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Abstract
Recent studies have demonstrated that the cyclic guanosine monophosphate (cGMP) signaling pathway is aberrantly regulated in breast cancer and that activation 
of this pathway can inhibit growth and induce apoptosis of human breast cancer cells. Little is known about how a cGMP signal elicits such a response in normal or 
cancerous breast cells, but data suggest that the cGMP dependent protein kinases (PKG) may be involved. Here we studied the expression and importance of PKG 
isoforms for the anticancer effects of cGMP signaling in human breast cancer cells. We found that PKGIβ is the predominantly expressed isoform of PKG in MDA-
MB-231 and SKBr3breast cancer cell lines, while ZR75-1 cells express both PKGIα and PKGIβ. Expression of PKGI was necessary for the anticancer activity of 
cGMP signaling in the triple negative breast cancer cell line MDA-MB-231, as decreasing expression with PKGI specific siRNA was sufficient to protect the cells 
from the effects of the cGMP signaling activators sulindac sulfide and NOR-3 on cell viability and apoptosis. Furthermore, the protective effects of PKG knockdown 
did not appear to involve oncogenic β-catenin signaling because cGMP signaling activation continued to inhibit expression of Tcf/Lef controlled genes despite the 
lack of PKGI expression. These findings provide further insight into the anticancer mechanism of the cGMP signaling pathway and reiterate the potential utility of 
this pathway for future breast cancer drug discovery efforts.

Introduction 
Breast cancer remains a major health concern in the United States 

with more than 40,000 deaths projected to occur from the disease 
in 2015 [1]. The introduction of targeted therapies and improved 
screening strategies in the past thirty years has resulted in declining 
mortality rates and an increase in 5-year survival rates [2]. However, 
certain molecular subtypes of breast cancer, such as triple negative 
breast cancers (TNBC), have seen only negligible changes in prognosis 
[3]. TNBC cells lack appreciable expression of estrogen receptors, 
progesterone receptors, and HER-2, which limit treatment options; to 
make matters worse, these types of cancers tend to be highly aggressive 
with rapid progression and high rates of metastasis and recurrence [4]. 
Identifying and characterizing previously unrecognized proteins and 
molecular pathways that are involved in breast cancer cell growth and 
survival are paramount for developing novel therapies that will further 
improve breast cancer prognosis irrespective of molecular subtype.

The cyclic guanosine 3’,5’-monophosphate (cGMP) signaling 
pathway is one such pathway that has recently been identified as 
a potentially important anticancer pathway [5]. cGMP is a second 
messenger that is formed in response to the activity of guanylyl cyclase 
(GC) enzymes [6-9]. Numerous endogenous and exogenous signaling 
molecules, including nitric oxide (NO) and heat stable enterotoxin, 
stimulate cGMP formation from guanosine 5’-triphosphate (GTP) by 
directly activating one or more GC enzymes [6-9]. Once formed, cGMP 
mediates its effects my modulating the activity of various downstream 
effector proteins. Three classes of proteins serve as effectors of cGMP 
signaling; these include cyclic nucleotide gated (CNG) ion channels, 
phosphodiesterase (PDE) enzymes, and cGMP-dependent serine/
threonine protein kinases (PKG) [6,8,10]. cGMP signaling is silenced 
primarily by cleavage of the cyclic bond by certain PDE isoforms to 

generate guanosine 5’-monophoshphate (GMP) [6,11,12]. 

Early studies demonstrated that cancerous breast tissues have 
lower levels of cGMP signaling compared to normal breast tissue 
[13]. This was found to be due to higher rates of cGMP degradation 
due to overexpression of cGMP-degrading PDE isoforms [13-15]. 
Additionally, cancerous breast tissues have lower levels of PKG activity 
compared to normal breast tissue [16], which is consistent with lower 
cGMP signaling activity. These lower levels of cGMP signaling activity 
may provide breast cancer cells with a survival advantage because 
numerous studies have shown that activation of cGMP signaling 
inhibits growth and induces apoptosis of breast cancer cells in culture 
[14,15,17-24], leading to the proposal that activation of cGMP signaling 
may be an effective strategy for future drug discovery efforts. What 
is especially promising about targeting the cGMP pathway is that its 
anticancer activity appears to be independent of breast cancer subtype, 
and some studies even suggest that the typically harder to treat triple 
negative cells are more sensitive to cGMP’s effects than cells with other 
molecular profiles [14-16,18]. 

Although the exact mechanism through which cGMP signaling 
elicits its anticancer response in breast cells has not been established, 
there are several reasons to suspect that PKG is a key regulator. First, 
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PKG is one of the most widely expressed and commonly activated 
effector proteins in cGMP signaling [6,10]. Additionally, several 
investigators have found that the anticancer activity of cGMP signaling 
in breast cells correlates with PKG activation [14,15,18,21], and more 
recent findings have demonstrated that direct activation of PKG is 
sufficient to induce apoptosis of human breast cancer cells [17,18,20]. 
Should PKG be involved, the means through which it induces 
apoptosis are up for debate. However, several studies have shown a link 
between PKG activity and inhibition of oncogenic β-catenin signaling 
[14,15,21]. Unfortunately, direct involvement of PKG in the anticancer 
activity of cGMP signaling has yet to be demonstrated and no direct 
link between PKG and oncogenic β-catenin signaling has been shown.

In this study, we evaluated the importance of PKG for the anticancer 
activity of cGMP signaling in human breast cancer cells. We found that 
breast cancer cells predominantly express PKGI isoforms, which are 
necessary for the reduction in cell viability and activation of apoptosis 
that is observed in response to cGMP signaling activation in the MDA-
MB-231 TNBC cell line. Furthermore, this activity occurs independent 
of the effects of cGMP signaling on oncogenic β-catenin mediated Tcf/
Lef transcriptional activity. This study provides additional insight into 
the mechanism of the anticancer activity of cGMP signaling in human 
breast cancer and further establishes this pathway as a promising new 
target for future drug discovery efforts.

Materials and methods
Cell culture

The human breast cancer cell lines MDA-MB-231, SKBr-3, and 
ZR75-1 were purchased from ATCC. All cells were grown in RPMI-
1640 with L-glutamine (Cellgro) supplemented with an antibiotic 
antimycotic solution (HyClone) and 10% FBS (Thermo). Cells were 
incubated at 37°C in 5% CO2 and humidified atmosphere. Cells 
were passaged at subconfluent density, and only cultures containing 
>95% viability as determined by trypan blue exclusion were used for 
experiments. All experiments were performed on cells from passage 
numbers 5 through 15. Morphology of the cells was consistently 
monitored.

Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RNA was isolated from 300,000 cells using the Axygen Total RNA 
Miniprep Kit according to the manufacturer’s specifications. Primers 
specific for β-actin, PKGIα, PKGIβ, and PKGII were designed using 
the Primer 3 program (MIT) and were synthesized by MWG Operon. 
Table 1 lists the sequences of all primers. RT-PCR was performed using 
the QiagenOneStep RT-PCR kit. Each reaction contained 1 µL of RNA 
and 30 µM of each primer in a total volume of 25 µL. Thermal cycler 
settings were 50°C for 30 minutes; 95°C for 15 minutes; 35 cycles of 
94°C for 30 seconds, 55°C for 1 minute, and 72°C for 1 minute; and 
72°C for 10 minutes. Samples were stored at -20°C until analysis. 
Samples were analyzed by adding 10 µL to a 1% agarose gel containing 
ethidium bromide. The gels were run for 45 minutes at 100V, then 
viewed and imaged using a UVP transilluminator.

Western blotting

Cells were lysed in SDS lysis buffer (1% SDS, 10mM Tris pH 7.5, 
7.5 µg/mL aprotonin, 5 mM benzamidine, 5mM PMSF, 50 mM NaF, 
and 1.25 mM NaVaO4). Protein concentration was determined using 
the BCA assay (Thermo Scientific). Samples were diluted in LDS 
sample buffer (Thermo Scientific) containing β-mercaptoethanol then 
incubated on a 95°C heat block for 5 minutes. 15 µg of protein was 
loaded per well of a 12% acrylamide resolving gel with 4% stacking gel. 
Gels were run at 120V for 1.5 hours in tris/glycine/SDS buffer (Bio-
Rad). Proteins were transferred to nitrocellulose membranes at 350 mA 
for 1 hour in tris/glycine buffer (Bio-Rad) containing 20% methanol. 
Membranes were blocked in TBST with 5% BSA. Membranes were 
incubated 2 hours to overnight in 1:1000 dilution of the appropriate 
primary antibody followed by incubation in 1:5000 dilution of anti-
rabbit secondary antibody for 1 to 3 hours. All antibodies were 
purchased from Cell Signaling Technologies. Membranes were 
incubated in Immobilin ECL (Millipore) for 60 seconds before 
exposing to autoradiography film (Thermo Scientific).

PKGI knockdown

PKG siRNA, transfection reagent, and transfection medium were 
purchased from Santa Cruz Biotechnologies and transient transfection 
was performed using the manufacturer’s protocol. Cells were plated 
in growth medium and incubated as described above for at least 24 
hours. siRNA was diluted to 7.5 pg per µL of transfection media. 6 µL 
of transfection reagent was added per 100 µL of transfection media/
siRNA mixture and mixture was incubated at room temperature for 
45 minutes. Growth media was removed from the cells and the cells 
were washed with PBS. Transfection mixture was added to the cells 
and the cells were incubated at 37°C for 5 hours. After incubation, an 
equal volume of growth media containing 20% FBS was added to the 
cells and cells were incubated an additional 18-24 hours at which time 
all media was removed and replaced with normal growth media. For 
each transfection experiment, one sample was treated with transfection 
media containing transfection reagent but no siRNA as a negative 
control.

Drug treatments

Sulindac sulfide and NOR-3 were purchased from Enzo Life 
Sciences and diluted in DMSO. Cells were treated with transfection 
media containing transfection reagent alone or with PKGI siRNA as 
described above. After 24 hours of transfection, media containing the 
transfection reagent was removed and replaced with normal growth 
media containing the appropriate concentration of drug or DMSO 
vehicle control. DMSO concentration was maintained at 0.1% for any 
experiment in which drug treatments were used. Cells were exposed 
to drug treatments for 72 hours for the cell viability assay and 6 hours 
for the Western blotting assays. The time points and dosages used were 
chosen based on previous studies that demonstrated these conditions 
produced optimum effects in similar assays [14,15].

Cell viability assay

72 hours after drug treatment was initiated, cell growth was assayed 
using the CellTiter 96 Assay (Promega). The assay was performed 
according to the manufacturer’s specifications. Absorbance was 
measured using a Victor 2 plate reader.

Experimental design and data analysis

Each experiment was performed in either duplicate or triplicate 

Target Name Forward Sequence Reverse Sequence
PKGIα CGAGTACTTAGCGCCCATTC CTTCTCTGACAGCCGCTTCT
PKGIβ CACCTTGCGGGATTTACAGT ATCACCGAGCGGTACTTGTC
PKGII GCCATTGCTGAACTCACAGA GGAAAATTCAGGGGGTTTGT
β-actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG

 Table 1. Sequences used for RT-PCR, listed 5’ to 3’.
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and repeated at least once. All graphs were constructed in GraphPad 
Prism 5.0 software. Bars represent mean of each replicate and error 
bars represent standard error of the mean. RT-PCR band density 
was calculated using ImageJ software (NIH). Statistical analysis was 
performed using Student’s t test.

Results
Human breast cancer cells predominately express PKGI

Human cells possess two genes for PKG, which give rise to the PKGI 
and PKGII proteins. mRNA transcribed from the gene for PKGI can 
be alternatively spliced to yield the distinct PKGIα and PKGIβ protein 
products [6,10]. We designed primers that were specific to each of the 
three possible isoform mRNA transcripts (Table 1), and then evaluated 
PKG mRNA expression by RT-PCR. As shown in Figure 1A, all three 
breast cancer cell lines – MDA-MB-231, SKBr3, and ZR75-1 – express 
comparable levels of PKGIβ mRNA. However, the cell lines differed 
in their expression of other PKG isoforms. MDA-MB-231 cells lacked 
detectable levels of PKGIα or PKGII mRNA. SKBr-3 cells possessed 
both PKGIα and PKGII mRNA transcripts. However, the levels of 
mRNA for the Iα and II isoforms were substantially lower than that of 

Iβ, producing band densities that were on average just 16% and 3% that 
of PKGIβ, respectively (Figure 1B). ZR75-1 cells expressed the highest 
levels of PKGII mRNA of any of the cell lines assayed, yet these levels 
were still modest compared to the other PKG isoforms.ZR75-1 cells 
also expressed much higher levels of PKGIα mRNA when compared 
to the other cell lines. While the level of Iα mRNA was lower than Iβ in 
this cell line, there was not a significant difference between the amounts 
of these two transcripts in ZR75-1 cells. Using an antibody specific for 
PKGI, we confirmed the expression of PKGI at the protein level in each 
of the three cell lines by western blotting (Figure 1C). 

PKGI is necessary for the anticancer activity of cGMP 
signaling

Because of the limited treatment options available for and poor 
prognosis of TNBC and because previous studies suggest that these 
cells are more sensitive to the anticancer activity of cGMP signaling, 
we utilized the MDA-MB-231 TNBC cell line to study the importance 
of PKGI for mediating the anticancer activity of cGMP signaling. 
Cells were treated with siRNA specific to PKGI in order to decrease 
the expression of the protein. As depicted in Figure 2A, as little as 24 
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Figure 1. Expression of PKG isoforms in MDA-MB-231, SKBr-3, and ZR75-1 breast cancer cells. A: expression as determined by RT-PCR using primers specific for each PKG isoform. 
Actin was included as a positive control. B: densitometry of RT-PCR results. Bars represent the average ratio of PKG band density to actin band density from two separate experiments. 
Error bars are standard error. C: expression of PKGI as determined by western blot. GAPDH was included as a loading control. 
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Figure 2. Importance of PKGI for anticancer activity of cGMP signaling. A: western blot showing the effects of PKG siRNA on PKG expression in MDA-MB-231 cells. GAPDH was 
included as a loading control. Numbers represent hours of siRNA transfection. B: effects of PKGI siRNA treatment on cell viability in response to sulindac sulfide treatment. Data points 
represent the percentage of viable cells after 72 continuous hours of drug treatment with respect to DMSO vehicle control. *p<0.001 PKGI siRNA compared to control. C: effects of 
PKGI siRNA treatment on cell viability in response to NOR-3 treatment. Data points represent the percentage of viable cells after 72 continuous hours of drug treatment with respect to 
DMSO vehicle control. D: effects of PKGI siRNA treatment on PKG and caspase activity. Expression of vasoactivator-stimulated phosphoprotein phosphorylated at the serine 239 residue 
(p-VASPSer239) indicates PKG activity and expression of cleaved caspase 3 indicates caspase activity after 6 continuous hours of drug treatment.Actin was included as a loading control. “WT” 
represents control MDA-MB-231 cells, “KD” PKGI siRNA treated cells, and “SS” cells treated withsulindac sulfide.
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hours of transient transfection was sufficient to produce a substantial 
reduction in PKGI protein levels. 72 hours of transfection resulted in 
undetectable levels of PKGI protein by western blot.

Control MDA-MB-231 cells that were exposed to transfection 
reagent but not to PKGI siRNA and cells exposed to both transfection 
reagent and PKGI siRNA were treated with cGMP signaling activators 
24 hours after transfection. 72 hours after drug treatment cell viability 
was measured. Sulindac sulfide (SS) activates cGMP signaling by 
inhibiting PDE, while NOR-3 activates cGMP signaling by activating 
soluble GC enzymes. As shown in Figures 2B and 2C, SS and NOR-3 
decreased the viability of both control and PKGI siRNA treated cells. 
However, PKGI siRNA treated cells were significantly less sensitive to 
the effects of SS than the control cells. With 150µM SS treatment, only 
40.5% of the control cells were viable compared to 92.5% of siRNA 
treated cells. Although siRNA treated cells were slightly less sensitive 
to the effects of 50 µM NOR-3, this difference was not statistically 
significant.

By performing a Western blot for PKGI and vasoactivator-
stimulated phosphoprotein phosphorylated at the serine 239 residue 
(p-VASPSer239), a well-documented intracellular marker of PKG activity 
[25], we confirmed that PKG siRNA reduced the expression of PKGI 
protein and reduced PKG activity, respectively (Figure 2D). PKGI 
expression was reduced in all knockdown (KD) cells compared to the 
wild type (WT) control cells, regardless of drug treatment. As expected, 
activation of cGMP signaling with 100 µM sulindac sulfide (SS) or 50 
µM NOR-3 resulted in activation of PKG in the WT cells as evidenced 
by increased expression of p-VASPSer239 in drug treated compared to 
vehicle treated WT cells. Decreased PKGI expression reduced this effect 
on PKG activity, as KD cells had only negligible levels of p-VASPSer239 
expression.

We also evaluated the effects of siRNA treatment on induction 
of apoptosis in response to drug treatment by measuring the levels of 
cleaved caspase 3 via Western blotting. As shown in Figure 2D, both 
100 µM SS and 50 µM NOR-3 activated apoptosis in the WT cells 
as indicated by increased expression of cleaved caspase 3 in these 
cells compared to vehicle treated cells. The effects of SS were more 
pronounced than those of NOR-3. Both SS and NOR-3 KD cells 
showed significant reductions in cleaved caspase expression with 
respect to their WT counterparts, demonstrating that PKGI siRNA 
treatment reduced the sensitivity of MDA-MB-231 cells to the pro-
apoptotic effects of cGMP signaling induced by each drug. 

PKGI mediates anticancer activity independent of β-catenin

In order to determine whether oncogenic β-catenin signaling is 
involved in the PKG-dependent effects of cGMP signaling in MDA-
MB-231 cells, we evaluated the expression of two proteins, c-myc and 
survivin, whose expression is regulated by the β-catenin activated 
Tcf/Lef family of transcription factors. As shown in Figure 3, neither 
PKGI siRNA nor 100 µM SS treatment resulted in appreciable changes 
in β-catenin expression, and KD alone did not alter the expression of 
c-myc or survivin. 100 µM SS treatment caused significant reduction 
in the expression of both c-myc and survivin compared to vehicle 
treatment. PKGI siRNA treatment actually exacerbated this effect as 
the KD cells demonstrated even lower levels of c-myc and survivin 
expression despite lacking PKGI expression or activity.

Discussion
Numerous studies have identified the cGMP signaling pathway as 

a potentially important anticancer pathway in human breast cancer 
[5,13-24]. However, very little is known about signal transduction 
through the pathway in human breast cells or the mechanism whereby 
cGMP elicits its growth inhibitory effects. We found that breast cancer 
cells predominantly express PKGI isoforms while lacking appreciable 
expression of PKGII. This is consistent with previous studies that 
found similar expression patterns in other breast cancer cell lines as 
well as patient tissue samples [16-18,20]. Previous studies demonstrate 
a correlation between cGMP signaling activity, PKG activation, and 
inhibition of breast cancer cell growth [14,15,18,21]. However, the data 
presented here demonstrate for the first time a direct link between PKGI 
and the anticancer activity of cGMP signaling in MDA-MB-231 breast 
cancer cells. Cells that lacked expression of PKGI were significantly less 
sensitive to the decrease in cell viability and increase in apoptosis that 
was triggered by cGMP signaling. This observation indicates that PKGI 
expression is necessary for the growth inhibitory effects of cGMP in 
these cells. While more work is necessary to determine whether these 
findings are also true for other types of breast cancer cells or in vivo, 
other studies that have used pharmacological activators or inhibitors of 
PKG in other cell lines have had similar results [17,20]. Furthermore, 
we cannot rule out the involvement of cGMP effector proteins other 
than PKGI as PKGI knockdown did not completely rescue the cells 
from the anticancer effects of cGMP signaling activation.

Interestingly, we found that PKG appeared to be more important 
for the anticancer activity of SS than NOR-3. PKGI knockdown did 
not rescue cells from the effects of NOR-3 on cell viability and was 
less effective at protecting the cells from apoptosis induction by NOR-
3 when compared to SS. Because these two drugs activate cGMP 
signaling through different mechanisms (inhibition of PDE for SS and 
activation of GC for NOR-3), this observation could indicate that signal 
transduction through the cGMP pathway may differ depending on the 
manner in which the pathway is activated. Namely, activating cGMP 
signaling by inhibiting degradation of the second messenger may 
result in almost exclusive activation of PKG, whereas activating cGMP 
signaling by promoting production of the second messenger may result 
in activation of PKG as well as one or more additional effector proteins. 
This scenario is entirely plausible given the compartmentalization of 

Figure 3. Importance of PKGI for the decrease in β-catenin signaling elicited by cGMP 
signal activity. Expression of PKGI, pVASPSer239, β-catenin, and c-myc were measured by 
Western blot after 6 continuous hours of drug treatment. Actin was included as a loading 
control. “WT” represents control MDA-MB-231 cells and “KD” PKGI siRNA treated cells. 
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cyclic nucleotide signaling that has been demonstrated in mammalian 
cells and the differences in subcellular localization that has been 
reported for different pathway components [6,26-28]. Another likely 
explanation for the differences seen with NOR-3 and SS is that the 
anticancer activity of NOR-3 is at least partially independent of cGMP 
signaling. This is consistent with the fact that NOR-3 is a NO donor, 
and NO causes free radical damage that is known to be toxic to breast 
cancer cells [29]. This idea is supported by the data here that showed 
NOR-3 to be significantly more potent for reducing cell viability than 
for activating cGMP signaling or inducing apoptosis. Additional 
studies are needed to better characterize the differences between these 
two compounds.

There is relatively little information in the literature about how 
activation of PKG could induce apoptosis in human breast cells, 
but several studies have suggested the involvement of oncogenic 
β-catenin signaling since activation of cGMP signaling reduces the 
activity of β-catenin activated Tcf/Lef transcription factors and PKG 
can phosphorylate β-catenin in vitro in a manner that promotes its 
proteasomal degradation [14,15,21,30,31]. We confirmed previous 
findings by demonstrating that activation of cGMP signaling with 
sulindac sulfide inhibits expression of β-catenin regulated proteins like 
c-myc and survivin. However, this activity appears to be independent 
of PKG because treating cells with PKGI siRNA did not rescue them 
from these effects. In fact, PKGI knockdown made the cells even more 
sensitive to the effects of cGMP signaling on the β-catenin pathway. 
These findings also indicate that inhibition of β-catenin signaling is not 
necessary for the anticancer activity of the cGMP pathway since cells 
remained viable and evaded apoptosis even though β-catenin signaling 
was reduced. Future studies should explore β-catenin independent 
mechanisms such as the recently proposed mechanisms involving 
death associated protein kinase, ERK, and/or JNK [20,24,32,33].

While more work is necessary to fully characterize the anticancer 
activity of cGMP signaling, our findings demonstrate that PKGI is 
playing a critical role. Because PKGI is widely expressed throughout 
the body and is known to play an important role in smooth muscle 
cell and neuron function, this particular protein is unlikely to be 
a realistic target for future drug discovery efforts. However, better 
characterization of the cGMP-PKG pathway in breast cancer still has a 
strong potential to unveil novel anticancer targets as well as to enhance 
our understanding of cellular dysfunction within breast cancer.

Our findings presented here further validate that the cGMP 
signaling pathway is independent of the estrogen receptor, 
progesterone receptor, and HER2 signaling pathways, indicating the 
broad therapeutic utility of this pathway for a range of molecular 
subtypes. Moreover, the sensitivity of a triple negative cell line like 
MDA-MB-231 to the anticancer activity of cGMP signaling makes 
this an especially interesting pathway to target for treating these highly 
aggressive types of breast cancers. 
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