial respiratory-chain functions,
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pyrimidine metabolism, and nuclear RNA metabolism.

Introduction

In eukaryotes, mRNA is first transcribed as a precursor mRNA
and undergoes several processings, such as 5' capping, splicing,
and 3’ polyadenylation. These processes are mediated by several
ribonucleoproteins and are tightly regulated to ensure that cor-
rectly matured mRNAs are facilitated to be exported from the
nucleus. However, many aspects of this sophisticated regulation of
mRNA processing remain unelucidated [1-3]. Recently, the reg-
ulatory mechanism of mRNA splicing in the nucleus has been
elucidated using splicing inhibitors, revealing that spliceostatin A,
pladienolide B, Gex1A, and H3B-7700 inhibit splicing by binding
to SF3B1, a component of U2 small nuclear RNA (U2snRNP),
which is a spliceosomal factor, contributing to the understanding
of splicing regulation [4-7]. Additionally, aberrant splicing has
been reported as the pathogenesis of various diseases, including
cancer [8].

Various external signals are altered by specific molecules in the
cell and transmitted into the cell, called the signal transduction
pathway, and influences the transmission of information in and
out of the cell, optimizing cellular responses and regulating cell
proliferation and differentiation [9]. Some of these signals are
transmitted to the nucleus and trigger gene expression, suggesting

that in the nucleus, other signals elicit dynamic changes in mRNA
metabolism. However, signal transduction-dependent changes in
nuclear mRNA metabolism remain unelucidated.

In our previous studies, we established a screening method for
inhibitors of nuclear mRNA metabolism by focusing on poly(A)*
RNA metabolism [10,11], and by exploring food-derived compo-
nents, we discovered that apigenin and luteolin have splicing-
inhibitory activity [12]. Using this technique, an inhibitor with
a known and well-defined inhibitory target was added to cells, and
changes in mRNA metabolism can be observed as an accumula-
tion of nuclear poly(A)" RNA. Herein, we aimed to search for
a known inhibitor that affects nuclear mRNA metabolism and to
discover new signals that alter nuclear mRNA metabolism and
tools to study them.

Dihydroorotate dehydrogenase (DHODH) is an enzyme
responsible for the rate-limiting step in the fourth step of
the cellular de novo pyrimidine synthesis reaction, the con-
version of dihydroorotate (DHO) to orotate (ORO). In higher
eukaryotes, it is localized to the outer surface of the inner
mitochondrial membrane. In the inner mitochondrial mem-
brane, mitochondrial respiratory-chain complexes transfer
electrons from electron donors to electron acceptors via
redox reactions, and DHODH is linked by a reaction that
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converts the electron acceptor coenzyme q (CoQ) to CoQH2,
a substrate of respiratory-chain complex III [13,14]. DHODH
inhibitors have therapeutic effects against several diseases,
such as malaria, autoimmune diseases, cancer, and myeloid
malignancies [15-18]. Additionally, they have been reported
to have antiviral activity against various viruses, such as fla-
vivirus, ebola virus, herpes virus, enterovirus, and influenza
A and B viruses [19-23]. Interestingly, DHODH inhibitors are
also expected to be effective as therapeutic agents against
SARS-CoV-2, which has recently caused a pandemic [24,25],
making it increasingly crucial to elucidate its effects on cells.

In this study, we show for the first time that eight of the
362 known inhibitors cause nuclear poly(A)* RNA accumula-
tion. First, among the active inhibitors, the mitochondrial
respiratory-chain  complex III inhibitor —accumulated
poly(A)" RNA adjacent to nuclear speckles by inhibiting
DHODH that exchanges electrons. Second, this poly(A)*
RNA nuclear accumulation was abolished by extracellular
uridine addition, suggesting that the depletion of pyrimidine
promotes nuclear accumulation of poly(A)* RNA. Third, the
activation of ataxia telangiectasia mutated (ATM), a serine
and threonine kinase and a master regulator of DNA double-
strand break (DSB) and nucleolar stress, is required for this
poly(A)" RNA accumulation. Briefly, by focusing on nuclear
poly(A)" RNA metabolism and re-evaluating known inhibi-
tors, we discovered a new nuclear poly(A)" RNA regulatory
pathway and reported a new link between pyrimidine and
nuclear poly(A)" RNA metabolism regulation for the first
time.

Results

Screening of inhibitors of perturbing nuclear poly(A)*
RNA metabolism by the RNA-fluorescence in situ
hybridization (RNA-FISH)

To search for inhibitors that affect mRNA metabolism, we
first screened 362 known inhibitors with our established
method using the RNA-fluorescence in situ hybridization
(RNA-FISH) with Alexa594-labelled oligo dT45 probe
[10,11]. To examine an inhibitor with perturbing nuclear
mRNA metabolism, we used the Screening Committee of
Anticancer Drugs (SCADS) inhibitor kits I-IV, which cover
known inhibitors of various intracellular signals. Each inhibi-
tor was uniformly added to U20S cells at 2 uM. After 24 h of
incubation, the localization of poly(A)" RNA in the cell was
observed by RNA-FISH. Cell images were quantified by tak-
ing the nuclear/whole-cell ratio of poly(A)* RNA signals
probed with Alexa594labelled oligo dT45. The solvent was
used as a negative control, and Gex1A, a well-known splicing
inhibitor, was used as a positive control.

Screening results showed that among 362 inhibitors, eight
of them, namely, daunorubicin, doxorubicin, aclarubicin, a-
amanitin, camptothecin, 17-AAG, PKR inhibitor, and anti-
mycin A, gave a significant nuclear poly(A)” RNA accumula-
tion phenotype (Fig. 1A, B). To investigate the localization of
poly(A)" RNA in the nucleus, we performed the costaining of
poly(A)" RNA and SRRM2 (serine/arginine repetitive
matrix 2), a marker of nuclear speckles, in inhibitor-treated
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cells because poly(A)" RNA accumulated in the speckles when
mRNA splicing was inhibited [4,26]. Confocal microscopy
revealed that poly(A)" RNA was colocalized with the nuclear
speckles in GEX1A-treated positive control cells and seven of
the eight inhibitor-treated cells, raising the possibility that
these inhibitors may have influenced mRNA splicing. In con-
trast, antimycin A treatment accumulated poly(A)" RNA
adjacent to nuclear speckles (Fig. 1C). We further investigated
the localization of the antimycin A-induced nuclear poly(A)*
RNA foci using another component of the speckles, MALAT1
[27], a well-known IncRNA and a representative marker of
nuclear speckles. The localization of poly(A)™ RNAs foci in
the nucleus was not colocalized with MALAT1 (Supplemental
Figure 1A). These results may suggest that antimycin A, an
inhibitor of mitochondrial respiratory-chain complex III,
affected metabolic processes which are distinct from mRNA
splicing.

Subsequently, we immuno-stained paraspeckles, which are
nuclear structures located in the vicinity of speckles, using
their marker, PSP1, a representative paraspeckle protein, and
NEAT1 [28], a well-known IncRNA. However, poly(A)" RNA
foci were mnot also colocalized with paraspeckles
(Supplemental Figure 1B, C). Furthermore, accumulated
poly(A)" RNA foci treated with antimycin A were not colo-
calized with Cajal body [based on coilin staining]
(Supplementary  Figure 1D). Additionally, antimycin
A increased the nucleolar localization of coilin, suggesting
the occurrence of nucleolar stress [29]. Then, we examined
whether antimycin A induced nuclear poly(A)™ RNA accu-
mulation in other cell types. Antimycin A also induced
nuclear poly(A)" RNA accumulation in HeLa, MCF7, and
U20S cells, from 0.125 to 2 pM at 12, 24, and 36 h
(Supplemental Figure 2A, B, C). Among the above-
mentioned time courses in all cell lines, nuclear poly(A)*
RNA accumulation was most markedly observed at 36 h.

This inhibitor screening identified eight inhibitors that
altered poly(A)" RNA metabolism. Seven of these are sup-
posed to regulate mRNA splicing, either directly or indirectly.
In contrast, antimycin A appeared to act through an unknown
pathway in nuclear poly(A)* RNA metabolism. This is the
first report on poly(A)™ RNA accumulation due to inhibition
of mitochondrial respiratory chain III. Therefore, we focused
our study on the mechanism of this novel observation.

Inhibition of de novo pyrimidine synthesis perturbs
poly(A)* RNA metabolism

Mitochondrial respiratory-chain complexes are located in the
inner mitochondrial membrane and are responsible for intra-
cellular adenosine triphosphate (ATP) production by exchan-
ging electrons in the order I to V [30] (Fig. 2A). Since the
inhibition of respiratory-chain complex III led to the accu-
mulation of poly(A)" RNA in unidentified foci in the nucleus,
another respiratory-chain inhibition was investigated to deter-
mine whether the inhibition of mitochondrial electron trans-
fer was crucial for nuclear poly(A)" RNA foci formation.
When rotenone, a respiratory chain complex I inhibitor, and
NaN3, a complex IV inhibitor, were added to MCF7 cells, no
nuclear accumulation of poly(A)" RNA was observed
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Figure 1. Screening of inhibitors for perturbing nuclear poly(A)* RNA metabolism.

(A) Screening of inhibitors that affect nuclear poly(A)* RNA metabolism. RNA-FISH was performed to determine the localization of bulk poly(A)* RNA. U20S cells were
treated with 2 uM of each compound for 24 h. GEX1A (30 ng/mL) was used as a positive control. Bulk poly(A)* RNA was visualized with Alexa Fluor 594-labelled
oligo-dT,s probe. The nuclei were visualized with DAPI. Scale bar, 50 um. (B) The ratio of the nuclear distribution of poly(A)* RNA was analyzed. Signal intensities of
the whole cell and the nucleus were quantified using ImageJ (n = 40). Boxes indicate median (centerline) and upper and lower quartiles. Whiskers indicate the lowest
and highest values. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Dunnett’s test. ***p < 0.001. Dau: daunorubicin, Dox:
doxorubicin, Acla: aclarubicin, Ama: a-amanitin, Cam: camptothecin, Anti: antimycin (C) Localization of bulk poly(A)* RNA and nuclear speckles. Poly(A)* RNA (red),
speckle (green), and chromosomal DNA (blue) were visualized in U20S cells. The cells were treated with each inhibitor for 24 h. Scale bar, 10 um. Signal intensities on
the white line for poly(A)* RNA and speckle are plotted and presented with red and green lines in the right panel, respectively.
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Figure 2. De novo pyrimidine synthesis pathway perturbs poly(A)* RNA metabolism.

(A) Schematic of mitochondrial respiratory-chain complexes and DHODH. CI-V: mitochondrial complex |-V, CoQ: CoenzymeQ, CytC: cytochrome ¢, DHO: dihydroorotic
acid, ORO: orotic acid, UMP: uridine monophosphate, (B) Representative localization of poly(A)* RNA in MCF7 cells treated with rotenone (0.5 uM), antimycin A (0.25
uM), and NaNs (1 puM) for 36 h. The nuclei were visualized with DAPI. Scale bar, 50 um. (C) The ratio of the nuclear distribution of poly(A)* RNA was analyzed. Signal
intensities of the whole cell and the nucleus were quantified using ImageJ (n = 40). Boxes indicate median (centerline) as well as upper and lower quartiles. Whiskers
indicate the lowest and highest values. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s test. ***p < 0.001. (D) The localization of bulk
poly(A)* RNA and nuclear speckles. Poly(A)* RNA (red), speckles (green), and chromosomal DNA (blue) were visualized for colocalization analysis in MCF7 cells. The
cells were treated with DMSO or brequinar (0.5uM) for 36 h. Scale bar, 10 um. Signal intensities on the white line are plotted in the right panels. Poly(A)* RNA and
speckle signals are shown with red and green lines, respectively. (E) RNA-FISH was performed to determine the localization of bulk poly(A)* RNA. MCF7 cells were
treated with DMSO, antimycin A (0.25 pM), or brequinar (0.5 puM), with or without uridine 2 mM for 36 h. The bulk poly(A)* RNA was visualized with Alexa Fluor 594-
labelled oligo-dT,s probe. The nuclei were visualized with DAPI. Scale bar, 50 pm. Rote: rotenone, Anti: antimycin A, Bre: brequinar (F) The ratio of the nuclear
distribution of poly(A)* RNA was analyzed. Signal intensities of the whole cell and the nucleus were quantified using ImageJ (n = 40). Boxes show median (centerline)
as well as upper and lower quartiles. Whiskers show the lowest and highest values. Statistical analysis was performed using one-way ANOVA followed by Tukey's test.
***p < 0.001. Rote: rotenone, Anti: antimycin A, Bre: brequinar
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(Fig. 2B). Moreover, another complex III inhibitor, atova-
quone, which differs from antimycin A in both structure
and mechanism of action [31], induced poly(A)" RNA accu-
mulation similar to antimycin A, and the localization of
poly(A)* RNA was not colocalized with nuclear speckles
(Supplemental Figure 3A, B), suggesting that the nuclear
poly(A)" RNA accumulation was specific for respiratory-
chain complex III repression.

Studies have shown that respiratory-chain complex III
exchanges electrons with the electron transfer system and
DHODH [14]. Therefore, inhibition of the respiratory-chain
complex III decreased DHODH activity [32]. To examine
whether the accumulation of poly(A)” RNA in the nucleus
by inhibitors of respiratory-chain complex III is due to the
inhibition of DHODH activity rather than electron transfer
in the respiratory chain, we used brequinar, a specific
DHODH inhibitor. A significant nuclear accumulation of
poly(A)" RNA was observed upon the brequinar addition.
Similar to the addition of respiratory-chain complex III
inhibitors, poly(A)" RNA accumulation by brequinar was
not colocalized with nuclear speckles (Fig. 2C, D).

Additionally, the accumulation of nuclear poly(A)" RNA
was observed with teriflunomide, another DHODH inhibitor
with a different chemical structure than brequinar [33].
Similarly, with antimycin A and brequinar, the poly(A)"
RNA foci did not colocalize with nuclear speckles
(Supplemental Figure 3A, B, C), indicating that nuclear
poly(A)" RNA accumulation was due to DHODH inhibition
through electron transfer from complex III rather than
respiratory-chain inhibition. To confirm this, cellular
DHODH activity was measured using a previously reported
method [34]. All inhibitors used in this study reduced the
DHODH activity (Supplemental Figure 3D), although the
reduction rate by each inhibitor was from 40% to 60%. This
suggests that the accumulation of poly(A)”™ RNA in the
nucleus was triggered by the inhibition of de novo pyrimidine
synthesis. Therefore, an excess amount of uracil was added to
the medium along with antimycin A or brequinar because, in
addition to the de novo synthesis of the pyrimidine pathway,
pyrimidine is synthesized by the extracellular uptake of uracil
using a salvage pathway (Fig. 2A) [13]. The addition of uracil
fully restored the nuclear accumulation of poly(A)” RNA by
antimycin A and brequinar treatment (Fig. 2D, E), indicating
that nuclear poly(A)" RNA accumulation by antimycin A and
brequinar was not due to mitochondrial respiratory-chain
inhibition but further supporting that it is induced by de
novo pyrimidine synthesis inhibition.

These results suggest that nuclear poly(A)” RNA accumu-
lation is induced in response to a decrease in intracellular
pyrimidine concentration. Therefore, we investigated whether
the nuclear accumulation of poly(A)" RNAs can be observed
by inhibiting purine synthesis. To investigate this, we added
methotrexate, an inhibitor of folate metabolism and a typical
inducer of purine synthesis inhibition [35], to MCF7 cells and
observed poly(A)" RNA localization in the cell by RNA-FISH.
However, treatment with methotrexate did not cause poly(A)*
RNA accumulation in the nucleus (Supplemental Figure 3A,
B), suggesting that nuclear poly(A)" RNA accumulation is
specific to a decrease in pyrimidine synthesis.

Regulation of respiratory chain complex Ill and DHODH
inhibition-mediated nuclear accumulation of poly(A)*
RNA by ATM

Next, the mechanism leading from DHODH inhibition to the
accumulation of poly(A)" RNA in the nucleus was investi-
gated. Studies have shown that DHODH inhibition causes
DNA damage and nucleolar stress [36-39]. Common to
DNA damage and nucleolar stress, ATM, as a master regula-
tor, is activated and phosphorylates downstream factors [40].
It has also been reported to be activated by brequinar to evoke
downstream immune factor responses [20], and p53, a typical
downstream factor of ATM, is activated by DHODH inhibi-
tors [32,41]. Based on these reports, we hypothesize that the
accumulation of nuclear poly(A)” RNA due to DHODH inhi-
bition is mediated by ATM. To test this possibility, we inves-
tigated whether blocking the signal from ATM could
eliminate the nuclear accumulation of poly(A)* RNA by anti-
mycin A and brequinar. Antimycin A or brequinar addition
accumulated poly(A)"™ RNA in the nucleus (Fig. 3A, B). In
contrast, CP466722, as the ATM inhibitor [42], addition
combined with antimycin A and brequinar abolished the
accumulation of poly(A)" RNA in the nucleus. Inhibition of
ATM activity was confirmed by Western blotting of ATM
autophosphorylation and phosphorylation of Chk2, the pri-
mary target of ATM phosphorylation (Fig. 3C). Etoposide,
a topoisomerase II inhibitor, was used as a positive control to
activate ATM [43,44]. ATR (ataxia telangiectasia and Rad3-
related), one of the phosphoinositide 3-kinase-related kinases
(PIKK) like ATM, also phosphorylates serine and threonine in
response to DNA damage [45]. To determine whether ATM
activation plays a crucial role in nuclear poly(A)"” RNA accu-
mulation, we also investigated whether ATR plays a role in
poly(A)" RNA accumulation in the nucleus. The nuclear
poly(A)" RNA accumulation was partially abolished when
VES822, a specific ATR inhibitor [46], was simultaneously
added with antimycin A and brequinar (Supplemental
Figure 4A, B). Thus, these results indicate that ATM activa-
tion is predominantly required for nuclear poly(A)* RNA
accumulation.

DHODAH inhibition causes relocalization of nucleolar
components

DHODH inhibition causes DNA damage and nucleolar stress
[36-39], which activate ATM Kkinase, raising the possibility
that DNA damage and nucleolar stress are the direct causes of
nuclear poly(A)* RNA accumulation. Therefore, we first
observed YH2AX [47], a representative DNA damage marker,
to examine this possibility. In cells with antimycin A or bre-
quinar, YH2AX was observed in approximately 30% of cells
where nuclear poly(A)* RNA accumulation occurred (Fig. 4A,
B, C). In contrast, in etoposide-treated cells, a positive control
that induces DSB, yH2AX activation was observed in almost
all cells, but no nuclear accumulation of poly(A)" RNA was
observed (Fig. 4D). These results indicate that DNA damage is
not associated with nuclear poly(A)"™ RNA accumulation and
that ATM activation alone is insufficient for poly(A)™ RNA
accumulation by DHODH inhibition.
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Figure 3. ATM activation is required to elicit nuclear accumulation of poly(A)* RNA by inhibitors of the respiratory chain complex Il and DHODH.

(A) RNA-FISH was performed to determine the localization of bulk poly(A)* RNA. MCF7 cells were treated with DMSO, antimycin A (0.25 uM), or brequinar (0.5 pM)
with or without CP466722 (20 uM) for 36 h. The bulk poly(A)* RNA was visualized by Alexa Fluor 594-labelled oligo-dT45 probe. The nuclei were visualized with DAPI.
Scale bar, 50 um. (B) The ratio of the nuclear distribution of poly(A)* RNA was analyzed. Signal intensities of the whole cell and the nucleus were quantified using
ImageJ (n = 40). Boxes indicate median (centerline) as well as upper and lower quartiles. Whiskers indicate the lowest and highest values. Statistical analysis was
performed using one-way ANOVA followed by Tukey's test. ***p < 0.001. (C) Protein expression of ATM, p-ATM, Chk2, and p-Chk2 were examined by
immunoblotting. Actin was used as a loading control. Anti: antimycin A, Bre: brequinar

Next, we examined nucleolar stress caused by antimycin
A and brequinar. Recently, there are some reports that
DHODH inhibition resulted in nucleolar stress [38,39] but
there are only few reports on nucleolar-related factors that
affect poly (A)" RNA metabolism in the nucleus by DHODH
inhibitors. A study reported that in zebrafish neurons and
human melanoma cells, the pol I-binding RNA helicase,
DDX21, was localized from the nucleolus to the nucleoplasm
by DHODH inhibitors and increased its binding to mRNA
[48]. Then, we speculated that capturing poly(A)” RNA by
relocalized DDX21 may result in the manifestation of the
poly(A)" RNA foci in the nucleus. To examine this, the
localization of DDX21 and nucleolin [49], a major component
of the nucleolus, was observed in cells treated with antimycin
A or brequinar. Immunostaining for each factor revealed that
DDX21 and nucleolin were relocalized from the nucleolus to
the nucleoplasm by adding antimycin A or brequinar
(Fig. 4D, Supplemental Figure 5A). The addition of

CP466722 combined with antimycin A or brequinar inhibit
the relocalization of DDX21 and nucleolin. In the etoposide-
treated cells, DDX21 and nucleolin did not relocalize.
Contrary to our expectations, confocal microscopic observa-
tions showed that each factor did not colocalize with the
accumulated poly(A)"™ RNA (Supplemental Figure 5B, C).

To further investigate the association between nuclear poly
(A)" RNA accumulation and nucleolar stress by DHODH
inhibitors, we subsequently examined whether TCOFI,
a factor that functions with RNA polymerase I in the nucleo-
lus, was involved in poly (A)" RNA accumulation. We opted
for TCOFI because it is one of the main upstream targets for
phosphorylation by ATM in the rDNA damage response
[50,51]. In addition, a previous study reported that dysfunc-
tional TCOF1 causes changes in the localization of DDX21 to
the nucleoplasm [52]. Therefore, we investigated to ascertain
if the accumulation of nuclear poly(A)" RNA triggered by
DHODH inhibitors was due to TCOFI1-mediated nucleolar
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probe. The nuclei were visualized with DAPI. Scale bar, 50 pm. Anti: antimycin A, Bre: brequinar, Eto: etoposide

stress. In control cells, TCOF1 was localized in the nucleolus
(Supplemental Figure 6A). In contrast, it was relocalized to
the nucleolar caps of brequinar-treated cells. To examine the
relationship between TCOF1 expression and nuclear accumu-
lation of poly(A)" RNA, we transfected siRNA (small inter-
fering RNA) against TCOF1 with or without brequinar.
Significant nuclear accumulation of poly(A)* RNA was

observed even in cells without TCOF1 expression

(Supplemental Figure 6B). These results indicate that ATM-
mediated changes in the localization of nucleolar components
are induced by antimycin A and brequinar; however, DDX21
and TCOF1, which are key molecules in nucleolar stress, are
not involved in the nuclear poly(A)" RNA accumulation by
these inhibitors, i.e. antimycin A and brequinar.

As for the relationship between nucleolar stress and
nuclear poly(A)" RNA metabolism, it has been previously



reported that actinomycin D, an inhibitor of RNA polymerase
I, which causes nucleolar stress, localizes poly(A)" RNA adja-
cent to nuclear speckles [53]. In our experimental system, we
also observed the accumulation of poly(A)" RNA
(Supplemental Figure 6D), but the detailed mechanism of
this occurrence has not yet been elucidated. One of the most
actively transcribed nucleic acid is rRNA in the nucleolus.
Thus, it may function as a sensor of pyrimidine deficiency.
Taken together, the accumulation of nuclear poly(A)" RNA
by DHODH inhibition not only requires ATM activation but
also involves unidentified signals that require further analyses.

Discussion

Nuclear mRNA metabolism is tightly regulated by various
signals inside and outside the cell and is essential for regulat-
ing gene expression. However, the intracellular pathways that
regulate nuclear mRNA metabolism are largely unexplored,
and elucidation of these pathways as well as creation of
research tools will become increasingly important. In this
study, eight inhibitors were found to cause nuclear poly(A)*
RNA accumulation. Seven of these inhibitors, namely, dau-
norubicin, doxorubicin, aclarubicin, camptothecin, 17AAG,
a-amanitin, and PKR inhibitor, showed that poly(A)" RNA
was accumulated in the nuclear speckle. The treatment of
splicing inhibitors, such as GEX1A, accumulated poly(A)*
RNA in the nuclear speckle [12], implying that the seven
inhibitors stated above probably affected splicing. A detailed
search for previous studies revealed that several compounds,
namely, camptothecin, 17AAG, a-amanitin, and PKR inhibi-
tors, are associated with splicing [54-63].

Camptothecin is a quinoline alkaloid used as an inhibitor
of topoisomerase I, and its analogues are used in cancer
chemotherapy [54]. Its derivatives, including topotecan, have
been reported to bind to NHP2L1 and U4 snRNA, which
form spliceosomes [55], indicating that splicing is affected
by camptothecin derivatives. Furthermore, 17AAG is an inhi-
bitor of heat shock protein 90 (HSP90), a molecular chaper-
one responsible for heat shock [56]. RNA sequence analysis
has revealed that the HSP90 inhibitor, onalespib, alters mRNA
splicing [57], suggesting that HSP90 inhibition by 17AAG also
causes splicing inhibition. a-amanitin is a cyclic peptide of
eight amino acids that inhibits RNA transcription by binding
to RNA polymerase II [58]. Its treatment concentrates
snRNPs and SR proteins in speckles, and accumulation of
these splicing factors could reduce splicing efficiency [59-
61]. PKR is an RNA-dependent protein kinase that inhibits
transcription by phosphorylating cytoplasmic eukaryotic
initiation factor 2a (elF2a) in the cytoplasm [62]. More
recently, PKR has been reported to be involved in the spliceo-
some formation of globin mRNA, and its depletion or treat-
ment with PKR inhibitors inhibits the splicing of globin pre-
mRNA [63]. Daunorubicin, doxorubicin, and aclarubicin are
multifunctional compounds belonging to the anthracycline
family, which are anticancer drugs widely used in clinical
practice [64,65]. The most well-established antitumor
mechanism of action of anthracyclines is DNA DSBs via
topoisomerase II inhibition [66]. Etoposide, another topoi-
somerase II inhibitor, did not cause nuclear poly(A)" RNA
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accumulation in this study, indicating that DNA DSBs evoked
by topoisomerase II inhibitors did not directly induce nuclear
poly(A)" RNA accumulation. Additionally, recent reports
have shown that anthracyclines affect splicing, but a reliable
pathway for their mechanism of action remains unclear
[67,68].

Further studies are essentially required to determine why
these inhibitors affect splicing. So far, our screening system,
even with a limited library, has effectively selected compounds
that have been suggested to affect nuclear mRNA metabolism
by previous studies. Moreover, only 2 uM of each inhibitor
was examined to observe the change in nuclear mRNA loca-
lization owing to the limited amount of inhibitors available,
possibly missing inhibitors that alter nuclear mRNA localiza-
tion. Thus, it is highly anticipated that a larger library size and
changes in the concentrations used will allow for a more
efficient search for inhibitors that regulate mRNA
metabolism.

The inhibitors of respiratory-chain complex III found in
this study and specific DHODH inhibitors showed significant
nuclear accumulation of poly(A)™ RNA in the vicinity of the
nuclear speckles. This poly(A)" RNA accumulation in the
nucleus was abolished following external uridine addition,
indicating that the inhibition of intracellular pyrimidine
synthesis causes poly(A)" RNA accumulation in the nucleus.
Methotrexate addition, a typical inhibitor of purine synthesis,
did not cause nuclear poly(A)” RNA accumulation, suggesting
that the accumulation of nuclear poly(A)* RNA by inhibiting
respiratory-chain complex III and DHODH is not a simple
nucleic acid deficiency but a specific effect of pyrimidine
reduction. Speculating on the relationship between pyrimi-
dine reduction and nuclear poly(A)" RNA accumulation, it
is likely that reactions specific to pyrimidine rather than
purine syntheses are involved, one of which is the UDP-
glycosylation reaction. UDP-sugars, such as UDP-GIcNAc,
GalNAc, and glucose, are donor substrates for glycosylation
reactions on proteins [69-71]. These glycosylation reactions
are essential for cellular functions as post-transcriptional reg-
ulation of various proteins. O-GlcNAcylation by the UDP-
GlcNAc transferase, OGT (O-GIcNAc transferase), regulates
various intracellular signals, including mRNA metabolic fac-
tors, such as RNA pol II [72]. In stem cells, the nuclear
translocation of the transcription factor, SOX2, is regulated
by the UDP-GIcNAc transferase, and these reactions are
interfered by DHODH inhibitors [73]. Thus, an attractive
possibility is that DHODH inhibition alters posttranslational
protein modification with UDP-glycosylation and affects
mRNA metabolism.

The pathway from DHODH inhibition to nuclear poly(A)*
RNA accumulation involves ATM activation. Although DNA
DSBs also activate ATM, they do not cause nuclear poly(A)*
RNA accumulation, suggesting that ATM activation is
required but insufficient. Thus, another intracellular signal is
required to elicit the nuclear poly(A)" RNA accumulation. We
also observed changes in the localization of nucleolar compo-
nents in cells with antimycin A or brequinar treatment. This
observation implies that p53 stress is provoked by antimycin
A or brequinar and raises the possibility that nucleolar stress,
as another signal, may become the cause of nuclear poly(A)*
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RNA accumulation. To further investigate the relationship
between nucleolar stress and poly(A)" RNA accumulation,
we dealt with DDX21 and TCOFI. The treatment with anti-
mycin A and brequinar did not colocalize the poly(A)™ RNA
foci with DDX21, implying that DDX21 seemed unrelated to
poly(A)" RNA foci formation. The same was true for TCOF1.
Therefore, expanding the screening scale may help find
another intracellular signal.

Recent studies have highlighted DHODH inhibitors as
potential anti-immunity, antiviral, anticancer, and acute
myeloid leukaemia therapeutic targets [74-77]. Upon their
treatment, nuclear poly(A)* RNA accumulation might be the
key to eliciting these phenomena. Although many DHODH
inhibitors have been identified in recent decades, only leflu-
nomide and teriflunomide have received the United States
Food and Drug Administration approval, and DHODH inhi-
bitors are still not widely used despite their potential.
Because DHODH inhibitors evoke ATM activation and
nuclear poly(A)" RNA accumulation as well as induce
nucleolar stress, the pyrimidine synthesis pathway may
play a key role in maintaining nuclear homoeostasis.
Therefore, evaluating the function of DHODH inhibitors
plays a crucial role in developing more effective therapeutics.
Thus, we hope that the results of this study will be helpful in
developing therapeutic agents and elucidating mRNA
metabolism.

Materials and methods
Cell culture

U20S, HeLa, and MCF?7 cells were maintained in Dulbecco’s
Modified Eagle Medium (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) supplemented with 6% heat-
inactivated foetal bovine serum at 37°C.

Antibodies

The antibodies used were as follows: anti-SRRM2 mouse
monoclonal antibody (S4045) (Sigma-Aldrich, St. Louis,
MO) (supplied as SC35 but was recently found to recognize
SRRM2 (78] and thus denoted as SRRM2), anti-ATM rabbit
monoclonal antibody (2873) (Cell Signaling Technology,
Danvers, MA), anti-phospho-ATM mouse monoclonal anti-
body (Ser1981) (4526) (Cell Signaling Technology), anti-Chk2
mouse monoclonal antibody (3440) (Cell Signaling
Technology), anti-phospho-Chk2 rabbit monoclonal antibody
(2661) (Cell Signaling Technology), anti-actin rabbit polyclo-
nal antibody (A2066) (Sigma-Aldrich), anti-coilin mouse
monoclonal antibody (C1862) (Sigma-Aldrich), anti-PSP1
rabbit monoclonal antibody (supplied by Dr. T. Hirose),
anti-yH2AX mouse monoclonal antibody (Merck Millipore,
Darmstadt, Germany), anti-DDX21 mouse monoclonal anti-
body (sc-376,953) (Santa Cruz Biotechnology, Dallas, TX),
anti-nucleolin mouse monoclonal antibody (supplied by
Dr. S. Yoshimura), and anti-TCOF1 mouse monoclonal anti-
body (sc-374,536) (Santa Cruz Biotechnology).

Inhibitors

The Screening Committee of Anticancer Drugs (SCADS)
inhibitor kits I-IV (kit I v.3.2, kit IT v.2.0, kit III v.1.5, kit
IV v.2.3) were provided by the Ministry of Education,
Culture, Sports, Science and Technology, Japan. Other inhi-
bitors were obtained as follows: antimycin A (2247-10)
(BioVision, Brugg, Switzerland), brequinar (B5707) (Tokyo
Chemical Industry, Tokyo, Japan), atovaquone (AK544285)
(Ark Pharm, Inc, Libertyville, IL, USA), teriflunomide
(163,451-81-8) (Tokyo Chemical Industry), methotrexate
(139-13,571) (FUJIFILM Wako Pure Chemical
Corporation), cp466722 (25,417) (Cayman Chemical, MI,
USA), etoposide (055-08431) (Wako), ve822 (24,198)
(Cayman Chemical), rotenone (AK115691) (Ark Pharm,
Inc), and NaN; (195-11,092) (FUJIFILM Wako Pure
Chemical Corporation).

siRNA

Cells were transfected with DsiRNAs using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) following the manufacturer’s instruc-
tions. DsiRNA against TCOF1 was obtained by Integrated DNA
Technologies(5- rGrGrArCrUrUrGrCrCrArUrCrArArGrCrAr
UrGrArArArGAA-3', 5'-rUrUrCrUrUrUrCrArUrGrCrUrUrGr
ArUrGrGrCrArArGrUrCrCrGrC-3").

RNA-fluorescence in situ hybridization (RNA-FISH)

Cells (4 x 10* cells/mL) on coverslips in a 12-well plate were
cultured for 24 h following inoculation. The cells were cul-
tured with inhibitors for the indicated time points, fixed with
10% formaldehyde in phosphate-buffered saline (PBS) for
20 min, and permeabilized with 0.1% Triton X-100 in PBS
for 10 min. They were washed three times with PBS for
10 min to remove the detergent, once with 2x standard
sodium citrate (SSC) for 5 min to replace the buffer content,
prehybridized with ULTRAhyb-Oligo Hybridization Buffer
(Ambion, Austin, TX) for 1 h at 42°C in a humidified cham-
ber, and incubated overnight with 10 pmol Alexa Fluor 594-
labelled oligo-dT,s probe (Molecular Probes, Eugene, OR)
and diluted with hybridization buffer. Cells were washed for
20 min each at 42°C with 2x SSC, 0.5x SSC, and 0.1x SSC.
The nuclei were visualized with 4', 6-diamidino-2-phenylin-
dole (DAPI). Fluorescent images were captured at random
using a Zeiss Axioplan 2 (Carl Zeiss, Jena, Germany)
equipped with an OLYMPUS DP70 camera (OLYMPUS,
Tokyo, Japan). Confocal microscopy images were acquired
using a FLUOVIEW FV10i microscope (OLYMPUS). The
ratio of nuclear to total poly(A)” RNA signals was calculated
using Image]J (https://imagej.nih.gov/ij/).

Immunofluorescence staining

Cells (4 x 10* cells/mL) on coverslips in a 12-well plate were
cultured for 24 h following inoculation. They were cultured
with inhibitors for the indicated time points, fixed with 10%
formaldehyde in PBS for 20 min, and permeabilized in 0.1%
Triton X-100 in PBS for 10 min. The cells were washed three
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times with PBS for 10 min to remove the detergent. Then, the
cells were blocked with 6% bovine serum albumin (BSA) in
PBS for 1 h at room temperature. Next, coverslips were
incubated with the primary antibody in PBS containing 2%
BSA, followed by secondary antibodies labelled with Alexa
Fluor 488. After secondary antibody incubation, the cells
were fixed with 4% formaldehyde in PBS for 10 min. Then,
the cells were washed three times with PBS for 10 min to
remove the detergent, once with 2x SSC for 5 min to replace
the buffer content, prehybridized with ULTRAhyb-Oligo
Hybridization Buffer for 1 h at 42°C in a humidified chamber,
and incubated overnight with 10 pmol Alexa Fluor 594-
labelled oligo-dT,s diluted with the hybridization buffer.
Cells were washed with 2x SSC, 0.5x SSC, and 0.1x SSC for
5 min each at 42°C. Lastly, nuclei were visualized with DAPL

Synthesis of IncRNA probe

The RNA-FISH probes for MALAT1 were synthesized using
T3 RNA polymerase and a DIG/FITC RNA labelling kit
(Roche Diagnostic, Grenzacherstrasse, Switzerland) according
to the manufacturer’s instructions. The RNA-FISH probes for
NEATI were synthesized by using SP6 RNA polymerase and
a DIG/FITC RNA labelling kit. Linearized plasmids (1 pg)
containing MALAT1 fragment (1075-4780 nts in
NR_002819.4) or NEAT1 fragment (1-1000 nts in
EF177379) were used as templates for the transcription of
MALAT1 or NEAT1 RNA probe, respectively. The
MALAT1 plasmid was obtained from Dr. N. Akimitsu, and
the NEAT1 plasmid was obtained from Dr. T. Hirose.

Immunofluorescence staining of IncRNA

Cells (4 x 10* cells/mL) on coverslips in a 12-well plate were
cultured for 24 h following inoculation. The cells were cul-
tured with inhibitor for 36 h, fixed with 10% formaldehyde in
PBS for 20 min, and permeabilized in 0.1% Triton X-100 in
PBS for 10 min. Cells were prehybridized with ULTRAhyb-
Oligo Hybridization Buffer for 1 h at 55°C in a humidified
chamber and then incubated overnight with 2.8 ug/mL
IncRNA probe diluted with hybridization buffer. Then, cells
were washed two times with 50% formamide/SSC with 0.1%
tween 20 for 30 min at 55°C, two times with NTET buffer (10-
mM Tris-HCl, 1-mM EDTA, 0.5-M NaCl, 0.1% tween 20) for
15 min at 37°C, once with 2x SSC with 0.1% tween 20 for
30 min at 55°C, once with 0.1x SSC with 0.1% tween 20 for
30 min at 55°C, and once with PBS at room temperature. The
cells were blocked with 6% BSA in PBS for 1 h at room
temperature. The coverslips were incubated with the anti-
DIGI antibody in PBS containing 2% BSA, followed by sec-
ondary antibodies labelled with Alexa Fluor 594. After sec-
ondary antibodies incubation, cells were fixed with 4%
formaldehyde in PBS for 10 min. Cells were washed once
with PBS for 10 min, twice with 2 x SSC for 5 min to replace
the buffer content, prehybridized with ULTRAhyb-Oligo
Hybridization Buffer for 1 h at 42°C in a humidified chamber,
and then incubated overnight with 10 pmol Alexa Fluor 488-
labelled oligo-dT45 diluted with hybridization buffer. After
incubation, the cells were washed for 5 min each at 42°C with
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2x SSC, 0.5x SSC, and 0.1x SSC. Eventually, the nuclei were
visualized with DAPL

Western blotting

Cultured cells were collected, washed with PBS, and sonicated
using a Microson Ultrasonic Cell Disruptor (Misonix).
Whole-cell extracts were separated by SDS-PAGE and elec-
trotransferred to FluoroTrans Polyvinylidene Fluoride or
Polyvinylidene Difluoride (PVDF) Transfer Membranes
(Pall, Ann Arbor, MI) using a BioRad Trans-Blot (BioRad,
Hercules, CA). The blotted PVDF membrane was blocked
with 5% foetal bovine serum/tris-buffered saline (TBS) con-
taining 0.1% Tween 20 for 1 h at room temperature and
reacted with the primary antibody with continuous rotation
overnight at 4°C. The blotted membrane was washed three
times with TBS containing 0.1% Tween 20 for 10 min each
and incubated with horseradish peroxidase-conjugated sec-
ondary antibody for 3 h at room temperature with continuous
rotation. The blotted membrane was washed three times with
TBS containing 0.1% Tween 20 for 10 min each, reacted with
chemiluminescence reagent (Millipore, Darmstadt, Germany),
and detected using an image analyser LAS 4000 mini (GE
Healthcare, Chicago, IL).

DHODH assay

DHODH activity was measured using a modified protocol
according to Yin et al. [34]. Briefly, cells were collected, washed
with PBS, resuspended in extraction buffer (0.25-M sucrose, 20-
mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid)-KOH, pH 7.5, 10-mM KCl, 1.5-mM MgCl,, 1-mM ethy-
lenediaminetetraacetic acid (EDTA), 1-mM, dithiothreitol and
0.1-mM phenylmethylsulfonyl fluoride (PMSF)) and homoge-
nized using a Teflon-glass homogenizer. The homogenate was
centrifuged twice at 800 x g for 10 min, and the supernatant was
centrifuged at 10,000 x g for 15 min. The pellet was resuspended
in the extraction buffer and pre-incubated with an inhibitor for
2 h at 37°C. Then, 160-mM K,CO5/HCI, pH 8.0, 40-uM dihy-
droorotate, and 80-puM decylubiquinone were added for 1 h at
37°C. The reference sample was kept on ice. The reaction
mixture was supplemented with 10-mM K,CO;, 2-mM Kj;
[Fe(CN)g], and 1-mM 4-(trifluoromethyl) benzamidoxime
(4-TEMBAO) and heated at 80°C for 4 min. The reaction was
stopped by cooling on ice, and the fluorescence intensity was
measured using SYNERGY HIMF (Biotek, CA, USA); excita-
tion and emission wavelengths were 340 and 460 nm,
respectively.
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