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Riboflavin transporter SLC52A1, a target of p53,

suppresses cellular senescence by activating
mitochondrial complex Il
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ABSTRACT Cellular senescence is a state of permanent proliferative arrest induced by a va-
riety of stresses, such as DNA damage. The transcriptional activity of p53 has been known to
be essential for senescence induction. It remains unknown, however, whether among the
downstream genes of p53, there is a gene that has antisenescence function. Our recent stud-
ies have indicated that the expression of SLC52A1 (also known as GPR172B/RFVT1), a ribo-
flavin transporter, is up-regulated specifically in senescent cells depending on p53, but the
relationship between senescence and SLC52A1 or riboflavin has not been described. Here,
we examined the role of SLC52A1 in senescence. We found that knockdown of SLC52A1
promoted senescence phenotypes induced by DNA damage in tumor and normal cells. The
senescence suppressive action of SLC52A1 was dependent on its riboflavin transport activity.
Furthermore, elevation of intracellular riboflavin led to activation of mitochondrial membrane
potential (MMP) mediated by the mitochondrial electron transport chain complex Il. Finally,
the SLC52A1-dependent activation of MMP inhibited the AMPK-p53 pathway, a central me-
diator of mitochondria dysfunction-related senescence. These results suggest that SLC52A1
contributes to suppress senescence through the uptake of riboflavin and acts downstream of
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p53 as a negative feedback mechanism to limit aberrant senescence induction.

INTRODUCTION

SLC52A1 (also known as GPR172B/RFVT1) is a riboflavin transporter
that is highly expressed in the placenta, small intestine, duodenum,
etc. (Yonezawa and Inui, 2013; Fagerberg et al., 2014). Riboflavin is
a water-soluble vitamin also termed vitamin By, and in cells, it is
metabolically converted to flavin mononucleotide and then to flavin
adenine dinucleotide (FAD) by FAD synthetase (Powers, 2003). FAD
is an intermediate in the electron transfer reactions of biological
oxidation-reduction processes and hence functions as a coenzyme
of many metabolic enzymes such as ones involved in the mitochon-
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drial electron transport chain (ETC) and tricarboxylic acid cycle
(Udhayabanu et al., 2017). FAD in particular serves as a vital compo-
nent of ETC-mediated ATP production required for normal cell
growth and proper energy-dependent cellular functions (Spaan
et al., 2005; Ho et al., 2011).

Recently, it is becoming clear that mitochondrial dysfunction pro-
motes cellular senescence, a state of permanent growth arrest in-
duced by various stresses such as DNA damage (Campisi 2013;
Salama et al., 2014; Wiley et al., 2016, Abate et al., 2020). Senes-
cent cells can accumulate with age and be involved in age-related
diseases through the depletion of proliferative stem cell pools and
the secretion of proinflammatory cytokines. In response to DNA
damage, cells activate a complex signaling cascade called the DNA
damage response, which results in the activation of tumor suppres-
sor p53, a transcriptional factor essential for the induction of senes-
cence (Vousden and Prives, 2009; Rufini et al., 2013). The activated
p53 up-regulates the expression of a number of genes involved in
senescence. Among these genes, several genes have been proven
to promote senescence. For example, p21 has been recognized as
a pivotal mediator of p53-dependent cell cycle arrest through

32:br10, 1



2

HA-SLC52A1

HA

y-tubulin

-+

(kDa)

.—4_50

-50

poo— ——]

HA-SLC52A1

Etoposide

= NWhsr o N

elative SLC52A1 levels

X o
si-SLC52A1

Etoposide

H
15

10 A

54

BrdU (+) cells (%)

0-
si-SLCS52A1

Etoposide

- + - +

- +

Hs68 cells

35
30
25
20
15
10

5

SA-B-gal (+) cells (%)

0
si-SLC52A1
Etoposide

T. Nagano et al.

- + - +

HA-SLC52A1 * >k *
. " < 10
o % 8
=55 : 3
: P S e
% ; \' § " .:_‘\ i/
2 | N — < 4
<3 .
[e] o o
+ . 2]
e S 0
HA-SLC52A1 - + - +
Etoposide - +
35 D Etoposide - -
%k >k
< 30 HA-SLC52A1 - + - + (kDa)
>
~ 25 X
2 p53 ——
8 20 | 45
o 1 11 23 15
15 = 20
2 10 P
& 5 T 1623 18
0 HA
HA-SLC52A1 - + - + 45
Etoposide - + T-tubulin o 45
F G x
1.2 n.s. n.s. 20
% [ 1 9
14 <
o 2 15 %
< 0.8 2
& o
X 0.6+ £ 10
2 041 >
E 0.2 e °
g0 5
0- 0.
si-SLC52A1 - + - + si-SLC52A1 - + - +
SLC52A2 SLC52A3 Etoposide - +
I Et id J Hs68 cells
oposide . + %2.5 e e
si-SLC52A1 -+ -+ (kDa) g -l
53 <
P 45 N 15
1 14 53 89 2
20 11
p21 B
>
7 08 39 51 §057
[0]
g ’ 1 | X o.
¥-tibuie 4 sislcs2Al - o+ - o+
Etoposide - -
L
Hs68 cells
40+
R 304
=2 * %
© 204 |
+
3 104
o
O.
si-SLC52A1 - + - +
Etoposide - +

Molecular Biology of the Cell



inactivation of cyclin-dependent kinases (el-Deiry et al., 1993; Ro-
manov et al., 2012), and proline dehydrogenase promotes senes-
cence by enhancement of reactive oxygen species—-mediated DNA
damage (Nagano et al., 2017). On the contrary, however, it remains
unclear whether gene(s) that have antisenescence functions are also
up-regulated by p53. In the case of p53-mediated apoptosis, the
activated p53 up-regulates not only proapoptotic genes but also
antiapoptotic genes, such as EGFR, MDM2, and 14-3-35, which
functions as a fail-safe mechanism against aberrant activation of the
apoptotic machinery (Janicke et al., 2008). Recently, we have identi-
fied SLC52A1 to be up-regulated by senescence-inducing stimuli in
a p53-dependent manner and preliminarily observed that overex-
pression of SLC52A1 decreased some senescence markers (Nagano
et al., 2016). However, the precise mechanism by which SLC52A1
inhibits senescence is still unknown.

RESULTS AND DISCUSSION
SLC52A1 contributes to suppress DNA damage-induced
senescence in tumor and normal cells
To examine the role of SLC52A1 in cellular senescence, we intro-
duced an expression vector carrying SLC52A1 into U20S cells, a
human osteosarcoma cell line, and the extent of senescence was
evaluated by well-known senescence markers, SA-B-gal staining
(Dimri et al., 1995) and the BrdU proliferation assay (Figure 1, A-C).
As previously reported (Nagano et al., 2016), a sublethal dose (2
pM) of etoposide, a DNA damaging anticancer drug, effectively in-
duced senescence in U20S cells, as determined by the activation of
SA-B-gal and the loss of proliferative capacity (Figure 1, B and C).
Furthermore, overexpression of SLC52A1 impaired the etoposide-
induced activation of SA-B-gal and partially reversed the loss of pro-
liferative capacity. Moreover, etoposide-induced up-regulation of
p53 and p21, widely observed in senescent cells, was impaired by
SLC52A1 overexpression, although a slight increase in p21 was in-
duced independently of p53 in SLC52A1-overexpressing cells
(Figure 1D). These results raise the possibility that SLC52A1 is in-
volved in the suppression of DNA damage-induced senescence.
To explore this possibility, we next tested the effect of SLC52A1
knockdown on senescence. U20S cells were transfected with a pool
of four different SLC52A1 small interfering RNAs (siRNAs), and the
efficacy of SLC52A1 knockdown was confirmed by quantitative PCR
(gPCR) because we could not reproducibly detect the SLC52A1 pro-
tein by immunoblot analysis, possibly due to its low expression level
under steady state conditions (Figure 1E). The SLC52A1 expression
level was up-regulated upon senescence as reported previously
(Nagano et al., 2016), which was effectively abolished by siRNA
(Figure 1E). SLC52A1 depletion did not affect the expression of the
other SLC52A family genes (SLC52A2 and SLC52A3) (Figure 1F).
More importantly, knockdown of SLC52A1 promoted the etopo-

side-induced activation of SA-B-gal and the loss of proliferative ca-
pability, while SLC52A1 knockdown alone had no significant effect
(Figure 1, G and H). The etoposide-induced increase in p53 and p21
was also enhanced by SLC52A1 knockdown (Figure 1l1). Further-
more, to evaluate the generality of the findings, we included normal
human fibroblast Hs68 cells in the analyses. As is the case in U20S
cells, the SLC52A1 expression was up-regulated by the treatment
with a sublethal dose of etoposide (0.5 pM) in Hs68 cells, which was
abrogated by siRNA against SLC52A1 (Figure 1J). In addition, the
SA-B-gal activation and loss of proliferative capacity were effectively
induced by etoposide, and SLC52A1 depletion promoted these se-
nescence biomarkers (Figure 1, K and L). These results suggest that
SLC52A1 contributes to suppress DNA damage-induced senes-
cence in both tumor and normal cells.

Senescence suppression by SLC52A1 is mediated by
riboflavin incorporation

Because SLC52A1 acts as a transporter of riboflavin (Yonezawa
and Inui, 2013), we investigated whether supplementation of ribo-
flavin to culture medium inhibits the senescence markers. The ex-
tent of etoposide-induced SA-B-gal activation in U20S cells cul-
tured in conventional DMEM (containing 1 pM riboflavin) was
compared with that in cells cultured in DMEM supplemented with
25-100 pM riboflavin (Figure 2A). As a result, riboflavin supple-
mentation effectively decreased the levels of SA-B-gal activity,
which was most prominent when supplemented with 50 pM
(Figure 2A). Furthermore, the etoposide-induced up-regulation of
p53 and p21 was impaired by the supplementation with riboflavin
(Figure 2B). The riboflavin supplementation also effectively sup-
pressed the etoposide-induced SA-B-gal activation and loss of
proliferative capacity in normal Hsé8 cells (Figure 2, C and D).
Moreover, to examine the riboflavin effect on replicative senes-
cence, Hs68 cells with different passage numbers (passages 37,
42, and 47-48 as representatives of early, middle, and late pas-
sage cells, respectively) were treated with riboflavin (Figure 2, E
and F). Riboflavin impaired the SA-B-gal activation and the loss of
proliferative capacity in the middle passage, while no effect was
observed in the late passage (Figure 2, E and F). These results
raise the possibility that an increase in riboflavin uptake has an
antisenescence effect at a relatively early stage. Whereas SLC52A1
overexpression in combination with the riboflavin supplementa-
tion did not show any additive effect on the senescence markers
(Figure 2, G and H), lumiflavin, a riboflavin analogue that inhibits
the riboflavin transport activity (Yonezawa et al., 2008), markedly
reversed the effect of SLC52A1 overexpression on senescence
markers in a dose-dependent manner (Figure 2, | and J). Collec-
tively, these results suggest that the effect of SLC52A1 on senes-
cence suppression is mediated by riboflavin transport activity.

FIGURE 1: SLC52A1 contributes to suppress DNA damage-induced senescence in tumor and normal cells. (A) U20S
cells transfected with pcDNA3-HA-SLC52A1 were subjected to immunoblot analysis. (B, C) SLC52A1-overexpressing
U20S cells treated with 2 uM etoposide for 7 d were subjected to SA-B-gal (B) and BrdU (C) assays. Representative
microscopic images (B and C, left panels) and the percentage of SA-B-gal-positive cells (B, right panel) and BrdU-
positive cells (C, right panel) are shown. Bars, 50 pm. (D) SLC52A1-overexpressing U20S cells treated with 2 uM
etoposide for 5 d were subjected to immunoblot analysis. The protein levels relative to the y-tubulin level were
quantified using NIH ImageJ software. (E-H) U20S cells transfected with siRNA for SLC52A1 and treated with 2 pM
etoposide for 7 d were subjected to qPCR (E, F), SA-B-gal (G), and BrdU (H) assays. (F) Gene expressions of SLC52A2
and SLC52A3 in SLC52A1-depleted cells treated with etoposide were examined by qPCR. (I) SLC52A1-depleted U20S
cells treated with 2 uM etoposide for 5 d were subjected to immunoblot analysis. (J-L) Hs68 cells transfected

with siRNA for SLC52A1 and treated with 0.5 uM etoposide for 7 d were subjected to gPCR (J), SA-B-gal (K), and

BrdU (L) assays. Data are mean * SD (n = 3 independent cultures). Statistical significance is shown using Student’s t test

analysis; *P < 0.05; **P < 0.01.
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Senescence suppression by SLC52A1 is mediated by riboflavin incorporation. (A) U20S cells treated with
2 pM etoposide and the indicated concentrations of riboflavin for 7 d were subjected to SA-B-gal staining. The
percentages of SA-B-gal-positive cells are shown. (B) U20S cells treated with 50 uM riboflavin and 2 uM etoposide for
5 d were subjected to immunoblot analysis. The protein levels relative to the y-tubulin level were quantified using NIH
ImageJ software. (C, D) Hs68 cells treated with 0.5 yM etoposide and riboflavin for 7 d were subjected to SA-B-gal
(C) and BrdU (D) assays. The percentages of SA-B-gal-positive cells (C) and BrdU-positive cells (D) are shown. (E, F) Hs68
cells at early (P37), middle (P42), and late (P47-48) passage numbers treated with riboflavin for 7 d were subjected to
SA-B-gal (E) and BrdU (F) assays. (G, H) U20S cells transfected with pcDNA3-HA-SLC52A1 and treated with 2 pM
etoposide and 50 uM riboflavin for 7 d were subjected to SA-B-gal (G) and BrdU (H) assays. (I, J) U20S cells treated with
2 pM etoposide and the indicated concentrations of lumiflavin for 7 d were subjected to SA-B-gal (I) and BrdU (J) assays.
Data are mean * SD (n = 3 independent cultures). Statistical significance is shown using Student’s t test analysis;
*P < 0.05; *P<0.01.
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Riboflavin suppresses senescence through the activation of
mitochondrial ETC complex Il

In cells, riboflavin is metabolically converted to FAD, which catalyzes
a lot of redox reactions. Given the up-regulation of SLC52A1 in re-
sponse to etoposide (Figure 1, E and J), it is possible that intracel-
lular FAD concentrations are elevated during DNA damage-in-
duced senescence, thereby leading to changes in the activity of
FAD-dependent redox enzymes. In fact, FAD levels were observed
to increase in both U20S and normal Hsé8 cells upon senescence,
which was abrogated by knockdown of SLC52A1 (Figure 3, A and
B). Because FAD is required for several key biological processes in
mitochondria, such as oxidative phosphorylation via the ETC (Ud-
hayabanu et al.,, 2017), we assessed mitochondrial activity in the
cells treated with etoposide. To this end, mitochondrial membrane
potential (MMP) was monitored by using an MMP-dependent fluo-
rescent dye, MitoTracker CMXRos (Pendergrass et al., 2004). We
observed that MMP was increased in response to etoposide with a
peak at 5 d in U20S cells (Figure 3C). Furthermore, the etoposide-
induced MMP activation was abrogated by knockdown of SLC52A1
(Figure 3D), which was also observed in normal Hsé8 cells (Figure
3E). Given that inactivation of mitochondria leads to senescence
(Campisi 2013; Salama et al., 2014; Wiley et al., 2016; Abate et al.,
2020), the increase in MMP upon the etoposide treatment is possi-
bly responsible for the riboflavin-mediated senescence suppression.
To test this possibility, we investigated the effects of riboflavin sup-
plementation on MMP. MMP was remarkably enhanced by the ribo-
flavin supplementation (Figure 3F). Conversely, the etoposide-in-
duced MMP elevation was completely abolished by lumiflavin
(Figure 3G), suggesting that the increase in riboflavin uptake upon
senescence leads to the MMP activation. MMP is predominantly
produced by the electron flow through ETC complexes -V (Bagkos
et al., 2014), and among the ETC complexes, complex Il contains
FAD-dependent succinate dehydrogenase (Cecchini, 2003), raising
the possibility that the senescence-associated increase in FAD level
activates complex Il. Therefore, we investigated whether complex I
mediates the senescence-associated MMP activation. Thenoyltri-
fluoroacetone (TTFA), a conventional complex Il inhibitor, effectively
inhibited the etoposide-induced MMP activation in U20S and Hs68
cells (Figure 3, H and I). In addition, the inhibitory effect of TTFA on
MMP was also confirmed when MMP was activated by the riboflavin
supplementation (Figure 3J). These results indicate that the MMP
elevation upon etoposide treatment is dependent on complex Il
activity. Furthermore, the TTFA treatment alone modestly induced
the SA-B-gal activity and loss of proliferative capacity, and when
combined with etoposide, it enhanced these senescence markers
(Figure 3, K and L). Additionally, and most importantly, suppression
of these senescence markers by SLC52A1 overexpression was sig-
nificantly impaired by TTFA, although the effect on SA-B-gal was
only modest (Figure 3, Kiand L). TTFA also enhanced the etoposide-
induced increase in p21 (Figure 3M). Moreover, a simultaneous
analysis of SA-B-gal and MMP in the same cell revealed that MMP
was significantly higher in the SA-B-gal-negative cells than in the
SA-B-gal-positive cells in the presence and absence of TTFA (Figure
3N). These results suggest that senescence suppression by SLC52A1
is mediated, at least in part, through the activation of mitochondria
ETC complex II.

Complex ll-mediated mitochondrial activation attenuates
the AMPK-p53 pathway

Because mitochondrial dysfunction has been shown to activate
AMPK through elevation of the intracellular AMP/ATP ratio, which
phosphorylates and activates p53 and consequently induces senes-

Volume 32 November 1, 2021

cence (Wiley et al., 2016; Abate et al., 2020), we examined the
AMPK' activity in etoposide-treated cells (Figure 4A). Although
AMPK activity itself was largely unchanged during senescence, it
was slightly decreased by overexpression of SLC52A1, as deter-
mined by the phosphorylation level of AMPK at Thr172 (Figure 4A).
In response to DNA damage, p53 is phosphorylated at N-terminal
serines by several kinases. For example, AMPK phosphorylates p53
at Ser15, leading to p53 stabilization and activation (Vousden and
Prives, 2009; Rufini et al., 2013). In line with this, the phosphoryla-
tion level of p53 relative to its total protein level was increased by
etoposide, which was impaired by SLC52A1 overexpression (Figure
4A), suggesting that phosphorylation of AMPK and p53 was inhib-
ited by SLC52A1 overexpression. To evaluate whether this inhibitory
effect on AMPK-p53 pathway is mediated by the ETC complex Il
activity, we tested the effects of TTFA on the AMPK-p53 activity in
U20S and Hsé8 cells (Figure 4, B and C). Although the phosphoryla-
tion levels of AMPK were increased by TTFA regardless of the pres-
ence of etoposide, the p53 phosphorylation levels were more po-
tently increased by the combined treatment with etoposide and
TTFA than with etoposide alone in both cell lines (Figure 4, B and C).
These results suggest that phosphorylation of AMPK and p53 is im-
paired by complex ll-dependent mitochondrial activation, which
can serve as a negative feedback mechanism that limits excessive
p53 activation following DNA damage (Figure 4D).

It is increasingly clear that mitochondrial dysfunctions promote
senescence, and senescent cells show significant alterations in en-
ergy metabolism (Wiley et al., 2016; Abate et al., 2020). MMP is
known to be decreased as a consequence of the establishment of
senescence (Passos et al., 2010). However, the detailed changes in
mitochondrial activity upon senescence induction are still ambigu-
ous. Wang et al. (2016) have shown that mitochondrial activity (i.e.,
MMP, ATP production, and respiratory rate) is transiently increased
by senescence-inducing stimuli, but it is unclear whether this mito-
chondrial activation contributes to suppress senescence or not. Our
results showed that inhibition of MMP activation impaired the anti-
senescence effect of SLC52A1, suggesting that SLC52A1 sup-
presses senescence at least partially mediated by MMP elevation.

How does the MMP increase contribute to senescence suppres-
sion? Mitochondrial uncouplers (FCCP, niclosamide, etc.) that dissi-
pate MMP by promoting proton leak across the mitochondrial inner
membrane have been reported to activate AMPK through the de-
crease in intracellular ATP levels (Tao et al., 2014). AMPK is a cellular
energy sensor whose activity is directly linked to the energy state of
the cell and plays a critical role in cell proliferation through the regu-
lation of downstream transcription factors, including p53 (Jones
et al., 2005). Cells show high energy demand to increase the cell
size and produce senescence-associated secretory proteins during
the transition from proliferation to senescence (Wang et al., 2003;
Salama et al., 2014). Because mitochondria play a key role in match-
ing energy supply with the high energy demand in these responses
(Kim et al., 2018), the SLC52A1-dependent MMP increase possibly
contributes to prevent AMPK activation by supporting the increased
energy demands following the exposure to senescence-inducing
stimuli. We observed that AMPK was activated by complex Il inhibi-
tion by TTFA, and etoposide-induced activation of p53 was potenti-
ated by TTFA, suggesting that complex ll-mediated mitochondrial
activation limits further activation of p53 presumably by keeping
AMPK inactive. However, this mechanism does not fully explain the
antisenescence function of SLC52A1 because senescence was still
suppressed by SLC52A1 overexpression even in the presence of
TTFA (Figure 3, K and L). Other FAD-dependent enzyme(s) can also
contribute to the regulation of senescence because the human

Senescence suppression by riboflavin | 5
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genome contains 64 genes encoding FAD-dependent enzymes
(Lienhart et al., 2013). Nevertheless, our results clearly show a novel
function of SLC52A1 as a negative feedback mechanism for the in-
duction of p53-dependent senescence, which may shed new light
on the riboflavin roles in the regulation of senescence.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture, treatment, and transfection

U20S (a human osteosarcoma line; American Type Culture Collec-
tion, Rockville, MD) and Hs68 (normal human diploid fibroblasts;
IFO50350; JCRB Cell Bank, Osaka, Japan) cells were cultured in
DMEM (Wako, Osaka, Japan) supplemented with 10% fetal bovine
serum. The cells were treated with etoposide (Sigma Aldrich, St.
Louis, MO) to induce DNA double-strand breaks. For senescence
induction, U20S and Hsé8 cells were treated with 2 and 0.5 pM eto-
poside (Sigma Aldrich), respectively, for 48 h and further cultured in
DMEM without etoposide for an additional 5 d to develop senes-
cence phenotypes (Nakano et al., 2013; Nagano et al., 2016, 2019).
Transfection with expression vectors was carried out by using Effec-
tene Transfection Reagent (Qiagen, Venlo, the Netherlands) accord-
ing to the manufacturer’s instructions. The transfected cells were
selected by 800 pg/ml of the neomycin analogue G418 (Wako) for
5 d. Riboflavin (Nacalai Tesque, Kyoto, Japan) was added at the
indicated concentrations. To inhibit riboflavin uptake, cells were
incubated with 50-200 uM lumiflavin (Sigma Aldrich). When TTFA
(Focus Biomolecules, Plymouth Meeting, PA) was used, the reagent
was added at 400 pM. Stock solutions of etoposide and TTFA were
prepared in dimethyl sulfoxide, whereas riboflavin and lumiflavin
were dissolved in 100 mM NaOH.

Plasmid constructions

For the construction of pcDNA3-HA-SLC52A1, an expression vector
for N-terminal HA-tagged human full-length SLC52A1 (NCBI Refer-
ence Sequence: NM_001104577.2), the cDNA fragment of SLC52A1
was amplified with a pair of primers (a forward primer: 5-CGT-
GCTCGGAATTCATGGCAGCACCCACGCT-3"and a reverse primer:
5-CGTGATAGGCGGCCGCTCAGGGGCCACAGGGGT-3') using a
plasmid containing PAR2 (SLC52A1) cDNA (kindly provided by
Y. Takeuchi, University College London, UK) as a template. The re-
sulting PCR fragment was digested with EcoRIl and Notl and cloned
into the pcDNA3 vector (Invitrogen, Carlsbad, CA).

Immunoblot analysis

The cells were lysed in lysis buffer (1% Triton X-100, 20 mM Tris-HClI
[pH 7.5], 1 mM EDTA, 150 mM NaCl, 20 mM NaF, 10 pg/ml leu-
peptin, 10 pg/ml aprotinin, 1 mM p-amidinophenylmethanesulfonyl
fluoride-HCI, 1 mM Na3zVO,), and the lysates were separated by
SDS-PAGE and blotted onto Immobilon polyvinylidene difluoride
membrane (Merck Millipore, Darmstadt, Germany). Each protein
was detected using primary antibodies as indicated, alkaline phos-
phatase (AP)-conjugated secondary antibodies, and the chromo-
genic NBT/BCIP (Nacalai Tesque) substrates.

Antibodies

Anti-p53 antibody (sc-126; 1:1000) and AP-conjugated anti-rat anti-
body (sc-2021; 1:2500) were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA); anti-phospho-AMPK (The172) antibody
(#2535; 1:1000) and anti-phospho-p53 (Ser15) antibody (#9284,
1:1000) were from Cell Signaling Technology (Beverly, MA); AP-con-
jugated anti-mouse antibody (S372B; 1:2500) and AP-conjugated
anti-rabbit antibody (S373B; 1:2500) were from Promega (Madison,
WI); anti-HA 3F10 monoclonal antibody (1867423; 1:1000) was from
Roche (Basel, Switzerland); anti—y-tubulin antibody (T6557; 1:2000)
was from Sigma Aldrich; anti-p21 antibody (K0081-3; 1:500) was
from Medical and Biological Laboratories Co., Ltd. (Nagoya, Japan);
anti-AMPK a1 antibody (07-350; 1:1000) was from Merck Millipore

Senescence assay

To measure SA-B-gal activity, the Senescence B-Galactosidase stain-
ing kit (Cell Signaling Technology) was used according to the manu-
facturer’s instructions. Briefly, the cells were fixed with 2% formalde-
hyde/0.2% glutaraldehyde for 15 min and then stained with
SA-B-Gal staining solution (1 mg/ml 5- bromo-4-chloro-3-indolyl-§-
p-galactoside, 40 mM citric acid/sodium phosphate [pH 6.0], 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM
NaCl, 2 mM MgCly) for 24 h at 37°C. The stained cells were exam-
ined under a fluorescence microscope (model BZ-8000; Keyence,
Osaka, Japan), and blue-stained cells were identified as senescent.
For the BrdU incorporation proliferation assay, the cells were la-
beled with 10 uM BrdU (Sigma Aldrich) for 3 h (U20S cells) or 24 h
(Hs68 cells), fixed with 3.7% formaldehyde, and permeabilized with
0.5% Triton X-100. DNA was hydrolyzed by exposing cells to 2 M
HCI for 10 min, and the cells were incubated with anti-BrdU anti-
body (BD Pharmingen; 555627; 1:400) overnight at 4°C followed by
incubation with Alexa Fluor 488—conjugated secondary antibodies

FIGURE 3: Riboflavin suppresses senescence through the activation of mitochondrial ETC complex II. (A, B) U20S
(A) and Hs68 (B) cells transfected with siRNA for SLC52A1 and treated with 2 and 0.5 pM etoposide, respectively, for
5 d were subjected to measurement of intracellular FAD levels. (C) U20S cells treated with 2 uM etoposide for the
indicated periods were stained with 250 nM MitoTracker and observed under a fluorescence microscope. Relative

mitochondrial activity determined by fluorescence intensity of MitoTracker (left) and representative microscopic images
(right) are shown. Bars, 50 pm. (D, E) U20S (D) and Hs68 (E) cells treated with 2 and 0.5 pM etoposide, respectively, for
5 d were subjected to measurement of mitochondrial activity. (F-H) U20S cells treated with 2 uM etoposide alone or in
combination with 50 uM riboflavin (F), 200 uM lumiflavin (G), and 400 uM TTFA (H) for 5 d were subjected to
measurement of mitochondrial activity. (F) Representative microscopic images (left) and relative mitochondrial activity
(right) are shown. Bars, 50 pm. (I) Hs68 cells treated as in H were subjected to measurement of mitochondrial activity.
(J) U20S cells treated with 400 uM TTFA and 50 uM riboflavin for 5 d were subjected to measurement of mitochondrial
activity. (K, L) U20S cells transfected with pcDNA3-HA-SLC52A1 and treated with 2 uM etoposide and 400 uM TTFA for
7 d were subjected to SA-B-gal (K) and BrdU (L) assays. (M, N) U20S cells treated with 2 yM etoposide and 400 pM
TTFA for 5 d were subjected to immunoblot analysis (M) and simultaneous analysis of SA-B-gal and mitochondrial
activity (N). (M) The protein levels relative to the y-tubulin level were quantified using NIH ImageJ software.

(N) Representative microscopic images (left) and comparison of mitochondrial activity between SA-B-gal-negative (-)
and —positive (+) cells (right) are shown. Bar, 50 ym. Data are mean + SD (n = 3 independent cultures). Statistical
significance is shown using Student'’s t test analysis; *P < 0.05; **P < 0.01.
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Complex ll-mediated mitochondrial activation attenuates the AMPK-p53 pathway. (A) U20S cells
transfected with pcDNA3-HA-SLC52A1 and treated with 2 uM etoposide for 5 d were subjected to immunoblot
analysis. The phosphorylation levels of AMPK and p53 relative to their total protein levels were quantified using NIH
ImagelJ software. Representative immunoblot images from replicate experiments (n = 3, top panels) and the results of
their statistical analysis (bottom panels) are shown. (B, C) U20S (B) and Hsé8 (C) cells treated with 400 pM TTFA and
etoposide at 2 and 0.5 pM, respectively, for 5 d were subjected to immunoblot analysis as in A. (D) Schematic model of
SLC52A1-mediated negative feedback regulation of p53. SLC52A1 contributes to increase riboflavin uptake upon DNA
damage, which leads to MMP activation and consequently suppresses the AMPK-p53 pathway to prevent p53-
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(ThermoFisher Scientific, Waltham, MA; A-11029) for 1 h at room
temperature. After the nuclei were stained with 10 uM Hoechst
33342, the cells were observed under a fluorescence microscope
(model BZ-9000; Keyence). At least 100 cells in randomly selected
microscopic fields were counted to determine the percentage of
SA-B-gal-positive cells and BrdU-positive cells.

RNA interference

ON-TARGETplus Smart Pool siRNA for SLC52A1 (L-010712-00) and
its control siRNA (D-001810-10) were from Dharmacon Horizon Dis-
covery (Lafayette, CO). U20S and Hs68 cells were seeded and
transfected with 30 nM siRNA using Lipofectamin RNAIMAX Trans-
fection Reagent (ThermoFisher Scientific) according to the manufac-
turer's instructions.

RNA isolation and qPCR

Total RNA was isolated from siRNA-transfected U20S and Hsé68 cells
using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized using the ReverTra Ace gPCR RT
Master Mix with gDNA Remover (TOYOBO, Osaka, Japan) and sub-
jected to gPCR (LightCycler480 Real-Time PCR System; Roche Life
Science, Penzberg, Germany) using specific primers for GAPDH (a
forward primer: 5-CAATGACCCCTTCATTGACCT-3" and a reverse
primer: 5-ATGACAAGCTTCCCGTTCTC-3'), SLC52A1 (a forward
primer: 5-TTGCTGTTGCCATCACTACC-3" and a reverse primer:
5-CAAAGCCTCTTCTTCCTCCTTC-3), SLC52A2 (a forward primer:
5-CCACCTGACGCTAGAAGAAGT-3" and a reverse primer: 5-TTG-
GCTCTCCTGGGAAGTGA-3), and SLC52A3 (a forward primer:
5-CGGACCTCGTCTCCCATCTA-3" and a reverse primer: 5-ACGC-
TAACTGGGCCAATCTT-3'). Relative expression levels were calcu-
lated by the 2 (AACt) method (ACt sample — ACt calibrator).

FAD measurement

FAD measurement was performed using the FAD Assay Kit
(ab204710; Abcam, Cambridge, UK) according to the manufactur-
er's instructions. Briefly, the cells were lysed and deproteinized with
HCIOy4, and the resulting samples were mixed with the reaction mix-
ture. The concentration of FAD was measured by a colorimetric as-
say at 570 nm based on the FAD-dependent reaction of an OxiRed
probe using a spectrophotometer (iMark microplate reader; Bio-
Rad, Hercules, CA).

Assessment of MMP

To assess MMP, the cells were incubated with 250 nM MitoTracker
Red CMXRos (ThermoFisher Scientific) for 30 min and observed un-
der a fluorescence microscope (model BZ-9000; Keyence). The
mean MitoTracker fluorescence intensity was quantified by ImageJ
(National Institutes of Health [NIH]) software. When both MMP and
SA-B-gal were simultaneously analyzed, the cells were treated with
MitoTracker followed by staining of SA-B-gal using the Senescence
B-Galactosidase staining kit as described above, and at least 10 cells
in randomly selected microscopic fields were counted to determine
the relative mitochondrial activity.

Statistical analysis
The two-tailed Student’s t test was used to calculate P values for all
data sets.
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