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Abstract 
Background: Previous studies of patients with acute leukemia showed that plasma cGMP levels 
were markedly elevated before treatment, fell after successful therapy but increased after relapse. 
In many cells high concentrations of GMP have an antiproliferative effect. The cellular cGMP ex-
trusion from cancer cells may represent an acquired resistance against an endogenous antiproli-
ferative signal molecule. Multidrug resistance associated protein 5 (MRP5) has been identified as 
an important cGMP transporter. Methods: A human erythroleukemia cell line (HEL) was used to 
study the impact of cGMP and cGMP-elevating compounds like theophylline, sodium nitroprusside 
(SNP) and sodium nitrite (NaNO2). MRP5 was overexpressed in HEL cells by transfection. Concen-
trations of cGMP were determined with RIA or HPLC and cell densities were determined by cyto-
metry. Results: The concentration ratio between extra- and intracellular cGMP concentrations 
was >1, meaning that HEL cells extruded cGMP against a concentration gradient and MRP5 was 
identified in these cells. In some cell types butyrate increases cellular cGMP levels by stimulating 
soluble guanylyl cyclase (sGC) and thereby the cellular efflux. This effect did not exist for HEL cells. 
MRP5 transfected HEL cells which were exposed to cGMP was clearly more sensitive to the anti-
proliferative effect than the wild type. On the other hand, exposing the transfected HEL cells to 
cGMP-elevating agents (theophylline, SNP and NaNO2) showed less sensitivity than the wildtype. 
Conclusion: This study supports the idea that some cancers acquire resistance against endogenous 
signal molecules with antiproliferative potency. 
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1. Introduction 
The observation that some cancer types were associated with increased extracellular cGMP levels during active 
disease forwarded the idea of an acquired resistance against an endogenous molecule with antiproliferative 
properties. This phenomenon has been well documented for leukemia and some gynecologic cancers. In patients 
with acute leukemia the plasma cGMP levels were markedly elevated before treatment, fell after successful 
therapy but increased after relapse [1]. In cancer of the uterine cervix, the urinary cGMP levels were elevated in 
untreated cancer but decreased after successful treatment [2]-[4]. In a comparison between a control group (n = 
83) and women with epithelial ovariancancer (n = 92) elevated urinary cGMP levels were evident among 53% 
of the patients [5]. In a two-center follow-up study serial samples from 60 patients with ovarian cancer were 
monitored up to 2 years after the start of therapy [6]. Urine cGMP levels were significantly higher in those pa-
tients with poorly differentiated tumors. Serial measurements made it possible to predict relapse in 64% prior to 
other clinical signs. However, these studies showed that low sensitivity and poor specificity made extracellular 
cGMP as tumor marker unsuitable for screening purposes. 

Efflux of cGMP from hRBC (human erythrocytes) was composed of high and low affinity transport [7] and 
the cGMP transporter was identified as MRP5 (the ATP-Binding-Cassette transporter ABCC5) [8]. Cyclic AMP 
was not able to compete with the high affinity ATP-dependent cGMP transport [9] [10] but inhibited the low af-
finity transport [10]. Based on the observations in hRBC and the effects of elevating cGMP levels in HEK293 
cells [11] we employed a human hemopoietic cell line; human erythroleukemia cells (HEL) [12] for the present 
study. Since butyrate increases cGMP efflux in some cells [13] the effect on HEL cell growth and elevation of 
cGMP levels was characterized. In addition, HEL-cells were transfected with MRP5 to test the hypothesis 
whether increased cGMP efflux may represent acquired resistance against endogenous growth control. 

2. Materials and Methods 
2.1. Chemicals 
The following chemicals were obtained from Sigma-Aldrich: Guanosine 3’, 5’-cyclic monophosphate (cGMP), 
bromo-guanosine 3’, 5’-cyclic monophosphate (Br-cGMP), sodium nitroprusside (SNP), sodium nitrite (NaNO2), 
theophylline, butyric acid, dithiothreitol. Ethidium bromide was purchased from Biological Molecular Reagents, 
hygromycin B from Life Technologies Inc. All other chemicals were of analytical grade.  

2.2. Cell Culture 
Human erythroleukemia (HEL) wildtype (wt) cells were obtained from European Collection of Cell Cultures. 
The cells were seeded at 3 - 4 × 104/ml in RPMI 1640 supplemented with 10% FCS, 1% L-glutamine with daily 
renewal. The cell densities were determined in a cytometer and viability assessed with the trypan blue exclusion 
test. After seeding, a short lag phase (1 - 2 days) was observed before the HELwt cells entered a logarithmic 
growth phase. Under these experimental conditions the doubling time of was 25.1 ± 2.5 h.  

2.3. Transfection of HEL Cells with MRP5 
HEL cells were stably transfected with the plasmid by liposome-mediated method [14] with Qiagen plasmid kits. 
The plasmid pc DNA 3.1/Hygro-MRP5 cDNA was obtained from Professor Dietrich Keppler, Heidelberg, Ger- 
many. The plasmid in E. coli cells were extracted and purified. The transfection experiments were performed 
two times (MRP51 and MRP52). The expression of the MRP5 proteins was verified using Western Blot. ECL 
This method included Western blotting detection reagents from Amersham, UK with anti-MRP5 (human) MAb 
(M5I-1) and peroxidase conjugated anti-rat IgG and HRP-conjugated anti-biotin antibody. Figure 1 shows a 180 
kDa band of MRP5 from each lane and with clearly more MRP5 proteins in HEL-MRP51 and HEL-MRP52 than 
in the HELwt cells. The doubling time of HEL-MRP5-cells was similar to wildtype (27.0 ± 1.6 h). 

2.4. Cyclic GMP Assay 
Radioimmunoassay (RIA) was used to determine intra- and extracellular concentrations of cGMP in some of the 
experiments. The cGMP-analysis with Amerlex-M [125I] kits was performed as recommended by the manufac-
turer (Amersham International plc). High extracellular cGMP concentrations were determined in a HPLC-assay  
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Figure 1. Western blot with expression of MRP5 in HEL cells. The band of 
200 kDa represents MRP5 and the protein amount (from identical number 
cells) was higher in HEL-MRP51 and HEL-MRP52 than HELwt cells. HEL- 
MRP51 and HEL-MRP52 represent the first and second time transfected HEL 
cells, respectively. 

 
with UV detection (254 nm) as previously described [11].  

2.5. Statistics and IC50-Values 
Descriptive statistics were presented as mean ± SE. The concentration inhibition curves were analyzed accor- 
ding to Chou [15] to obtain IC50-values. 

3. Results 
3.1. Butyrate and Cell Growth 
Butyrate may increase cellular cGMP efflux in some cell types [13] but also modulate cell growth; for review 
see [16]. In the present study, butyrate concentrations up to 100 µM had minimal effect on HEL cell growth 
compared to baseline. However, concentrations above 100 µM showed a marked reduction in cell densities with 
an estimated IC50-value of 470 µM. The effect of butyrate on intra- and extracellular cGMP levels were deter-
mined below growth-modulating concentrations. Inhibition of PDE (cyclic nucleotide phosphodiesterase) by 
theophylline did not change cGMP levels markedly (Table 1). After sGC (soluble guanylyl cyclase) stimulation 
by SNP and NaNO2 the intracellular cGMP levels appeared to be raised somewhat. However, the extra- to 
intracellular concentration ratio did not indicate any major changes in cellular cGMP efflux.  

3.2. Exogenous cGMP and Cell Growth 
The possibility that cGMP modulated cell growth differently was explored. The cells were cultured with ex-
ogenously added cGMP to achieve concentrations in the medium from 0 to 1000 µM. Cyclic GMP inhibited 
both HELwt and HEL-MRP5 cell growth in a concentration-dependent manner (Figure 2). However, exogenous 
cGMP was apparently less effective as inhibitor of MRP5-transfected cell growth. The IC50-value for HELwt was 
estimated to be 250 µM, whereas the corresponding values for HEL-MRP51 and HEL-MRP52 were 750 µM and 
3 mM, respectively. The intra- and extracellular cGMP levels were assayed by HPLC. However, the intracellular 
levels were below the limit of detection, and 24 h after addition the extracellular cGMP levels were reduced with 
50% - 60% (100 µM) and 5% - 10% (1000 µM). It was not possible to see any effect of transfection on the 
extracellular levels with the methods employed. 

3.3. SNP-Stimulated Soluble Guanylyl Cyclase and Cell Growth 
After exposure to SNP, the HELwt cell densities were reduced concentration-dependently (Figure 3). After sev-
en days with 100 µM SNP the cell densities fell to 71.1% ± 13.9% for HELwt, 33.8% ± 9.3% and 52.2% ± 5.0% 
(mean ± SE) for HEL-MRP51 and HEL-MRP52, respectively. The IC50-values were estimated to be 5 mM for 
the HELwt-cells. The transfected cell lines were more sensitive to SNP (Figure 3). However, even if the trans-
fections were conducted with an identical protocol a clear difference in sensitivity was observed. The estimated 
IC50-values were 20 µM and 130 µM for HEL-MRP51 and HEL-MRP52, respectively. 

MRP5 200kDa
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Table 1. The effect of butyrate on HEL-cell cGMP levels in absence or presence of theophylline, SNP, NaNO2. The cells 
were seeded at a concentration of 4 × 105 cells/ml. They were cultured in a medium described in methods and supplemented 
with 1 and 100 µM butyrate, respectively. After 24 h the cells were transferred to new tubes and incubated for 36 min in the 
absence or in presence of 1 mM theophylline. Soluble guanylyl cyclase was stimulated with 10 µM SNP or 10 mM NaNO2 
for 6 min at 37˚C. Intra- and extracellular cGMP levels (given as fmol/104 cells) were quantified by radioimmunoassay. 

Intracellular cGMP (fmol/104 cells) 

Butyrate 0 1 µM 100 µM 

Control 8.3 ± 0.8 7.2 ± 0.8 9.8 ± 1.7 

Theophylline 7.4 ± 0.7 9.4 ± 1.2 9.2 ± 0.8 

Theophylline + SNP 10.5 ± 1.0 13.1 ± 1.5 12.9 ± 1.6 

Theophylline + NaNO2 9.0 ± 0.7 11.0 ± 0.8 13.7 ± 1.5 

Extracellular (fmol/104 cells) 

Butyrate 0 1 µM 100 µM 

Control 12.1 ± 1.9 10.0 ± 1.4 13.4 ± 2.2 

Theophylline 12.1 ± 1.5 13.2 ± 2.0 13.5 ± 2.1 

Theophylline + SNP 13.7 ± 1.7 13.8 ± 1.7 15.7 ± 2.0 

Theophylline + NaNO2 11.1 ± 1.3 12.7 ± 1.6 10.5 ± 1.2 

 

 
Figure 2. The effect of cGMP-supplemented culture medium on wildtype HEL (●), transfected HEL-MRP51 (▲) and HEL- 
MRP52 (▼) cell densities. The cells were seeded at a concentration of 4 × 104 cells/ml. The medium was changed daily and 
supplemented with cGMP (0, 1 µM, 10 µ, 100 µ and 1000 µM). The last part of the inhibition curves showed a steeper re-
duction of densities of HELwt cells (slope = −26.0, r = −1.00) than the transfected cells; MRP51 (slope = −20.5, r = −0.996) 
and MRP52 (slope = −11.5, r = −0.998).  

4. Discussion 
This study with the human erythroleukemia cell line (HEL) was performed based on the consistent finding of 
increased cGMP plasma levels in other human leukemia [1] and based on our characterization of ATP-depen- 
dent cGMP extrusion from human erythrocytes [7] [10] [17]. The report that butyrate increased cGMP efflux 
from the cancer coli cells [13] attained our attention and raised the question whether this effect existed in HEL- 
cells. Butyrate is a short chain fatty acid with a number of biological effects and appear to protect against the 
development of cancer [16] [18]. In agreement, the present study showed that butyrate caused HEL cell death in 
concentrations above 100 µM. To avoid an interference of the antiproliferative effect of butyrate cGMP efflux 
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Figure 3. The effect of SNP-supplemented culture medium on wildtype HEL (●), transfected HEL-MRP51 (▲) and HEL- 
MRP52 (▼) cell densities. The cells were seeded at a concentration of approximately 3.0 × 104 cells/ml and the medium was 
changed daily and supplemented with SNP (1 µM, 10 µM and 100 µM). Linear regression showed a less steep reduction of 
densities of HELwt cells (slope = −8.9, r = −0.934) than observed for the transfected cells; HEL-MRP51 (slope = −20, r = 
−0.990) and HEL-MRP52 (slope = −16.9, r = −0.989). 
 
was studied for concentrations below 100 µM. Under the present experimental conditions, butyrate did not af-
fect the HEL cell distribution of cGMP between the extra- and intracellular compartment. This effect appears 
also to be variable among colon cancer cells. Both T84 cells and Caco-2 cells responded similar, whereas COS 
cells did not show any enhanced cGMP accumulation [13]. The non-specific cyclic phosphodiesterase inhibitor 
theophylline tended to increase cGMP levels after exposure to the highest concentrations of butyrate. The potent 
sCG stimulators SNP and NaNO2 in the presence of theophylline gave a small but marked elevation. The peak 
concentration of cGMP after SNP stimulation has been reported to occur after 3 - 5 min [19]. A short incubation 
time was used in the present study to capture the potential concentration peak of cGMP but such peak was not 
observed in the HEL cells.  

Western blot showed an overexpression of MRP5 in the transfected cells. Cyclic cGMP was added to the cul-
ture medium to elevate intracellular concentrations but the permeability is counteracted by the activity of MRP5 
that is an effective efflux pump [8]. In agreement, low extracellular cGMP concentrations (1.0 - 10 µM) did not 
give detectable increase of intracellular concentrations in HEK 293 cells [11] or hRBC [20]. However, these and 
other studies have shown that cGMP in millimolar concentrations may permeate the membrane from the ecto-
side. This is consistent with a facilitated inward transport by OAT2 (SLC27A) with a Km-value of approximately 
100 µM [21]. However, the employed methods made it unable to detect clear changes in extracellular cGMP le-
vels between wildtype and transfected cells. On the other hand, a marked antiproliferative effect was obtained 
with an apparent IC50-value of 250 µM. The antiproliferative potency of cGMP was lower in HEK 293 cells 
since cGMP concentrations above 1000 µM were needed to reduce cell density 50% [11]. The most important 
observation in the present study was the reduced sensitivity to cGMP after MRP5 transfection. In addition, the 
two series of transfection showed a clear difference in sensitivity (HEL-MRP51 > HEL-MRP52). These results 
are compatible with the hypothesis that overexpression of MRP5 is a resistance mechanism in some cancer cells 
to avoid the antiproliferative effect of cGMP. This is also compatible with the idea that plasma cGMP may serve 
as a surrogate marker for treatment efficiency in leukemic patients [22]. A study of cell lines from cancers of the 
uterine cervix showed a limited but distinct increase of MRP5 expression during cell growth [23]. This is com-
patible with the reports of increased urine cGMP levels in patients with an active cancer [3] [4]. High expression 
of MRP5 and related transport proteins was prognostic unfavorable in acute lymphoblastic leukemia [24]. MRP8 
(ABCC11) also represents a cGMP efflux system [25] and may serve as a predictive marker for treatment out-
come in acute myeloid leukemia.  
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However, the transfected cells were less sensitive to SNP than the wildtype and the sensitivity differed be-
tween them (HEL-MRP51 > HEL-MRP52). In a previous study [11], SNP reduced the intracellular concentration 
ratio between GSH and GSSG from 260 to 80. An increased expression of MRP5 may favor the export of GS-X 
(glutathione conjugates) and thereby reduce the cell toxic effects. If nitric oxide analogues like SNP or their cy-
totoxic metabolites are eliminated, it is possible that the balance between growth inhibitory and stimulatory ef-
fects is modified [26]. 

5. Conclusion 
The present study suggests that reduced antiproliferative effect of cGMP is associated with increased expression 
of MRP5, but raises several questions which have to be addressed in future studies to verify the role of MRP5 in 
the cancer cell cGMP biokinetics.  
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