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1 | INTRODUCTION

Metastatic spread of cancer cells to distant specific organs such as
bone and lung is the main cause of cancer-related death.! Early detec-
tion of metastatic cancer is critical to prevent metastasis-associated

death. EMT, an essential event in the spread of cancer cells to other
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organs, facilitates the penetration of cancer cells into the blood-
stream.? These penetrated cancer cells termed CTC can be detected
in the bloodstream of patients.! Thus, the detailed characterization
of CTC is indispensible for the accurate diagnosis, better prognosis,
and efficient therapy of metastatic cancers.® Many studies have been

conducted to characterize and efficiently isolate CTC; however, the
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small number of CTC poses several difficulties. Nonetheless, accu-
mulating evidence has partially revealed the characteristics of CTC.
CTC were successfully isolated from patients’ blood samples by pos-
itive selection using epithelial phenotype marker and/or by CD133
stem cell marker and cultured ex vivo,*® indicating that CTC poten-
tially include CSC, which can survive for a long time. In addition, CTC
lines were established to overcome scarcity, which is a hurdle ham-
pering characterization of CTC.# These reports support the idea that
some CTC can survive for a long time.

In general, suspension cultures leading to spheroid formation
are carried out to study features of CSC, and SC cultured for a few
weeks were used in this study. However, this short culture period
is insufficient for the stabilization of cells. In the present study, we
cultured cancer cells in an ultra-low attachment dish for a long pe-
riod of more than 6 months to allow stabilization and adaptation in a
suspension state. These ASC were compared with adherent parent
cancer cells to investigate how cancer cells survive in the blood-
stream as CTC. We found that proliferation of SC subjected to more
than 150 passages increased as quickly as that of AD and that the
expression of silent mating type-information regulation 2 homolog
1 (SIRT1) increased in ASC. Therefore, we investigated the role of
SIRT1 in the promotion of ASC proliferation.

Silent mating-type information regulation family members are
NAD*-dependent HDAC (class Ill). Seven SIRT paralogs (SIRT1-7)
have been identified in humans and each SIRT shows different lo-
calization, function, and activity.® SIRT play various roles in cell cycle
progression and apoptosis of cancer cells.” Of these, SIRT1 is signifi-
cantly overexpressed in various cancers, including breast, prostate,
pancreas, and colon cancers,®*° and the inhibition of SIRT1 expres-
sion results in the arrest of growth and apoptosis of several types of
cancer cell.'** Contrary to the protumor function of SIRT1, several
studies have shown that SIRT1 may also act as a tumor suppressor
and inhibit intestinal tumorigenesis through the suppression of can-
cer cell growth in a mouse model of colon cancer.'® SIRT1 is involved
in the direct DNA damage response, and activation of SIRT1 results
in protection against mutant BRCAZ1-associated breast cancer.t
SIRT1 suppresses the function of ROS through the stimulation of
antioxidants by FOXO pathways.!” Conversely, ROS is also able to
suppress SIRT1 expression by oxidative modification of its cysteine
residues.”’

Nuclear factor kappa B signaling plays an important role in
apoptosis, cell proliferation, and tumorigenesis through the reg-

8 and is associated

ulation of the expression of several genes,
with an increase in glycolytic energy flux.}’ Phosphorylation of
kB triggers the initiation of NF-xB signaling and the released p65
subunit moves into the nucleus and becomes acetylated at the
Lys310 residue by p300 and p300/CBP-associated factor, result-
ing in its complete activation. The acetylated active form of p65 is
directly inactivated by deacetylation triggered by SIRT1, resulting
in suppression of NF-kB-dependent gene expression.'? Aside from
the SIRT1-mediated inhibition of NF-xB activity, NF-kB signaling
is also able to suppress SIRT1 activity through the expression of

miRNAs as well as through an increase in ROS production.?’ These

antagonistic functions of NF-xB and SIRT1 play several roles in
inflammation and metabolism,'? regulation of autophagy,?! and
neuroinflammation and cognitive impairment induced by sepsis.22
Therefore, the outcome of crosstalk between SIRT1, ROS, and NF-

kB should be decoded in the tumor context.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

The following antibodies and reagents were used: Sirtuin Antibody
Sampler Kit #9787T, NF-kB p65 Antibody Sampler Kit #4767, Death
Receptor Antibody Sampler Kit #8356, antibodies against cleaved
PARP #5626, cleaved caspase-3 #9664, cleaved caspase-8 #8592,
cleaved caspase-2 #9509, Bak #6947, Bax #5023, Bcl-2 #15071, and
Bcl-X #2764 (Cell Signaling Technology, Danvers, MA, USA); anti-
bodies against HDAC3 #sc-130319 and p-actin #sc-58673 (Santa
Cruz Biotechnology, Dallas, TX, USA); nicotinamide (NAM); and
ammonium pyrrolidine dithiocarbamate (PDTC) (Sigma-Aldrich, St
Louis, MO, USA).

2.2 | Cellculture

MDA-MB-468 human breast cancer cells were purchased from the
ATCC (Manassas, VA, USA). Cell suspensions were generated ac-
cording to the previous method?® and cells passaged more than 150
times in ultra-low attachment plates (Corning, Corning, NY, USA)
were named ASC. Both AD and SC were maintained in RPMI-1640
medium (HyClone, Logan, UT, USA) supplemented with 10% FBS
(Equitech-Bio, Kerrville, TX, USA) at 37°C in a humidified atmos-
phere of 5% CO,,.

2.3 | Cell proliferation assay

Adherent cell and SC were seeded in six-well normal and ultra-low
attachment plates at a density of 5 x 10° cells/well, respectively, and
incubated for 72 hours. The cells were stained with 0.3% Trypan
blue (Alfa Aesar, Ward Hill, MA, USA), and cell number was counted
with a LUNA automated cell counter (Logos Biosystems, Annandale,
VA, USA) according to the instructions of the manufacturer. Cell pro-
liferation assays were carried out in triplicate.

2.4 | RNA extraction and real-time quantitative
polymerase chain reaction

Total RNA was extracted using the extraction reagent RNAiso Plus
(TaKaRa, Shiga, Japan) according to the manufacturer's instructions.
Isolated RNA was reverse transcribed into cDNA using M-MLV
Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA,
USA) at 42°C for 1 hour and RT-gPCR was carried out using Maxima
SYBR Green (Thermo Fisher Scientific) with primers optimized for
real-time PCR. A QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) was used and reaction specificity
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was confirmed by melting curve analysis. Relative gene expression
was analyzed using the comparative Ct method.

Primers used for RT-PCR amplification were as follows: SIRT1
forward (5-TGCTGGCCTAATAGAGTGGCA-3') and reverse (5-CT
CAGCGCCATGGAAAATGT-3'); SIRT2 forward (5-AGAGGCAGAG
ATGGACTTCCT-3') and reverse (5'-CTCCCACCAAACAGATGAC
C-3'); SIRT3 forward (5-TGGTATCCCAGACTTCAGAT-3') and
reverse(5-TGTGTGTAGAGCCGCAGAA-3');SIRT4forward(5-CAAG
TCCGGAGCTTTCAGGT-3') and reverse (5-TGCAAGGATGATCCC
ACCAC-3'); SIRT5 forward (5-GTCTAGTGGTGGGCACTTCC-3')
and reverse (5-GGAAGAGTCGTTCCACAGGG-3'); SIRT6 forward
(5-GCAGTCTTCCAGTGTGGTGT-3') and reverse (5'-AAGGTGGT
GTCGAACTTGGG-3'); SIRT7 (5'-TGAGTGCTGCCG
ACCTAA-3') and reverse (5'-TCGCAGTTCTGAGACACC-3’); and 18s
rRNA forward (5-AGCTATCAATCTGTCAATCCTGTC-3') and re-
verse (5'- CTTAATTGACTCAACACGGGA-3').

forward

2.5 | Immunoblot assay

Cell lysates were prepared using a lysis buffer (50 mmol/L Tris-HCI
pH 8.0, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.5% NP-40, a protease
inhibitor cocktail tablet). Total cell lysate was mixed with 5 x SDS
sample buffer. Proteins were resolved by 10% SDS polyacrylamide
gel electrophoresis at 135 mA for 1 hour and the separated protein
bands were transferred onto 0.45-pm nitrocellulose membranes (GE
Healthcare, Buckinghamshire, UK) for 2 hours. Membranes were
blocked at 25°C in TBST (20 mmol/L Tris-HCI pH 8.0, 150 mmol/L
NaCl, 0.05% Tween 20) with 3% BSA for 20 minutes and subsequently
incubated with appropriate primary antibody at 4°C for overnight.
The membranes were incubated with HRP-conjugated secondary
antibodies (Assay Designs, Ann Arbor, MI, USA) for 2 hours at room
temperature and the proteins were visualized using an ECL sub-
strate (Thermo Fisher Scientific). Detection was carried out using an

LAS3000 luminescent image analyzer (Fuji Film, Tokyo, Japan).

2.6 | Chromatin immunoprecipitation sequencing

Adherent cells and ASC from MDA-MB-468 were fixed with 1% formal-
dehyde for 10 minutes and treated with 0.125 M glycine to terminate
crosslinking. Nuclei were extracted in Farnham lysis buffer (5 mmol/L
PIPES pH 8.0, 85 mmol/L KCI, 0.5% NP-40, and protease inhibitor) and
fragmented by sonication. A total of 1 mg fragmented chromatin was
used for immunoprecipitation with 4 pg H3K4me3 (Millipore, Temecula,
CA, USA), 10 pg H3K27ac, and 10 pg RNA Pol Il (Abcam, Burlingame,
CA, USA). Libraries for next-generation sequencing were generated and
sequenced using the HiSeq 2500 (lllumina, San Diego, CA, USA).

2.7 | Chromatin immunoprecipitation
sequencing analysis

FastQC
c/)was used to check the quality of ChIP-seq data, and low-quality reads

(https://www.bioinformatics.babraham.ac.uk/projects/fastq

and leftover adapter sequences were eliminated by Cutadapt ( https://
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cutadapt.readthedocs.io). To align the sequenced reads to the human
reference genome hg19, Bowtie 22* was used. HOMER software?’ and
Integrative Genomics Viewer (IGV) genome browser (http://software.

broadinstitute.org/software/igv/) were used for visualization.

2.8 | Plasmid and siRNA transfection

Cells were transfected with 40 ng/mL siRNA using Lipofectamine
RNAiMax transfection reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer's transfection protocol. To suppress
SIRT1 expression, SIRT1-1 (5-ACUUUGCUGUAACCCUGUA-3’) and
SIRT1-2 (5-AGA GUU GCC ACC CAC ACC U-3') were used. Cells
were transfected with 2 pg/mL plasmid using Lipofectamine 3000
DNA transfection reagent (Invitrogen) according to the manufac-

turer's transfection protocol.

2.9 | Mitochondrial membrane potential analysis

Mitochondrial membrane potential was estimated with JC-1 stain-
ing which detects polarization/depolarization of the mitochondrial
membrane. Cells were seeded at a density of 5 x 10° cells/well into
six-well plates and transfected with the indicated siRNAs. JC-1
staining was carried out 48 hours after transfection using the BD
MitoScreen Kit (Becton Dickinson, Franklin Lakes, NJ, USA) accord-
ing to the manufacturer's instructions. The cells were subsequently
examined with a flow cytometer (Becton Dickinson), and the data
were analyzed with FlowJo software (LLC, Ashland, OR, USA).

2.10 | Intracellular ROS analysis

To measure the intracellular ROS concentration, a DCFDA cellular
ROS detection assay kit was used (Abcam) as per the manufacturer's
instructions. Briefly, cells were seeded at a density of 2 x 10* cells/
well into a black-sided clear-bottomed 96-well plate (Corning). The
cells were stained with 25 pmol/L DCFDA for 45 minutes at 37°C
for 24 hours after transfection with si-SIRT and then evaluated using
a microplate reader. Data are representative of three independent

experiments carried out in triplicate.

2.11 | Measurement of reduced GSH/oxidized
GSSG ratio

A GSH/GSSG-Glo Assay kit (Promega, Madison, WI, USA) was used
according to the manufacturer's instructions. Briefly, cells were
seeded at a density of 1 x 10* cells/well into a white-sided and clear-
bottomed 96-well plate (Corning). Cells were treated with or with-
out GSSG reagent, and the luminescence of each well was measured
with a microplate reader.

2.12 | Luciferase assay

Cells were seeded into six-well plates and cotransfected with a mix-
ture of 200 ng pGL34xNF-kB-luciferase reporter plasmid and 5 ng


info:ddbj-embl-genbank/LAS3000
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pRL-CMV plasmid using Lipofectamine 3000 reagent. Cells were
lysed 24 hours after incubation and luciferase activity was deter-
mined using the Dual-Luciferase Reporter Assay System (Promega)

according to the manufacturer's instructions.

2.13 | Orthotopic mouse model of breast
cancer metastasis

MDA-MB-468 SC and ASC, which stably expressed firefly luciferase
were orthotopically transplanted into mouse mammary fat pad as

d?® and metastasis was observed with IVIS

previously describe
Lumina XRMS in vivo bioluminescence imaging system (Caliper Life
Sciences, Hopkinton, MA, USA). Plans and protocols for animal ex-
periments were approved by the Institutional Animal Care and Use
Committee of Sookmyung Women's University, Seoul, Republic of

Korea (SMWU-IACUC-1608-018).

2.14 | Statistical analysis

A two-tailed and non-parametric Mann-Whitney U test was used
to compare the two indicated groups. Maximum level of signifi-
cance of P < .05 was used for all statistical comparisons. Values of
*P < .05, **P < .01, and ***P < .001 indicated significant differences.
All data are expressed as mean + standard deviation (SD). All statisti-
cal analyses were carried out using GraphPad Prism version 5.0 for
Windows (GraphPad Software).

3 | RESULTS

3.1 | Inhibition of SIRT1 expression suppresses ASC
proliferation

We previously reported that the proliferation of SC is slower than
that of AD.?® However, SC subjected to more than 150 passages
showed similar proliferation to AD, but higher than that of SC after
40 passages. We named the cells subjected to 150 passages ASC
(Figure 1A). As SIRT1 is known to be involved in the regulation of
cell proliferation and apoptosis,26 mRNA levels of SIRT family mem-
bers were examined using gPCR. mRNA expression levels of all SIRT
family members increased in ASC, with maximum overexpression re-
ported for SIRT1 mRNA (Figure 1B). Protein levels of all SIRT family
members also increased (Figure 1C). However, the protein expres-
sion of SIRT1 was not at a maximum. Level of SIRT1 protein was
examined to evaluate whether SIRT1 is involved in the increase in
the proliferation of ASC in a passage-dependent way. Maximum
overexpression of SIRT1 was observed in the cells subjected to more
than 150 passages (Figure 1D). No difference in SIRT1 protein level
was observed in more than 150 passaged AD (Figure S1). To exam-
ine whether the increase in SIRT1 expression is associated with al-
teration in promoter region, open promoter markers (H3K4me3 and
H3K27ac) were examined; no significant difference was observed
(Figure 1E). These results suggest that no changes in the enhancer

region are responsible for SIRT1 transcription.
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We evaluated the effect of SIRT1 inhibition on the proliferation
of ASC. Cells were treated with an SIRT inhibitor, NAM, for 72 hours.
In comparison with AD, ASC showed a dramatic decrease in prolifera-
tion in a dose-dependent way (Figure 2A). As a remarkable difference
in cell number was observed after treatment with 1 mmol/L NAM,
we evaluated the time-dependent effect on cell proliferation using a
1 mmol/L concentration of NAM. A significant decrease in cell num-
ber was observed after 48 hours of treatment with NAM (Figure 2B).
To confirm that SIRT1 is associated with the increase in the prolifera-
tion of ASC, proliferation of cells transfected with siSIRT1 was exam-
ined. The number of ASC greatly decreased after 3 days of siSIRT1
treatment, but no effect was observed in siSIRT1-treated AD and SC
(Figure 2C,D). These results indicate that the increase in SIRT1 ex-

pression contributes to the enhancement in the proliferation of ASC.

3.2 | Inhibition of SIRT1 expression results in the
induction of apoptotic death in ASC

As the inhibition of SIRT expression induces apoptosis, we ex-
amined the effect of SIRT overexpression on ASC. SIRT function
was inhibited by the treatment of cells with NAM. Suppression of
SIRT function progressively increased the level of cleaved PARP in
ASC, whereas AD showed an abrupt increase in PARP cleavage in
response to treatment with more than 1 mmol/L concentration of
NAM (Figure 3A). SIRT1 expression was depleted by siSIRT1 treat-
ment, and the level of cleaved PARP was examined. Level of cleaved
PARP dramatically increased in ASC but not in AD. In addition, levels
of cleaved caspases were examined to investigate whether SIRT1
depletion stimulates the intrinsic or the extrinsic apoptosis path-
way. Cleavage of caspase-3 and caspase-9 dramatically increased,
but that of caspase-8 was mediated by extracellular stimulation and

was not observed in ASC (Figure 3B). We further confirmed these
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observations by evaluating the level of signaling molecules related
to the extrinsic apoptosis pathway. No significant difference was
observed in both AD and ASC (Figure 3C). These results provide
evidence that the increase in SIRT1 expression contributes to the
prevention of apoptotic cell death in ASC.

Anti-apoptotic Bcl-2 family members prevent apoptosis
through inhibition of mitochondrial outer membrane permeabi-
lization, whereas pro-apoptotic Bcl-2 family members exert op-
posite effects. Thus, the levels of these Bcl-2 family members
were measured in both cell types. No significant difference was
observed in Bak and Bax pro-apoptotic protein levels after treat-
ment with siSIRT1. However, the overexpression of anti-apoptotic
proteins such as Bcl-2 and Bcl-X; was more prominent in ASC and
decreased after the depletion of SIRT expression (Figure 3D), in-
dicating that high expression levels of anti-apoptotic proteins play
a key role in the survival of ASC. We investigated whether SIRT1-
depleted cells show changes in mitochondrial membrane permea-
bility. After SIRT1 siRNA transfection for 48 hours, mitochondrial
membrane potential was analyzed with flow cytometry using JC-1
staining. SIRT1 depletion induced mitochondrial membrane de-
polarization in ASC as compared with AD (Figure 3E). These data
indicate that the increase in the expression of anti-apoptotic pro-
teins stimulated by SIRT1 could contribute to the prevention of
apoptotic death of ASC through the maintenance of mitochondrial

membrane depolarization.

3.3 | Silent mating-type information regulation 2
homolog 1 alleviates intracellular ROS levels to
prevent apoptotic death of ASC

Reactive oxygen species are the main cause of the decrease

in mitochondrial membrane potential, whereas anti-apoptotic
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proteins such as Bcl-2 and Bcl-X reduce ROS levels.?”?8 Therefore,
we thought that SIRT1 depletion may stimulate ROS produc-
tion. Intracellular ROS levels were measured by DCFDA stain-
ing. SIRT1-depleted ASC showed a significant increase in ROS
levels as compared to SIRT1-depleted AD and SC (Figure 4A).
Therefore, ROS is maintained at a low level through an increase
in the expression of Bcl-2 and Bcl-X in ASC as compared to AD
(Figure 3D). As the ratio of GSH and GSSG determines the level

FIGURE 3 Silent mating-type
information regulation 2 homolog 1
(SIRT1) inhibition induces intrinsic
apoptotic signaling in adapted suspension
cells (ASC). A, Adherent cells (AD)

and ASC were plated at a density of

5 x 10° per well and cultured for 72 h
with the indicated concentration of
nicotinamide (NAM). Level of cleaved
poly ADP ribose polymerase (PARP) as

a marker of apoptosis was determined

by immunoblot assay. B, Levels of

cleaved PARP, caspase-3, -8, and -9 were
examined in SIRT1-depleted cells using
immunoblot assay. C, Level of death
receptor signaling associated protein in
SIRT1-depleted cells was determined by
immunoblot assays. D, Level of BCL-2
family protein in SIRT1-depleted cells was
determined by immunoblot assays. E, Cells
transfected with siControl and siSIRT1
were stained with JC-1 dye and analyzed
by flow cytometry. Bar diagram shows
percentage of cells showing mitochondrial
depolarization. *P < .05

of ROS,?” increase in the GSH/GSSG ratio may contribute to the
low level of ROS in ASC. ASC showed approximately a two-fold
increase in this ratio as compared with AD, indicating that ROS
was maintained at a low level for the survival of ASC by main-
tenance of a high ratio of GSH/GSSG (Figure 4B). To determine
the mechanism underlying the increase in the GSH/GSSG ratio,
levels of GSSG-producing glutathione peroxidase (GPX) and GSH-
producing glutathione reductase (GSR) were quantified by gPCR
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FIGURE 4 Silent mating-type information regulation 2 homolog 1 (SIRT1) regulates the level of reactive oxygen species (ROS) in adapted
suspension cells (ASC). A, Cells transfected with siControl and siSIRT1 were labeled with dichlorofluorescein diacetate (DCFDA) and
analyzed on a fluorescent plate reader. B, Intracellular reduced glutathione (GSH) and oxidized glutathione (GSSG) were measured using

a luminescence plate reader in adherent cells (AD) and ASC. Data are given as GSH/GSSG ratio. C, Levels of glutathione-related enzymes
including GPX and GSR in AD and suspension cells (SC) were determined by gRT-PCR assays. Normalization was carried out using 185 rRNA.
D, Cells transfected with siControl and siSIRT1 were treated with N-acetylcysteine (NAC) at the indicated concentration for 48 h and then
the number of cells was counted. E, Cells were transfected with control or SIRT1 siRNA for 24 h and then treated with NAC at the indicated
concentrations for 48 h. Level of cleaved poly ADP ribose polymerase (PARP) in SIRT1-depleted cells was determined by immunoblot assays.

*P < .05, **P < .01; n.s., not significant

(Figure 4C). The increase in GSH contributed to a high GSH/GSSG
ratio. As SIRT1-depleted ASC were highly susceptible to prolif-
eration (Figure 2A), we determined whether siSIRT1-induced ROS
expression is responsible for the severe decrease in cell number.
siSIRT1-induced ROS expression was inhibited by treatment with
a ROS scavenger, NAC. Cells transfected with siSIRT1 for 24 hours
were treated with the indicated concentrations of NAC for an ad-
ditional 48 hours. Proliferation of SIRT1-depleted AD decreased
after NAC treatment in a dose-dependent way, whereas the pro-
liferation of SIRT1-depleted ASC was unaffected after NAC treat-
ment (Figure 4D). Next, the effect of NAC on the siSIRT1-induced
PARP cleavage in both cells was examined. Treatment of ASC with
5 mmol/L NAC for 48 hours after siSIRT1 transfection resulted in
a dramatic decrease in the cleavage of PARP (Figure 4E). Taken to-
gether, these results indicate that the increase in SIRT1 expression
in ASC is responsible for the prevention of apoptotic cell death

induced by the excessive production of ROS.

3.4 | Silent mating-type information regulation
1 overexpression inhibits NF-kB activity by
deacetylation of p65 in ASC

As SIRT1 inhibits the NF-xB signaling pathway,” NF-kB activity
was examined in both cell types after transfection with NF-xB

luciferase vector. Luciferase activity of NF-xB was reduced by ap-
proximately three-fold in ASC compared to SC (Figure 5A). The low
NF-xB activity may be increased by TNF-a, a representative NF-xB
activator.° Surprisingly, TNF-a failed to increase NF-kB activation
in ASC (Figure 5B). Acetylated or phosphorylated NF-kB p65 level
was measured in both cell types to determine the reason underly-
ing the inability of TNF-a to activate NF-kB. The acetylated NF-xB
p65 level was markedly decreased in ASC. However, the level of
phosphorylated NF-xB pé5 progressively increased according to
the degree of adaptation (Figure 5C). As NF- kB p65 was deacety-
lated by HDAC3 and/or SIRT1 at Lys310,%! the HDAC3 level was
also examined. No significant changes in the level of HDAC3 were
observed in AD and ASC (Figure 5C) as compared to SIRT1-treated
cells (Figure 1D). Thus, we examined whether SIRT1 is responsible
for the decrease in NF-xB activity by reducing the level of acety-
lated NF-xB p65 at Lys310. SIRT1 depletion dramatically increased
the level of acetylation of NF-xB p65 at Lys310, but no significant
differences were observed in total NF-xB p65 and phosphorylated
NF-kB p65 (at Ser536) (Figure 5D); thus, SIRT1 overexpression
suppresses NF-xB activity.

To determine whether the SIRT1-mediated inhibition of NF-kB
activity is related to cell proliferation, both SIRT1-depleted cells
were treated with PDTC, an antioxidant and inhibitor of NF-xB
activation. PDTC treatment resulted in a recovery of the loss of
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FIGURE 5 Silent mating-type information regulation 2 homolog 1 (SIRT1) inhibits the activation of nuclear factor kappa B (NF-xB)

activity in adherent cells (AD) and adapted suspension cells (ASC). A

, Cells were transfected with the NF-kB luciferase plasmid for 24 h

and then relative luciferase activity was analyzed. Firefly luciferase was used as a reporter, and Renilla luciferase was used as a control. B,
Cells transfected with NF-kB luciferase plasmid were stimulated with or without tumor necrosis factor (TNF)-a for 1 or 2 h and then NF-xB
luciferase activity was measured. C, Levels of NF-kxB p65 and HDAC3 were analyzed by immunoblot assay in AD and differently passaged
suspension cells (SC). D, Cells were transfected with siSIRT1 or siControl for 48 h and levels of protein associated with NF-xB signaling were
examined using immunoblot assay. E, Cells transfected with siSIRT1 or siControl were treated with or without pyrrolidine dithiocarbamate

(PDTC) for 48 h and then the number of cells was counted. **P < .01;

ASC number observed in response to SIRT1 depletion (Figure 5E).
These results indicate that inhibition of NF-xB activity and ROS
level by SIRT1 overexpression is the underlying mechanism for
ASC survival.

4 | DISCUSSION

Meng et al®? reported that CTC can survive a decade because they
are continuously dying and being replenished by tumor cells shed-
ding from tumor tissues. Most CTC will not be able to survive in
anoikis conditions in the turbulence of the circulating bloodstream. 3
However, some CTC including CSC can survive. Thus, it is believed
that ASC contain CSC. ASC show a high basal level of cleaved cas-
pases and an increase in pro-apoptotic proteins compared with AD
(Figure 3B,D), and their expression was greatly increased in the ab-

sence of SIRT1. Hence, SIRT1 overexpression seems to contribute to

n.s., not significant

overcoming the apoptotic death of ASC through an increase in the
rate of proliferation, although ASC are more susceptible to apoptotic
death than AD.

In an orthotopic xenograft model, we previously showed that the
metastatic ability of SC was increased as compared to that of AD.%®
In the present study, we determined whether ASC have higher met-
astatic potential than SC. In the invasion assay, ASC showed a two-
fold increase in metastatic ability compared to SC (Figure S2A). In an
orthotopic xenograft model, ASC injection resulted in the formation
of a tumor mass in two of five mice, and the tumors metastasized in
both mice, whereas SC injection resulted in the formation of a tumor
mass in three of five mice without metastasis (Figure S2B). ASC still
maintain high invasive ability, which may be affected by SIRT1 de-
pletion (Figure S2C).

SIRT1 is overexpressed in CSC and plays a critical role in main-
taining the characteristics of CSC through sustainable expression

of stemness genes such as Oct4 and Nanog.”’ We have previously
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shown that SC contain a CSC-like population.?® In the present study,
we showed that ASC had increased expression of SOX2 and OCT4
as stemness factors (Figure S3). Thus, SIRT1 expression may likely
contribute to the survival of ASC as well as to CSC. However, as
ZR-75-1-derived ASC, but not T47D-derived ASC, showed an in-
crease in SIRT1 expression (Figure S4), the role of SIRT1 may be
interpreted in the context of tumors. To evaluate whether SIRT1
overexpression affects OS, The Cancer Genome Atlas (TCGA) data
of patients with breast cancer were analyzed. OS decreased in pa-
tients with breast cancer expressing a high level of SIRT1 to between
50 and 100 months, whereas it abruptly decreased in patients with
triple-negative breast cancer (Figure S5).

SIRT1 overexpression enhances the EMT process and metastasis
in osteosarcoma,* whereas SIRT1 inhibition significantly suppresses
the EMT process in esophageal cancer cells.®> As a molecular mecha-
nism, SIRT1 inhibition reduces the level of FOXO3a and matrix MMP2,
which degrades extracellular matrices to allow penetration of cancer
cells into the basement membrane.3® Therefore, SIRT1 plays a critical
role during the EMT process by allowing physical detachment of can-
cer cells from the primary cancer site. In contrast, SIRT1 plays a posi-
tive role in the induction of anoikis resistance after the EMT process
in gastric cancer cells.%” In the present study, we showed that SIRT1
inhibition dramatically induced apoptotic death in ASC as compared
to AD. Thus, the higher expression of SIRT1 in ASC than in AD may be
critical to overcome anoikis and for long-term survival. Therefore, the
increase in SIRT1 expression could be an important event post-EMT as
well as during the EMT process.

Activation of NF-kB allows cancer cells to evade apoptotic death
through the upregulation of anti-apoptotic proteins such as Bcl-2,
Bcl-X,, cFLIP, and cIAP2.3837 A critical event in NF-kB activation is
acetylation of p65. For suppression of the NF-kB signaling pathway,
SIRT1 deacetylates p65 and inhibits NF-xB activity. Thus, the antag-
onistic function of SIRT1 and NF-kB is very important for balanced
regulation of apoptosis. In the present study, we found that NF-xB
activity was downregulated, SIRT1 level increased in ASC, and SIRT1
deficiency caused apoptotic death even after recovery of NF-xB ac-
tivity in ASC. Thus, NF-xB activation is not critical for the survival of
ASC. Therefore, it is likely that NF-xB activation results in death or
survival depending on the tumor context. In contrast, ROS interacts
with the NF-xB signaling components and may either activate or in-
hibit NF-kB signaling depending on the tumor context.*® As SIRT1
depletion caused an increase in ROS production and apoptotic death
regardless of the recovery of NF-xB activity in ASC, the maintenance
of a low level of ROS is important for high SIRT1 expression because
it contributes to the increase in the GSH/GSSG ratio. Further studies
are warranted to elucidate the importance of suppression of NF-xB
activity as well as to investigate whether NF-xB suppression is a gen-
eral event in ASC derived from any breast cancer cell line.

In summary, we report, for the first time, how SIRT1 expression
is increased in ASC. SIRT1 expression was higher in ASC and AD,
and it protected the cells from apoptotic death. Thus, the increase
in SIRT1 expression may play a crucial role in the stable survival of
SC by maintaining low levels of ROS because SIRT1 expression was
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higher after long-term adaptation. Development of a strategy to
suppress SIRT1 activity would be an efficient way to prevent the
survival and metastatic spread of CTC in breast cancer cells. In ad-
dition, it is important to determine whether this mechanism may be
generalized in different types of cancer.
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