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Abstract

Nitric oxide (NO) is an essential signaling molecule in biological systems. Soluble guanylate
cyclase (sGC), composing of a1 and 31 subunit, is the receptor for NO. Using radioimmuno-
assay, we discovered that activation of sGC by treatment with bradykinin or sodium nitro-
prusside (SNP) is impaired in MCF-7 and MDA-MB-231 breast cancer cells as compared to
normal breast epithelial 184A1 cells. The 184A1 cells expressed both sGC a1 and sGCB1
mRNAs. However, levels of sGCB1 mRNAs were relatively lower in MCF-7 cells while both
mRNA of sGC subunits were absentin MDA-MB-231 cells. Treatment with DNA methyl-
transferase inhibitor 5-aza-2’-deoxycytidine (5-aza-dC) increased mRNA levels of both
sGCal and sGCB1in MDA-MB-231 cells but only sGCB1 mRNAs in MCF-7 cells. The 5-
aza-dC treatment increased the SNP-induced cGMP production in MCF-7 and MDA-MB-
231, but notin 184A1 cells. Bisulfite sequencing revealed that the promoter of sGCa1 in
MDA-MB-231 cells and promoter of sGCB1 in MCF-7 cells were methylated. Promoter
hypermethylation of sGCa1 and sGCB1 was found in 1 out of 10 breast cancer patients.
Over-expression of both sGC subunits in MDA-MB-231 cells induced apoptosis and growth
inhibition in vitro as well as reduced tumor incidence and tumor growth rate of MDA-MB-231
xenografts in nude mice. Elevation of sGC reduced protein abundance of Bcl-2, Bcl-xL,
Cdc2, Cdc25A, Cyclin B1, Cyclin D1, Cdk6, c-Myc, and Skp2 while increased protein ex-
pression of p53. Our study demonstrated that down-regulation of sGC, partially due to pro-
moter methylation, provides growth and survival advantage in human breast cancer cells.
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Introduction

Nitric oxide (NO) is an essential signaling molecule in biological systems. NO functions as the
primary activator of soluble guanylate cyclase (sGC) [1]. NO is synthesized by the enzyme ni-
tric oxide synthase (NOS) [1]. Once synthesized, NO diffuses across cell membranes and binds
to the heme cofactor of sGC and activates the enzyme, which leads to significant increases in
c¢GMP levels [1-4]. NO donors can also efficiently activate sGC [5-8]. The second messenger,
c¢GMP, then directly modulates ion channels, cGMP-phosphodiesterases, or cGMP-dependent
protein kinases (PKG) and therefore regulates important physiological functions, including va-
sodilation, platelet aggregation, and neurotransmission [1].

NO is reported to be harmful for adipogenic milieu of the breast, where NO initiates and pro-
motes tumorigenesis [9]. Epidemiological studies revealed that people with higher risks for devel-
oping estrogen receptor (ER)-positive breast cancer express specific polymorphic forms of
endothelial NOS which continuously produce sustained low levels of NO [10]. The NO then gen-
erates oxidative stress and inflammatory factors and alters the microenvironment of the breast,
providing an environment for the transformation of breast cancer cells [10]. NOS activity has
been reported to be higher in the advanced breast tumors than that in normal or benign breast
tissues [11, 12]. Patients with triple-negative breast tumors expressing NOS have significantly
worse prognosis [13]. However, the precise mechanism by which the NO-sGC signaling modu-
lates proliferation of breast cancer cells is not clear. Previously, we found that the bradykinin/sGC
signaling pathway is functional in androgen-dependent LNCaP prostate cancer cells, but is im-
paired in androgen-independent PC-3 and DU 145 prostate cancer cells [14]. Neither NO activa-
tor bradykinin nor NO-donor sodium nitroprusside (SNP) can activate the sGC in PC-3 and DU
145 cells [14]. Similar findings have later been reported by other groups [15, 16]. In this study, we
investigated if the NO-sGC signaling is impaired in the human breast cancer cells and also deter-
mined the effect of sGC expression on cell proliferation and survival both in vitro and in vivo.

Materials and Methods
Tissue samples, cell lines, materials

Breast tumors and adjacent tissue were obtained from patients in Taipei Veterans General Hospi-
tal (Taipei city, Taiwan). The Institutional Review Board (IRB) of Taipei Veterans General Hospi-
tal approved the study, and written informed consent was acquired from the patients following to
the ethical guideline from IRB (VGH-IRB No.: 201010001IA). Human breast cell line 184A1
(kindly provided from Dr. Hung, MC in Center of Molecular Medicine and Graduate Institute of
Cancer Biology, China Medical University & Hospital, Taiwan) were cultured in DMEM/F12 sup-
plemented with 5% (v/v) horse serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 20 ng/mL
hEGEF, 10 pg/mL insulin and 500 ng/mL hydrocortisone. Breast cancer cell lines MCF-7 (kindly
provided from Dr. Yu, WCY in National Institute of Cancer Research, National Health Research
Institutes, Taiwan) and MDA-MB-231 (purchased from Bioresource Collection and Research
Center, Taiwan) were grown in PRMI1640 medium supplemented with 10% fetal bovine serum,
100 U/mL penicillin and 100 pg/mL streptomycin. All cell lines were maintained at 37°C in a 5%
CO, humidified atmosphere. The doubling time of 184A1, MCF-7, and MDA-MB-231 cells used
in our experiments was 41.6, 38.4, and 39.7 h, respectively. Bradykinins, 5-Aza-2’-deoxycytidine
(5-aza-dC), SNP, MTT and other chemicals were purchased from Sigma (St. Louis, MO, USA).

Cyclic GMP determination

184A1, MCF-7 and MDA-MB-231 cell lines were grown to confluence in 6-well plates. The
cells were washed with 2 mL of serum-free medium (pH?7.3), and then incubated with 900 pL
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of medium containing 0.5 mM isobutylmethylxanthine at 37°C for 10 min. 10 nM bradykinin
or 50 uM SNP was added to the cells and incubated at 37°C for an additional 10 min. After in-
cubation, the medium was aspirated and 1 mL cold 10% trichloroacetic acid was added to the
plates. The cell extracts were scraped and centrifuged for 15 min at 2000 x g. The supernatant
fractions were then extracted with water-saturated ether to remove trichloroacetic acid. The
c¢GMP level in the supernatants was determined by radioimmunoassay [17].

Nucleic acid extraction

DNA from cell lines was extracted using PureLink Genomic DNA Purification Kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA from cell lines
was extracted using TRIZOL Reagent (Invitrogen). DNA and total RNA from tissue were ho-
mogenized by TissueLyser II (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions and extracted using TRIZOL Reagent.

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)

Total RNA (2-4 ug) was reverse transcribed using RevertAid H Minus First Strand cDNA
Synthesis Kit (Fermentas/Thermo Fisher Scientific). Quantification real-time PCR was using
QuantiNova SYBR Green PCR Kit (Qiagen) and performed on Applied Biosystems 7500 Real-
Time PCR System. Sequences of the qPCR primer pairs were as follows: sGCol-F, 5-AAAT
CAATGTCAGCCCAACA-3’; sGCal-R, 5-AAACACGAAACCAGGACAGTC-3% sGCB1-F,
5-GCCAGGTTCAAGTAGATGGTG-3’; sGCP1-R, 5-GGCATCCGCTGTCCTATG-3’ [18];
PUMA-F, 5-GACGACCTCAACGCACAGTA-3’; PUMA-R, 5-AGGAGTCCCATGATGA
GATTGT-3’ [19]; PBGD-F, 5-AGTGTGGTGGGAACCAGC-3’; PBGD-R, 5-CAGGAT
GATGGCACTGAACTC-3" [20]; ACTB-F, 5-GGAAATCGTGCGTGACATT-3’; ACTB-R,
5-GGAGTTGAAGGTAGTTTCGTG-3’. The relative mRNA levels from cell lines were calcu-
lated using the 272*“T method [21], with ACTB expression as a normalizer. And those from
clinical tissue were normalized to the level of PBGD expression. The clinical relative sGCol
and sGCB1 mRNA ratio (Tumor/Normal) was determined as follows:

_ sGCtumor | PBGDtumor
~ sGCnormal /PBGDnormal

Bisulfite sequencing

Bisulfite modification of genomic DNA was carried out by EZ DNA Methylation-Gold Kit
(Zymo Research, Irvine, CA, USA). Modified DNA was amplified by PCR with following prim-
ers: 5-GTAAGGAGGATTGTTTGGGAGTTA-3’ (forward) and 5- AAAAAACCCTACAA
TAACACCTATC-3’ (reverse) for sGC al CpG island; 5-TTTTGTTTTTGATTGGTTGAA
GAA-3’ (forward) and 5-AAACACTTACCATAATATCTACACC-3’ (reverse) for sGC Bl
CpG island. PCR was performed by Maxima Hot Start Tag DNA Polymerase (Fermentas/
Thermo Fisher Scientific), initiated by denaturing at 95°C for 5 min, followed by 40 cycles of
95°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec, and a final extension step at 72°C for 5 min.
The amplicon was cloned into pGEM-T Vector System (Promega, Fitchburg, Wisconsin,
USA), with 6 to 8 individual colonies were randomly chosen and sequenced by the DNA se-
quencing core facility at National Health Research Institutes (Taiwan).

Antibodies

Dnmtl, Dnmt3a, Cdc25A and GAPDH antibodies were purchased from GeneTex (Hsinchu
city, Taiwan). Bcl-2, Bcl-xL, Cdk6, Dnmt3b, and p53 antibodies were purchased from Cell
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Signaling Technology (Danvers, MA, USA). The c-Myc, sGCal and CyclinD1 antibodies were
purchased from Epitomics/Abcam (Cambridge, UK). The sGCP1 antibody was purchased
from Calbiochem/Millipore (Billerica, MA, USA). Cyclin B1 antibody was purchased from Up-
state Biotechnology/Millipore (Lake Placid, NY, USA). Cdc2 and Skp2 antibody were pur-
chased from Santa Cruz (Dallas, TX, USA).

Western blotting

Cell lines were washed by PBS and lysed with 1% Triton X-100 in 20 mM Sodium phosphate
buffer (pH7.4) containing 150 mM NaCl, supplemented with Protease Inhibitor Cocktail
(#11873580001) from Roche (Basel, Switzerland), 14 ug/mL aprotinin and 10 ug/mL leupeptin.
The extracted protein concentrations were determined by the BCA protein assay (Pierce/
Thermo Scientific; Waltham, MA, USA). Equal amount of protein were separated on
SDS-PAGE and transferred to PVDF membrane (Millipore). The membrane was incubated
with specific antibodies, detected with HRP-conjugated secondary antibodies and visualized by
Western Lightning Plus-ECL, Enhanced Chemiluminescence Substrate (PerkinElmer, Wal-
tham, MA, USA) [17, 22, 23].

Expression constructs

The Open-Reading-Frames of sGCal and sGCB1 were PCR-amplified form cDNA of 184A1
cells by Pfu DNA Polymerase (Fermentas/Thermo Fisher Scientific) and cloned into
pcDNA3.1/Zeo(+) (Invitrogen) and pcDNA3.1(-) (Invitrogen), respectively. Plasmid DNAs
were purified and sequenced by the DNA sequencing core facility at National Health Research
Institutes (Taiwan).

Stable transfection

MDA-MB-231 cells were grown in 6-well plates for 24 hr and transfected with plasmids con-
taining sGCal and sGCB1 using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. After 24 hr, fresh medium containing 500 pg/mL G418 and 250 pg/mL
Zeocin (Invitrogen) was added for selection. After 3 weeks, individual colonies of stably-
transfected cells were picked and maintained in medium containing 400 ug/mL G418 and
100 pg/mL Zeocin.

Cell proliferation assay

Cell proliferation was determined by the MTT assay as previously described [24]. Briefly, cells
were plated into 96-well plates at a density of 2.5 x 10° cells per well and measured every 24 hr.
MTT assay was performed by adding 5 mg/mL MTT solution to each culture to equal one
tenth the original culture volume and incubated at 37°C for 2 hr. The medium was removed
and 50 pL DMSO was added to each culture at room temperature for 20 min with gentle shak-
ing. Absorbance of converted dye is measured at a wavelength of 570 nm with background sub-
traction at 650 nm.

Cell cycle analysis

Cell cycle distribution was determined by flow cytometric analysis as previously described [25].
5x 10° cells were harvested, fixed in 50% ice-cold ethanol and stored at 4°C for later analysis.
The fixed cells were centrifuged at 200 x g for 7 min, resuspended in 0.5 mL PBS containing

50 ug/mL propidium iodide and 200 pg/mL RNase and incubated for 20 min at room
temperature in the dark. The Cells were analyzed with a BD FACSCalibur flow cytometer (BD
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Bioscience) equipped with BD CellQuest Pro software. ModFit LT v.3 software was used to an-
alyze the percentage of cells in different phases of the cell cycle.

Caspase 3 activity assay

Cells were harvested in cell lysis buffer containing 50 mM PIPES (pH7.2), 50 mM KCl, 5 mM
EGTA, 2 mM MgCl,, frozen and thawed twice, and centrifuged at 12000 x g for 3 min. 40 pg of
soluble cell lysate in 100 pL cell lysis buffer was added to 100 uL reaction buffer containing 40
mM HEPES (pH7.2), 20% glycerol, 200 mM NaCl, 10 mM DTT, and 10 mM phenylmethylsul-
fonyl fluoride, to achieve a total reaction volume of 200 pL. The reaction was initiated by

40 uM Ac-DEVD-AFC (Enzo Life Sciences, Farmingdale, NY) as final concentration and incu-
bated at 37°C for 1 hr in the dark. Caspase 3 activity was assessed by measuring fluorescence at
excitation wavelength of 400 nm and emission wavelength of 505 nm using EnSpire 2300 Mul-
tilabel Reader (PerkinElmer).

Apoptosis assay

Apoptosis assay was performed by ApoStrand ELISA Apoptosis Detection Kit (Enzo Life Sci-
ences) according to the manufacturer’s instructions.

Tumor Xenografts in Athymic Mice

Experiments involving mice were approved by the Institutional Animal Care and Use Commit-
tee at National Health Research Institutes following the guidelines for the care and use of ani-
mals that cover the research and were adhered to the ARRIVE guidelines. Female Balb/c nu/nu
mice (National Laboratory Animal Center, Taiwan), 8 weeks of age, were injected subcutane-
ously in both flanks with 5 x 10> MD-MBA-231 breast cancer stable cells over-expressing sGC
or MD-MBA-231 cells with control vector. MD-MBA-231 breast cancer cells were suspended
in DMEM medium without FBS and mixed with equal volume of Matrigel (BD Bioscience,
Franklin Lakes, NJ, U.S.A.). Cells were confirmed for mycoplasma free by using PCR for medi-
um detection before every experiment. Tumors growth and body weight were monitored week-
ly one week after tumor inoculation. Mice were separated into control and treatment groups.
There were 4 mice in control group and 5 mice in sGC over-expression group. Tumors

were measured weekly using calipers. Tumor volume was calculated using the formula

volume = length x width x height x 0.52 [24-26]. No significant difference of body weight was
observed between mice in control group and mice in sGC over-expression group. End point
was defined as 16™ weeks after cancer cell injection or if mice show syndrome meet criteria for
early removal, including 1. Body weight reduction over 20% 2. Inability to intake food or water
3. Inability to move 4. Back arching 5. Any other physical syndromes showed that the mice are
severe sick. Mice control 1 was sacrificed on 8 week due to over-sized tumors. All other mice
were sacrificed on 16™ week. Mice were euthanized after completion of the experimental proto-
col, at development of specific signs, when weight loss of 20% occurs, or when moribund. The
sacrifice of mice was via euthanasia using 100% CO, exposure for 5-10 min via inhalation.
Heart beeping was checked after the euthanasia to ensure that the mice were dead.

Results

The NO-sGC-cGMP signaling pathway is impaired in human breast
cancer MCF-7 and MDA-MB-231 cells

To examine whether the NO synthase-sGC signaling pathway is functional in human breast
cancer cells, we measured the effects of bradykinin, a NO activator, on the production of
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Fig 1. Effects of bradykinin and SNP on cGMP formation in human breast epithelial 184A1 cells and human breast cancer MCF-7 and MDA-MB-231
cells. Bradykinin (A) or SNP (B) induced cGMP was measured by radioimmunoassay. The error bar represents the standard deviation from the mean of the
four replicates. Asterisk * indicated statistically significant difference of p value < 0.05 between the two groups being compared.

doi:10.1371/journal.pone.0125518.g001

¢GMP in human 184A1 breast epithelial cells, human ER-positive MCF-7 breast cancer cells,
and ER-negative MDA-MB-231 breast cancer cells. Bradykinin treatment at 10 nM caused
55% increase of sGC in 184A1 cells, but not in MCF-7 and MDA-MB-231 cells (Fig 1A). To de-
termine whether sGC functions properly, we measured the effect of SNP, a NO donor and sGC
activator, on sGC activity in 184A1, MCF-7 and MDA-MB-231 cells. SNP treatment (50 pM)
effectively stimulated sGC activity in 184A1 cells but not in MCF-7 and MDA-MB-231 cells
(Fig 1B). These results suggested that the NO-sGC-cGMP signaling pathway is impaired in
MCEF-7 and MDA-MB-231 human breast cancer cells.

The impaired NO-sGC-cGMP signaling in breast cancer cells is due to
reduced expression of sGC

The sGC is a heterodimer, composing of o and f subunit. We used qRT-PCR to determine
whether low expression level of sGC subunits is responsible for the impaired sGC activation in
human breast cancer cells. Unlike 184A1 cells, the mRNA of both sGC a 1 and sGC B 1 were
extremely low in MDA-MB-231 cells (Fig 2A), which may account for its inability to be activat-
ed by bradykinin or SNP. On the other hand, although the mRNA expression levels of sGC o 1
subunit were not very different in 184A1 and MCEF-7 cells, the mRNA expression levels of
sGCPB1 in MCF-7 cells were less than those in 184A1 cells (Fig 2A).

Promoter methylation contributed to the reduced expression of sGC in
breast cancer cells

Promoter methylation is a common mechanism to abolish gene expression. We examined
whether reduced expression of sGCal and sGCB1 mRNA in breast cancer cells is due to pro-
moter methylation. Expression of sGCal and sGCB1 mRNA in MDA-MB-231 cells (Fig 2B) as
well as sGCB1 mRNA in MCF-7 cells (Fig 2C) were significantly increased by treatment of
DNA methylation inhibitor 5-aza-dC. These results suggested that DNA methylation contrib-
utes, at least partially, to the low expression of sGCal and sGCB1 in breast cancer cells. To ex-
amine whether sGC is functionally expressed in MCF-7 and MDA-MB-231 cells after 5-aza-
dC treatment, we pretreated 184A1, MCF-7 and MDA-MB-231 cells with 5-aza-dC before
challenging cells with SNP. Activity of sGC was significantly enhanced in both MCF-7 and
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doi:10.1371/journal.pone.0125518.9002

MDA-MB-231 cells after 5-aza-dC treatment (Fig 2D). In contrast, the activity of sGC in
184A1 cells was not affected by 5-aza-dC treatment (Fig 2D).

Promoter methylation of sGCa1 and sGCB1 in breast cancer cells

To determine whether promoter regions of sGCo.l and sGCPI are indeed methylated, we used
MethPrimer software to identify putative CpG islands. We identified two putative CpG islands
in the 5 flanking region of sGCal and sGCB1. One resides in the sequences between nt
81135820 and nt 81136367, the other locates in the sequences between nt 81227831 and nt
81227969 (GenBank accession no. NT_016354). We thus used bisulfite sequencing to determine
whether CpG islands of sGCa1 and sGCp1 are methylated in MCF-7 and MDA-MB-231 cells.
As shown in Fig 3A, the promoter region of sGCB1 in MCF-7 was highly methylated. The meth-
ylation of these promoters can be reduced by 5-aza-dC treatment (Fig 3B). On the other hand,
promoter region of sGCal in MCF-7 cells was not methylated (Fig 3C). In MDA-MB-231 cells,
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sGCB1 or sGCa1 transcription start sites. (E) Protein levels of the endogenous DNA methltransferases
(Dnmts) in MCF-7 and MDA-MB-231 cells were compared with 184A1 cells by Western blotting. GAPDH
protein expression was used as loading control.

doi:10.1371/journal.pone.0125518.9003
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several CpG islands in the 5" flanking region of sGCo.l were observed methylated (Fig 3C). The
methylation of these promoters can be attenuated by 5-aza-dC treatment (Fig 3D). Surprisingly,
we did not detect much methylation of sGCB1 in MDA-MB-231 cells (Fig 3A). In contrast to
MCF-7 and MDA-MB-231 cells, very little methylation of sGCo1 and sGCB1 promoter was de-
tected in 184A1 cells (Fig 3A and 3C). DNA methylation is catalyzed by DNA methyltrans-
ferases (Dnmts), including Dnmt1, Dnmt2 (TRDMT1), Dnmt3a, and Dnmt3b. Among these
enzymes, over-expression of Dnmt3b have been found in the tumor tissues of approximately
30% of breast cancer patients, whereas Dnmt1 and Dnmt3b are over-expressed in approximate-
ly 5% and 3% of breast tumors [27]. We compared protein levels of Dnmt1, Dnmt3a and
Dnmt3b in 184A1, MCF-7 and MDA-MB-231 cells. Dnmtl, Dnmt3a and Dnmt3b levels in
MDA-MB-231 cells as well as Dnmt1 and Dnmt3a levels in MCF-7 cells were elevated as com-
pared to those in 184A1 cells (Fig 3E). Elevated expression of Dnmts may contribute to the
methylation of the promoter of sGC subunits in MCF-7 and MDA-MB-231 cells.

Promoter methylation of sGCa1 and sGCB1 in human breast tumors

To examine whether the promoter of sGC subunits is methylated in breast cancer patients, we
isolated genomic DNAs from normal and tumor portions of breast tissues from 10 breast can-
cer patients [5 patients carried ER+/Progesterone Receptor (PR)+ breast tumors, and the other
5 patients carried ER-/PR- breast tumors] (Fig 4). To determine whether the promoter methyl-
ation of sGC leads to reduced mRNAs in breast tumors, we performed qRT-PCR analysis to
compare sGC mRNA levels in these patients. sGCol were down-regulated in 6 patients
(N0.0002, 0004, 0006, 0007, 2557 and 2537) compared to it’s own normal portions. sGCB1
were down-regulated in 3 patients (N0.0002, 0006, 2557) compared to it’s own normal por-
tions. Among these patients, only patient No.0006 acquired promoter hypermethylation on
both sGCol and sGCP1. These results suggested that promoter hypermethylation of sGC sub-
unit may occur in some breast cancer patients.
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level of MRNA (A) and expression level of protein (B) of sGCa1 and sGCB1 in MDA-MB-231-sGC cells were compared to control cells. (C) SNP-induced
c¢GMP production was compared between MDA-MB-231-control and MDA-MB-231-sGC cells. Results were obtained from 3 independent experiments. Error
bars represent mean with standard deviation. Asterisk * and *** indicated statistically significant difference of p value< 0.05 and p value< 0.001,
respectively, between the two groups being compared. (D) Cell proliferation was compared between MDA-MB-231-control and MDA-MB-231-sGC cells after
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respectively, between the two groups being compared.

doi:10.1371/journal.pone.0125518.g005

Over-expression of sGCa1 and sGCB1 in MDA-MB-231 cells
suppresses cell proliferation, induced apoptosis, and disturbed cell cycle
progression

NO and sGC activators have been shown to cause growth inhibition and induce apoptosis

in several cancer cell lines including breast cancer SK-Br-3 and MDA-MB-468 cells [15].
MDA-MB-231 cells express extremely low levels of both sGC subunits (Fig 2A). We examined
whether over-expressing sGC may affect proliferation of MDA-MB-231 cells. We generated
MDA-MB-231 stable cell lines over-expressing both sGCa.1 and sGCB1 (MDA-MB-231-sGC
cells) (Fig 5A and 5B) so that downstream cGMP can be activated. Unlike MDA-MB-231 vec-
tor control (MDA-MB-231-control) cells, 50 uM SNP treatment effectively stimulated cGMP
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formation in MDA-MB-231-sGC cells (Fig 5C). These results indicated that functional sGC is
re-expressed in MDA-MB-231-sGC cells.

The MTT assay showed that over-expression of sGC reduced number of viable cells in
MDA-MB-231-sGC cells as compared to control cells (Fig 5D). We suspected that cell cycle
progression might be affected by the over-expression of sGC. Indeed, S phase population was
significantly lower while G1 and G2 population was significantly higher in MDA-MB-231-sGC
cells as compared to those in control cells, suggesting the possibility that sGC re-expression in-
duced G1 and G2 cell cycle arrest in these cells (Fig 5E). The sub-G1 population was much
higher in MDA-MB-231-sGC cells than that in control cells, indicating that apoptosis may
happen in MDA-MB-231-sGC cells (Fig 5F).

To determine whether apoptosis actually happen in MDA-MB-231-sGC cells, we measured
the caspase 3 activity in MDA-MB-231-sGC and MDA-MB-231-control cells. Over-expression
of sGC subunits caused a 260% induction in caspase-3 activity (Fig 6A). Abundance of
formamide-denatured single-stranded DNA (ssDNA), another marker of cell apoptosis, in-
creased significantly in MDA-MB-231-sGC cells as compared to that in control cells (Fig 6B).
The mRNA expression of BH3-only protein PUMA (p53 up-regulated modulator of apoptosis)
increased dramatically in MDA-MB-231-sGC cells (Fig 6C). Additionally, the protein expres-
sion levels of pro-survival Bcl-2 and Bcl-xL decreased while p53 protein levels increased in
MDA-MB-231-sGC cells (Fig 6D). Cdc25A, Cyclin D1, Cdk6, c-Myc, and Skp2 (S-phase
kinase-associated protein 2) proteins are responsible for G1/S cell cycle check point and pro-
gression, while Cyclin B1, c-Myc, and Cdc2 (Cdk1) are responsible for G2/M progression and
DNA damage check point. These proteins were significantly down-regulated in MDA-MB-
231-sGC cells as compared to control cells (Fig 6D). Taken together, these results suggested
that over-expression of sGC subunits induced apoptosis and cell cycle arrest in MDA-MB-
231-sGC cells, which in turn reduced the viability of MDA-MB-231-sGC cells.

Over-expression of sGCa1 and sGCB1 reduced tumor incidence, tumor
volume, and rate of tumor growth of MDA-MB-231-sGC xenografts in
nude mice

Finally, we determined whether over-expression of sGCal and sGCB1 affects cell growth and
survival of MDA-MB-231 cells in vivo. Four nude mice in control group were injected with
MDA-MB-231-control cells in both franks, while five nude mice in sGC group were injected
with MDA-MB-231-sGC cells in both franks. Five tumors of MDA-MB-231 successfully devel-
oped (62.5%), while only one tumor of MDA-MB-231-sGC developed (10%) (Fig 7A and 7B).
Compared to the MDA-MB-231-control tumors, the MDA-MB-231-sGC tumor grew much
slower and had a relatively smaller tumor volume (Fig 7B). These results suggested that over-
expression of both sGC units reduced the tumor incidence, tumor volume, and tumor growth
rate of MDA-MB-231 cells in vivo.

Discussion

In this study, we examined the activation of sGC by bradykinin or SNP in 184A1 breast epithe-
lial cells, MCF-7 and MDA-MB-231 human breast cancer cells. Bradykinin is known to activate
sGC through a pathway involving its receptor, Gqo, phospholipase C (B or ), and NO synthase
[28-32]. We found that 10 nM bradykinin increased sGC activity about 55% in 184A1 cells,
but had no effect on the enzyme activity in MCF-7 and MDA-MB-231 cells, suggesting that the
signaling from the bradykinin receptor to sGC is impaired in MCF-7 and MDA-MB-231 cells.
To determine whether defective or inappropriate expression of sGC is responsible for the im-
paired sGC activation by bradykinin, we stimulated 184A1, MCF-7 and MDA-MB-231 cells
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Fig 6. Over-expression of sGC induced apoptosis and cell cycle arrest. (A) Caspase 3 activity and (B)
single-strand DNA detection were examined in MDA-MB-231-control and MDA-MB-231-sGC cells for the cell
apoptosis. Results were obtained from 3 and 8 independent experiments, respectively. The error bar
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doi:10.1371/journal.pone.0125518.g006
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with SNP. SNP effectively stimulated sGC activity in 184A1 cells, but had much smaller effects
on the enzyme activity in MCF-7 and MDA-MB-231 cells. The qRT-PCR results further con-
firmed the deficiency of sGCo.l and sGCB1 in MDA-MB-231 cells, and partial reduction of
sGCP1 in MCEF-7 cells. The expression levels of sGC were lower in breast cancer cells compared
to normal breast epithelial cells.

Mujoo et al. have shown that ER-negative MDA-MB-468 breast cancer cells express both
sGCol and sGCB1 [15]. The sGC in MDA-MB-468 cells is activated properly by NO donor or
BAY41-2272, a sGC activator. In contrast, ER-negative SK-Br-3 breast cancer cells express
sGCB1, but not sGCal. NO donor and BAY41-2272 can hardly activate the sGC in SK-Br-3
cells [15]. We found that the expression of both sGCa1 and sGCB1 was low or not expressed in
ER negative MDA-MB-231 cells. The sGC was poorly activated by SNP in MDA-MB-231 cells.
On the other hand, although sGCo.l was significantly expressed in ER positive MCF-7 cells,
the expression levels of sGCB1 were much lower than those of sGCall. It is possible that the
low sGCp1 level may result in a lower functional dimer between sGCal and sGCB1, which
may render MCF-7 cells to respond poorly to SNP treatment. Our results and other groups’ re-
sults indicated that the expression of sGC subunits varies with different types of breast cancer
cells and is independent of the ER status. The variation of sGC subunits in different breast can-
cer cells and tumors may reflect the heterogeneity of breast cancer.

DNA methylation that results in gene silencing during tumorigenesis has been observed in
Rb, p15, p16, PTEN and ERa. [33-35]. Our data showed that Dnmt1, Dnmt3a and/or Dnmt3b
levels were elevated in MCF-7 and MDA-MB-231 cells as compared to those in 184A1 cells.
We also observed that the promoter region of sGCB1 in MCE-7 cells and sGCa.1 in MDA-MB-
231 cells were methylated. 5-aza-dC treatment reduced the promoter methylation of sGCPI in
MCE-7 cells and of sGCol in MDA-MB-231 cells. De-methylation induced the expression of
sGCP1 in MCF-7 cells and both sGCal and sGCPB1 in MDA-MB-231 cells. Furthermore,
5-aza-dC treatment allowed MCF-7 and MDA-MB-231 cells to respond to SNP treatment.
These results indicated that DNA methylation plays an important role in turning off the ex-
pression of sGC subunits in MCF-7 and MDA-MB-231 cells. Interestingly, although sGCp1
mRNA expression was reduced in MDA-MB-231 cells and its expression was induced by
5-aza-dC treatment, the promoter methylation of sGCB1 was not observed in these cells, sug-
gesting that methylation may silence the transcription of other factors that regulate sGCP1 ex-
pression in MDA-MB-231 cells.

In the breast tumors isolated from patients, we found that sGCol were down-regulated in 6
(No0.0002, 0004, 0006, 0007, 2557, 2537) out of 10 patients, while sGCP1 were down-regulated
in 3 (N0.0002, 0006, 2557) out of these 6 patients. Patient N0.0006 acquired promoter hyper-
methylation on both sGCoal and sGCP1. These results suggested it may be one of the mecha-
nisms regulating mRNA expression of sGC subunits in breast cancer patients. Our results also
suggested that promoter hypermethylation of sGCol and sGCB1 may serve as a marker for the
early detection of some subsets of breast cancer.

NO and cGMP have been shown to exert either stimulatory or inhibitory effects on cell pro-
liferation and apoptosis [15, 36-42]. The effects of NO and cGMP on growth and cell death are
likely cell type- or tissue-specific. In the case of breast cancer cells, the NO-cGMP-PKG path-
way has been shown to inhibit the growth and apoptosis of MDA-MB-468 and SK-Br-3 breast
cancer cells [15]. We observed that the proliferation of MDA-MB-231 cells is suppressed by
over-expression of sGCal and sGCB1 via induction of cell cycle arrest and apoptosis. We also
demonstarted that over-expression of sGC reduced tumor incidence, tumor volume, and rate
of tumor growth of MDA-MB-231 cells in nude mice. In breast tumor tissues, NO is produced
by three isoforms of NO synthase, the nNOS, iNOS, and eNOS [10, 11, 13]. Expression of
iNOS and eNOS has been shown to be elevated in breast cancer as compared to that in benign
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breast epithelium [10, 11, 13]. Down-regulation of sGC in breast tumors may thus protect
breast cancer cells from the growth inhibition induced by NO-cGMP and provide a growth
advantage.

It would be interesting to investigate whether methylation of sGCal and/or sGCB1 promot-
ers correlates to treatment outcome or overall survival of breast cancer patients. As mRNA
levels of sGColl and/or sGCB1 and methylation of sGC promoter can be measured readily,
they are potential candidates as diagnostic or prognostic biomarkers for certain subtypes of
breast cancer.

Conclusion

Our study demonstrated that down-regulation of sGC, partially due to promoter methylation,
provides growth and survival advantage in human breast cancer cells.

Acknowledgments

We are thankful for the support from the DNA sequencing core facility, and cell sorter core fa-
cility of National Health Research Institutes, Taiwan.

Author Contributions

Conceived and designed the experiments: CPC CYC HJK SCC CHC HCW. Performed the ex-
periments: HCW CPC LCS CYC. Analyzed the data: HCW CPC CYC SGS HJK KLK LCS SCC
CHC. Contributed reagents/materials/analysis tools: SGS SCC. Wrote the paper: HCW CPC
HJK CHC.

References

1. Derbyshire ER, Marletta MA. Structure and regulation of soluble guanylate cyclase. Annu Rev Bio-
chem. 2012; 81:533-59. doi: 10.1146/annurev-biochem-050410-100030 PMID: 22404633

2. Arnold WP, Mittal CK, Katsuki S, Murad F. Nitric oxide activates guanylate cyclase and increases gua-
nosine 3':5'-cyclic monophosphate levels in various tissue preparations. Proc Natl Acad SciU S A
1977; 74(8):3203-7. PMID: 20623

3. Braughler JM, Mittal CK, Murad F. Purification of soluble guanylate cyclase from rat liver. Proc Natl
Acad Sci U S A 1979; 76(1):219-22. PMID: 16592607

4. Ignarro LJ, Wood KS, Wolin MS. Activation of purified soluble guanylate cyclase by protoporphyrin IX.
Proc Natl Acad Sci U S A 1982; 79(9):2870-3. PMID: 6123998

5. Nathan C, Xie QW. Nitric oxide synthases: roles, tolls, and controls. Cell. 1994; 78(6):915-8. PMID:
7522969

6. Walter U. Physiological role of cGMP and cGMP-dependent protein kinase in the cardiovascular sys-
tem. Rev Physiol Biochem Pharmacol 1989; 113:41-88. PMID: 2560585

7. Murad F. Shattuck Lecture. Nitric oxide and cyclic GMP in cell signaling and drug development. N Engl
J Med 2006; 355(19):2003—11. PMID: 17093251

8. Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, pathophysiology, and pharmacology.
Pharmacol Rev. 1991; 43(2):109—42. PMID: 1852778

9. PervinS, Chaudhuri G, Singh R. NO to breast: when, why and why not? Curr Pharm Des. 2010;
16(4):451-62. PMID: 20236074

10. Vakkala M, Kahlos K, Lakari E, Paakko P, Kinnula V, Soini Y. Inducible nitric oxide synthase expres-
sion, apoptosis, and angiogenesis in in situ and invasive breast carcinomas. Clin Cancer Res. 2000;
6(6):2408—16. PMID: 10873093

11. Thomsen LL, Miles DW, Happerfield L, Bobrow LG, Knowles RG, Moncada S. Nitric oxide synthase ac-
tivity in human breast cancer. Br J Cancer. 1995; 72(1):41-4. PMID: 7541238

12. Sen S, Kawahara B, Chaudhuri G. Mitochondrial-associated nitric oxide synthase activity inhibits cyto-
chrome c oxidase: implications for breast cancer. Free Radic Biol Med. 2013; 57:210-20. doi: 10.1016/
j.freeradbiomed.2012.10.545 PMID: 23089229

PLOS ONE | DOI:10.1371/journal.pone.0125518  April 30,2015 15/17


http://dx.doi.org/10.1146/annurev-biochem-050410-100030
http://www.ncbi.nlm.nih.gov/pubmed/22404633
http://www.ncbi.nlm.nih.gov/pubmed/20623
http://www.ncbi.nlm.nih.gov/pubmed/16592607
http://www.ncbi.nlm.nih.gov/pubmed/6123998
http://www.ncbi.nlm.nih.gov/pubmed/7522969
http://www.ncbi.nlm.nih.gov/pubmed/2560585
http://www.ncbi.nlm.nih.gov/pubmed/17093251
http://www.ncbi.nlm.nih.gov/pubmed/1852778
http://www.ncbi.nlm.nih.gov/pubmed/20236074
http://www.ncbi.nlm.nih.gov/pubmed/10873093
http://www.ncbi.nlm.nih.gov/pubmed/7541238
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.545
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.545
http://www.ncbi.nlm.nih.gov/pubmed/23089229

@ PLOS | one

sGC Down-Regulation in Breast Cancer

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tse GM, Wong FC, Tsang AK, Lee CS, Lui PC, Lo AW, et al. Stromal nitric oxide synthase (NOS) ex-
pression correlates with the grade of mammary phyllodes tumour. J Clin Pathol. 2005; 58(6):600—4.
PMID: 15917410

Chen ZJ, Vetter M, Che D, Liu S, Tsai ML, Chang CH. The bradykinin/soluble guanylate cyclase
signaling pathway is impaired in androgen-independent prostate cancer cells. Cancer letters. 2002;
177(2):181-7. PMID: 11825665

Mujoo K, Sharin VG, Martin E, Choi BK, Sloan C, Nikonoff LE, et al. Role of soluble guanylyl cyclase-
cyclic GMP signaling in tumor cell proliferation. Nitric Oxide 2010; 22(1):43-50. doi: 10.1016/j.niox.
2009.11.007 PMID: 19948239

Haramis G, Zhou Z, Pyriochou A, Koutsilieris M, Roussos C, Papapetropoulos A. cGMP-independent
anti-tumour actions of the inhibitor of soluble guanylyl cyclase, ODQ, in prostate cancer cell lines. Br
J Pharmacol. 2008; 155(6):804—13. doi: 10.1038/bjp.2008.312 PMID: 18695639

Vetter M, Chen ZJ, Chang GD, Che D, Liu S, Chang CH. Cyclosporin A disrupts bradykinin signaling
through superoxide. Hypertension. 2003; 41(5):1136—42. PMID: 12695417

Conran N, Oresco-Santos C, Acosta HC, Fattori A, Saad ST, Costa FF. Increased soluble guanylate
cyclase activity in the red blood cells of sickle cell patients. British journal of haematology. 2004;
124(4):547-54. PMID: 14984506

Akazawa Y, Cazanave S, Mott JL, EImi N, Bronk SF, Kohno S, et al. Palmitoleate attenuates palmitate-
induced Bim and PUMA up-regulation and hepatocyte lipoapoptosis. J Hepatol. 2010; 52(4):586—93.
doi: 10.1016/j.jhep.2010.01.003 PMID: 20206402

Cai J, Li T, Huang B, Cheng H, Ding H, Dong W, et al. The use of laser microdissection in the identifica-
tion of suitable reference genes for normalization of quantitative real-time PCR in human FFPE epitheli-
al ovarian tissue samples. PLoS One. 2014; 9(4):€95974. doi: 10.1371/journal.pone.0095974 PMID:
24776823

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402—-8. PMID: 11846609

Chen ZJ, Vetter M, Chang GD, Liu S, Che D, Ding Y, et al. Cyclophilin A functions as an endogenous in-
hibitor for membrane-bound guanylate cyclase-A. Hypertension. 2004; 44(6):963—-8. PMID: 15466660

Yang SJ, Chen CY, Chang GD, Wen HC, Chang SC, Liao JF, et al. Activation of Akt by advanced glyca-
tion end products (AGEs): involvement of IGF-1 receptor and caveolin-1. PLoS One. 2013; 8(3):
e58100. doi: 10.1371/journal.pone.0058100 PMID: 23472139

Lin CY, Huo C, Kuo LK, Hiipakka RA, Jones RB, Lin HP, et al. Cholestane-3beta, 5alpha, 6beta-triol
Suppresses Proliferation, Migration, and Invasion of Human Prostate Cancer Cells. PLoS One. 2013;
8(6):65734. doi: 10.1371/journal.pone.0065734 PMID: 23785446

Chuu CP, Lin HP, Ciaccio MF, Kokontis JM, Hause RJ Jr, Hiipakka RA, et al. Caffeic acid phenethyl
ester suppresses the proliferation of human prostate cancer cells through inhibition of p70S6K and Akt
signaling networks. Cancer Prev Res (Phila). 2012; 5(5):788-97. doi: 10.1158/1940-6207.CAPR-12-
0004-T PMID: 22562408

Chuu CP, Kokontis JM, Hiipakka RA, Fukuchi J, Lin HP, Lin CY, et al. Androgen suppresses prolifera-
tion of castration-resistant LNCaP 104-R2 prostate cancer cells through androgen receptor, Skp2, and
c-Myc. Cancer Sci. 2011; 102(11):2022-8. doi: 10.1111/j.1349-7006.2011.02043.x PMID: 21781227

Giraultl, Tozlu S, Lidereau R, Bieche I. Expression analysis of DNA methyltransferases 1, 3A, and 3B
in sporadic breast carcinomas. Clin Cancer Res. 2003; 9(12):4415-22. PMID: 14555514

Regoli D, Calo G, Rizzi A, Bogoni G, Gobeil F, Campobasso C, et al. Bradykinin receptors and receptor
ligands (with special emphasis on vascular receptors). Regul Pept. 1996; 65(1):83-9. PMID: 8876040

Hall JM. Bradykinin receptors. Gen Pharmacol. 1997; 28(1):1-6. PMID: 9112069

Yang CM, Tsai YJ, Pan SL, Wu WB, Wang CC, Lee YS, et al. Pharmacological and functional charac-
terization of bradykinin receptors in rat cultured vascular smooth muscle cells. Cellular signalling. 1999;
11(12):853-62. PMID: 10659993

Blaukat A. Structure and signalling pathways of kinin receptors. Andrologia. 2003; 35(1):17—23. PMID:
12558525

Moreau ME, Garbacki N, Molinaro G, Brown NJ, Marceau F, Adam A. The kallikrein-kinin system: cur-
rent and future pharmacological targets. J Pharmacol Sci. 2005; 99(1):6-38. PMID: 16177542

Hinshelwood RA, Clark SJ. Breast cancer epigenetics: normal human mammary epithelial cells as a
model system. J Mol Med (Berl). 2008; 86(12):1315-28. doi: 10.1007/s00109-008-0386-3 PMID:
18716754

Parrella P. Epigenetic Signatures in Breast Cancer: Clinical Perspective. Breast Care (Basel). 2010;
5(2):66—73. PMID: 20847817

PLOS ONE | DOI:10.1371/journal.pone.0125518  April 30,2015 16/17


http://www.ncbi.nlm.nih.gov/pubmed/15917410
http://www.ncbi.nlm.nih.gov/pubmed/11825665
http://dx.doi.org/10.1016/j.niox.2009.11.007
http://dx.doi.org/10.1016/j.niox.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19948239
http://dx.doi.org/10.1038/bjp.2008.312
http://www.ncbi.nlm.nih.gov/pubmed/18695639
http://www.ncbi.nlm.nih.gov/pubmed/12695417
http://www.ncbi.nlm.nih.gov/pubmed/14984506
http://dx.doi.org/10.1016/j.jhep.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20206402
http://dx.doi.org/10.1371/journal.pone.0095974
http://www.ncbi.nlm.nih.gov/pubmed/24776823
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/15466660
http://dx.doi.org/10.1371/journal.pone.0058100
http://www.ncbi.nlm.nih.gov/pubmed/23472139
http://dx.doi.org/10.1371/journal.pone.0065734
http://www.ncbi.nlm.nih.gov/pubmed/23785446
http://dx.doi.org/10.1158/1940-6207.CAPR-12-0004-T
http://dx.doi.org/10.1158/1940-6207.CAPR-12-0004-T
http://www.ncbi.nlm.nih.gov/pubmed/22562408
http://dx.doi.org/10.1111/j.1349-7006.2011.02043.x
http://www.ncbi.nlm.nih.gov/pubmed/21781227
http://www.ncbi.nlm.nih.gov/pubmed/14555514
http://www.ncbi.nlm.nih.gov/pubmed/8876040
http://www.ncbi.nlm.nih.gov/pubmed/9112069
http://www.ncbi.nlm.nih.gov/pubmed/10659993
http://www.ncbi.nlm.nih.gov/pubmed/12558525
http://www.ncbi.nlm.nih.gov/pubmed/16177542
http://dx.doi.org/10.1007/s00109-008-0386-3
http://www.ncbi.nlm.nih.gov/pubmed/18716754
http://www.ncbi.nlm.nih.gov/pubmed/20847817

@ PLOS | one

sGC Down-Regulation in Breast Cancer

35.

36.

37.

38.

39.

40.

4.

42.

Jovanovic J, Ronneberg JA, Tost J, Kristensen V. The epigenetics of breast cancer. Mol Oncol. 2010;
4(8):242-54. doi: 10.1016/j.molonc.2010.04.002 PMID: 20627830

Pervin S, Singh R, Chaudhuri G. Nitric oxide, N omega-hydroxy-L-arginine and breast cancer. Nitric
Oxide. 2008; 19(2):103-6. doi: 10.1016/j.niox.2008.04.016 PMID: 18474257

Garg UC, Hassid A. Nitric oxide-generating vasodilators and 8-bromo-cyclic guanosine monophos-
phate inhibit mitogenesis and proliferation of cultured rat vascular smooth muscle cells. The Journal of
clinical investigation. 1989; 83(5):1774—7. PMID: 2540223

Morbidelli L, Chang CH, Douglas JG, Granger HJ, Ledda F, Ziche M. Nitric oxide mediates mitogenic
effect of VEGF on coronary venular endothelium. Am J Physiol Cell Physiol. 1996; 270(1 Pt 2):H411-5.
PMID: 8769777

Guh JH, Hwang TL, Ko FN, Chueh SC, Lai MK, Teng CM. Antiproliferative effect in human prostatic
smooth muscle cells by nitric oxide donor. Molecular pharmacology. 1998; 53(3):467—74. PMID:
9495813

Fukumura D, Kashiwagi S, Jain RK. The role of nitric oxide in tumour progression. Nature reviews Can-
cer. 2006; 6(7):521-34. PMID: 16794635

Jeannin JF, Leon L, Cortier M, Sassi N, Paul C, Bettaieb A. Nitric oxide-induced resistance or sensitiza-
tion to death in tumor cells. Nitric Oxide. 2008; 19(2):158—63. doi: 10.1016/j.niox.2008.04.024 PMID:
18495079

Olson SY, Garban HJ. Regulation of apoptosis-related genes by nitric oxide in cancer. Nitric Oxide.
2008; 19(2):170-6. doi: 10.1016/j.niox.2008.04.005 PMID: 18460349

PLOS ONE | DOI:10.1371/journal.pone.0125518  April 30,2015 17/17


http://dx.doi.org/10.1016/j.molonc.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20627830
http://dx.doi.org/10.1016/j.niox.2008.04.016
http://www.ncbi.nlm.nih.gov/pubmed/18474257
http://www.ncbi.nlm.nih.gov/pubmed/2540223
http://www.ncbi.nlm.nih.gov/pubmed/8769777
http://www.ncbi.nlm.nih.gov/pubmed/9495813
http://www.ncbi.nlm.nih.gov/pubmed/16794635
http://dx.doi.org/10.1016/j.niox.2008.04.024
http://www.ncbi.nlm.nih.gov/pubmed/18495079
http://dx.doi.org/10.1016/j.niox.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18460349

