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Abstract

Abnormal choline phospholipid metabolism is associated with oncogenesis and tumor progression. 

We have investigated the effects of targeting choline phospholipid metabolism by silencing two 

glycerophosphodiesterase genes, GDPD5 and GDPD6, using small interfering RNA (siRNA) in 

two breast cancer cell lines, MCF-7 and MDA-MB-231. Treatment with GDPD5 and GDPD6 

siRNA resulted in significant increases in glycerophosphocholine (GPC) levels, and no change in 

the levels of phosphocholine (PC) and free choline, which further supports their role as GPC 

specific regulators in breast cancer. The GPC levels were more than twofold increased during 

GDPD6 silencing, and marginally increased during GDPD5 silencing. DNA laddering was 

negative in both cell lines treated with GDPD5 and GDPD6 siRNA, indicating absence of 

apoptosis. Treatment with GDPD5 siRNA caused a decrease in cell proliferation in both breast 

cancer cell lines at 72h, while GDPD6 siRNA treatment decreased cell proliferation in MCF-7 at 

72h, but not in MDA-MB-231 cells. Decreased cell migration and invasion were observed in 

MDA-MB-231 cells treated with GDPD5 or GDPD6 siRNA, where a more pronounced reduction 

in cell migration and invasion was observed under GDPD5 siRNA treatment as compared to 

GDPD6 siRNA treatment. In conclusion, GDPD6 silencing increased the GPC levels in breast 

cancer cells more profoundly than GDPD5 silencing, while the effects of GDPD5 silencing on cell 

proliferation, migration, and invasion were more severe than those of GDPD6 silencing. Our 

results suggest that silencing GDPD5 and GDPD6 alone or in combination may have potential as 

new molecular targeting strategy for breast cancer treatment.
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Introduction

Metabolic alterations have been suggested as an emerging hallmark of cancer and a possible 

therapeutic target (1, 2). Studies exploring the potential of key metabolic regulators as new 

targets for treatment of cancer are highly relevant and may help improve the effectiveness of 

currently available treatment strategies. Choline phospholipid metabolism regulates the 

synthesis and degradation of de novo phosphatidylcholine (PtdCho), which is a major lipid 

component of the cell membrane bilayer. The total choline (tCho) signal detected by in vivo 
magnetic resonance spectroscopy (MRS) can be resolved into single peaks consisting of 

phosphocholine (PC), glycerophosphocholine (GPC) and free choline signals using ex vivo 
high-resolution MRS applications, and thus enables the detection of changes in choline 

containing metabolites individually (3). As alterations in choline phospholipid metabolism 

are associated with oncogenic transformation and treatment response (4–6), the genes and 

enzymes regulating this metabolic pathway are potential targets for treatment of cancer, 

including breast cancer. Several genes and key regulatory enzymes have been identified in 

choline phospholipid metabolism of cancer, including choline kinase alpha (CHKA) and 

phosphatidylcholine-specific phospholipase D1 (PtdCho-PLD1) (7, 8). Down-regulation of 

CHKA, the gene regulating the conversion of free choline to PC, is associated with 

decreased cell proliferation (9), and increased effects of chemotherapy in ovarian (10) and 

breast (11) cancers, whereas CHKA overexpression was shown to increase drug resistance in 

breast cancer cells (12). Targeted therapy against CHKA using the small molecule CHKA 

inhibitor TCD-717 is currently being tested in a dose escalation study in a clinical phase I 

trial (https://clinicaltrials.gov/ct2/show/NCT01215864?term=TCD-717&rank=1). Although 

the trial closed in 2014, no final evaluation has been published yet.

Although GPC is a part of the tCho signal, which has been suggested as a biomarker for the 

diagnosis and treatment evaluation of breast cancer (13–17), relatively little effort has been 

made to identify the genes and proteins regulating the level of GPC, and to elucidate the 

molecular reasons for the changes in GPC observed in cancers. GPC is a membrane 

breakdown product generated from hydrolysis of PtdCho by phospholipase A2 (PLA2) and 

lysophospholipase A1 (Lyso-PLA1). In our previous study, we demonstrated that the 

expression of glycerophosphodiester phosphodiesterase domain containing 5 (GDPD5) 

negatively correlated with the GPC levels in human breast cancer cell lines and tumors from 

patients (18). Degradation of GPC to free choline and glycerol-3-phosphate is catalyzed by 

the glycerophosphodiesterase enzymatic unit of the GDPD5 protein (19). Subsequently free 

choline can be recycled to produce PC by CHKA. The expression of GDPD5 was also found 

to be positively correlated with CHKA and PtdCho-PLD1 mRNA levels which further 

support the involvement of GDPD5 in tumor progression (18).

Glycerophosphodiester phosphodiesterase domain containing 6 (GDPD6), also known as 

endometrial carcinoma differential 3 (EDI3), was also shown to be involved in the regulation 
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of choline phospholipid metabolism (20). Silencing of GDPD6 resulted in an increased 

GPC/PC ratio and decreased cell migration in breast cancer cells. GDPD6 expression was 

also found to be associated with metastasis and survival in endometrial and ovarian cancers 

(20). In the same study, no significant changes were detected in the expression of GDPD5 

during GDPD6 silencing, suggesting that GDPD5 did not contribute to the phenotypic 

changes observed by GDPD6 silencing (20). Furthermore, gene silencing and 

overexpression of GDPD6 resulted in changes of integrin ß1 expression, which were 

associated with disturbances of cell adhesion and spreading (21).

As both GDPD5 (18, 19, 22) and GDPD6 (20, 21) were shown to be involved in the 

regulation of GPC, it is of interest to systematically compare and evaluate their potential as 

molecular targets for breast cancer treatment. The purpose of this study was to investigate 

the potential of targeting choline phospholipid metabolism for treatment of breast cancer by 

comparing the effects of GDPD5 and GDPD6 silencing on choline metabolite profiles, 

apoptosis, cell proliferation, migration, and invasion in two different types of malignant 

breast cancer cell lines.

Materials and Methods

Human breast cancer cell lines

Two different types of malignant breast cancer cell lines were used in this study: MCF-7 

(23), an estrogen-sensitive weakly metastatic cell line, and MDA-MB-231 (24), an estrogen-

independent highly metastatic cell line. Both cell lines were obtained from the American 

Type Culture Collection (ATCC, Rockville, MD) and cultured as previously described with 

5% CO2 in air at 37°C (25). The cell lines were authenticated by ATCC using cytochrome C 

oxidase I polymerase chain reaction (PCR) assay and short tandem repeat profiling using 

multiplex PCR. The cells also tested negative for Mycoplasma.

Gene silencing by siRNA treatment

Transient gene silencing was mediated by transfection of custom-made targeted siRNA 

against GDPD5 or GDPD6 (Dharmacon) using Lipofectamine 2000 transfection agent 

(Invitrogen) following the manufacturer’s protocol. Non-targeted (scrambled) siRNA was 

used as a control (Dharmacon). For each transfection, the siRNA oligomer and 

Lipofectamine 2000 reagent were diluted in Opti-MEM Reduced Serum Medium 

(Invitrogen) before the complexes were mixed and transferred to the cells. To find the 

optimal treatment protocol, different siRNA dosages (25–100 nM) and short and long time 

effects (24–96 hours) of GDPD5 siRNA treatment were tested. The GDPD6 siRNA 

treatment protocol was performed using 75 nM siRNA for direct comparison with GDPD5 

siRNA treatment, which was optimal at a concentration of 75 nM GDPD5 siRNA. The 

siRNA sequences for GDPD5 and GDPD6 siRNA used in this study are listed in Table 1. 

Each experiment was repeated three times.

Assessment of silencing efficiency by qRT-PCR

Total cellular RNA was isolated using QIAshredder and RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s protocol. The quality of the RNA yield was determined by 
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the A260/280 absorption ratio measured on a NanoDrop ND-1000 Spectrophotometer 

(Thermo Scientific). For each sample, 1 μg RNA was used as template for preparing cDNA 

by SuperScript III First-Strand Synthesis SuperMix (Invitrogen). Gene expression based on 

the number of mRNA transcripts was measured by quantitative reverse transcription-PCR 

(qRT-PCR) using iCycler (Bio-Rad). Three technical PCR reactions were prepared for each 

sample using 2 μL of 1:10 diluted cDNA, 2 μM of the paired sense and antisense primers 

(Invitrogen, see Table 1), 10 μL iQ SYBR Green reagent (Quanta BioSciences), and diethyl 

pyrocarbonate-treated water. Relative fold changes of target mRNA were normalized to the 

housekeeping gene hypoxanthine phosphoribosyltransferase 1 (HPRT1) and calculated 

based on the threshold cycle (ct) using the ΔΔct method as previously described (18). Three 

technical repeats were performed for each sample.

MR spectroscopy and metabolite quantification

Cells were harvested by trypsinization with 0.25 % Trypsin-EDTA Solution (Sigma-Aldrich) 

and counted in a dilution of trypan blue to assess cell viability. To evaluate the efficiency of 

gene silencing in the same sample used for MRS analysis, a fraction of cells was used for 

RNA isolation and analyzed for gene expression, while the remaining cells were extracted 

for metabolite quantification. Water-soluble metabolites were obtained using a dual-phase 

extraction method based on methanol/chloroform/water (1:1:1; v/v/v) as previously 

described (18, 26, 27). The samples were dissolved in deuterium dioxide solvent containing 

0.24×10-6 mol 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP; Sigma-Aldrich) for 

chemical shift referencing and as internal standard for metabolite quantification. Fully 

relaxed 1H high resolution MR spectra were measured on a Bruker Avance 500 (11.7 T) MR 

Spectrometer (Bruker BioSpin Corp.) as previously described (27). Quantification of free 

choline (3.209 ppm), PC (3.227 ppm), and GPC (3.236 ppm) was performed by peak 

integration using the MestReNova software (Mestrelab Research) and normalized to cell 

number as previously described (27). Experimental groups were repeated several times as 

follows. GDPD5 mRNA and metabolite measurements in MCF-7 cells were repeated five 

times for non-targeted controls and nine times for GDPD5 siRNA treatment. GDPD5 mRNA 

and metabolite measurements in MDA-MB-231 cells were repeated five times for non-

targeted controls and eleven times for GDPD5 siRNA treatment. GDPD6 mRNA and 

metabolite measurements in MCF-7 cells were repeated three times for non-targeted controls 

as well as for GDPD6 siRNA treatment. GDPD6 mRNA and metabolite measurements in 

MDA-MB-231 cells were repeated four times for non-targeted controls as well as for 

GDPD6 siRNA treatment.

DNA ladder analysis for apoptosis assessment

DNA ladder analysis was performed using floating cells from the culture medium and 

adherent cells that were scraped from the culture dish. All cells were pooled and centrifuged 

to obtain a pellet containing both intact and apoptotic cells. After lysis of cells in Binding/

Lysis buffer provided by the Apoptotic DNA Ladder Kit (Roche), DNA was isolated by 

passing through a column with a surface of glass fibers and chaotropic salts, and was eluted 

followed by two washing steps. The purity and concentration of the DNA yield was 

measured on a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific). For each 

sample, 2 μg DNA was transferred to an agarose gel (1%) containing ethidium bromide (5 
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μL). The gel was run for 1.5 hours at 75 V. Cellular DNA, DNA ladder, and positive control 

consisting of lyophilized apoptotic cells from the kit were separated and visualized with a 

UV light detector. Each full experiment was repeated twice.

Cell proliferation

Cell proliferation was monitored over a period of 24–96 hours during GDPD5 and GDPD6 

siRNA treatment and was quantified using cell proliferation reagent WST-1 (Roche), as well 

as manual counting in a separate set of experiments. For WST-1 assays, each sample was 

measured against a background control containing medium and WST-1 reagent as blank. 

The optimal incubation time with WST-1 reagent was at 2 hours after its addition to the 

cells. Cell proliferation was normalized to the baseline at 0 hours and compared to non-

targeted siRNA controls. Each treatment group and time point was repeated six times. For 

manual counting, MCF-7 or MDA-MB-231 cells were seeded in 48 well-plates at a density 

of 40,000 cells per well, and then transfected with 75 nM of non-target, GDPD5 or GDPD6 

siRNA the next day. After 48h of siRNA transfection, viable cells were detached by 

trypsinization and the number of cells in each well was manually counted. Another set of 

wells were replenished with fresh siRNA-containing media and incubated for another 48h, 

and cell number was determined again in the same way for the 96h time point. Each sample 

was counted twice and each treatment time point was repeated three times. Both types of 

assays, WST-1 and cell counting, resulted in comparable data.

Migration and invasion assays

After treatment with siRNA, cell migration assays were performed using transwell inserts 

with polyethylene membrane and 8.0 μm size pores (Corning), while cell invasion assays 

were performed using the same transwell inserts coated with 15ug/cm2 Collagen-1. Cells 

were placed on the upper layer of the transwell containing serum free medium. The lower 

layer of the well was filled with medium containing 10% FBS, which served as 

chemoattractant. Cells were incubated at 37°C with 5% CO2 for 24 and 48 hours. After 

incubation, cells located on the upper layer of the membrane were removed using a cotton 

swab, while cells migrated/invaded through the lower side were fixed, stained, and counted 

at a magnification of 100× in five random fields of view. Each experimental group in the 

migration and invasion assays was repeated three times.

Cell migration by scratch assay

MCF-7 cells were seeded in a 24 well-plate at a density of 0.2 million cells per well, and 

then transfected with 75 nM non-target, GDPD5, or GDPD6 siRNA the next day. After 48h 

of siRNA transfection, siRNA was removed. Scratches in cell monolayers were made with 

P200 pipet tips, followed by washing away the removed cells with cell culture medium. 

Medium with reduced serum (5% FBS) was added to decrease cell proliferation. Phase 

contrast microscopic images were taken on a Nikon TS100 inverted microscope equipped 

with a Nikon Coolpix digital camera (Nikon Instruments, Inc., Melville, NY) at 10× 

magnification immediately following scratching at 0h and at 48h of incubation in a standard 

cell culture incubator with the microscope setting being kept the same for each 

measurement. The gap size of these scratches was measured using ImageJ software (http://

rsb.info.nih.gov/ij/) at 5 different corresponding positions on images taken at 0h or 48h. 
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Migration distance was calculated by gap size at 0h subtracted by that at 48h. Each siRNA 

treatment and scratch assay was repeated four times.

Statistical Analysis

All comparisons were calculated using the student’s t-test and considered significant if the 

p-values were ≤ 0.05. Each experiment was repeated several times as indicated in the end of 

each paragraph for each assay or measurement performed. Data are presented as mean ± 

standard deviation (SD) or mean ± standard error (SE) as indicated in each figure.

Results

Optimal siRNA treatment protocol

GDPD5 siRNA silencing efficiency was dose-dependent in both MCF-7 and MDA-MB-231 

breast cancer cell lines when treated for 48 hours (Figure 1A). Cells treated for a shorter 

incubation time (24 hours) did not show an increased silencing with increased siRNA 

concentration. Higher concentrations of GDPD5 siRNA (100 nM) were also tested, however, 

an increase in cell death and debris was observed, which may have resulted from cell 

toxicity mediated by the high dose of Lipofectamine reagent applied with 100 nM GDPD5 

siRNA. The optimal concentration of GDPD5 siRNA with the highest silencing efficiency 

was 75 nM for both cell lines. Best knockdown results were obtained with 75 nM siRNA 

and at the 48 and 72 hours incubation times in both cell lines (Figure 1B). The efficiency of 

GDPD6 treatment with 75 nM GDPD6 siRNA over time was also examined. GDPD6 

knockdown efficiency did not change over time for MCF-7 cells, and was highest at 48 and 

72 hours in MDA-MB-231 cells.

Gene silencing efficiency and metabolite quantification

GDPD5 was successfully down-regulated by 65% (p < 0.001) and 81% (p < 0.001) in 

MCF-7 and MDA-MB-231 cells, respectively (Figure 2A). We observed significant 

increases in GPC levels from 1.87 ± 0.19 fmol/cell in non-targeted controls to 2.63 ± 0.18 

fmol/cell in GDPD5 siRNA treated MCF-7 cells (p = 0.016) and from 1.20 ± 0.12 fmol/cell 

in non-targeted controls to 1.68 ± 0.15 fmol/cell in GDPD5 siRNA treated MDA-MB-231 

cells (p = 0.028). In this study, GDPD6 was successfully down-regulated by 67% in MCF-7 

cells (p < 0.001) and 73% in MDA-MB-231 cells (p = 0.028) as shown in Figure 2B. MCF-7 

cells treated with GDPD6 siRNA experienced a GPC increase from 3.88 ± 0.35 fmol/cell in 

controls to 8.19 ± 0.33 fmol/cell in GDPD6 siRNA treated cells, which is a more than 

twofold increase in GPC level (p < 0.001), and which led to a higher level of tCho (p = 

0.031) and a decreased PC/GPC ratio (p = 0.017) compared to non-targeted controls. GPC 

significantly increased by threefold from 1.69 ± 0.18 fmol/cell in non-targeted controls to 

6.21 ± 0.37 fmol/cell in MDA-MB-231 cells treated with GDPD6 siRNA (p = 0.048) which 

also led to a significant decrease in the PC/GPC ratio (p = 0.005). The PC and free choline 

levels did not change in GDPD5 or GDPD6 siRNA treated MCF-7 and MDA-MB-231 cells. 

Representative 1H MRS spectra of the choline metabolite profiles are shown in Figure 2C.
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Apoptotic DNA laddering and cell proliferation

To test for apoptosis, a DNA laddering assay was carried out in extracts of MCF-7 and 

MDA-MB-231 cells treated with GDPD5 and GDPD6 siRNA. Apoptosis assays were 

performed on all cells, adherent and floating cells alike. In apoptotic cells, DNA is degraded 

and can be observed as multiple fragments with approximately 200 base pair length. As 

evident from Figure 3A, DNA laddering did not occur in either cell line treated with GDPD5 

and GDPD6 siRNA. Cell proliferation was monitored for 24–96 hours with siRNA treatment 

(Figure 3B). In GDPD5 siRNA treated cells, a significant decrease in cell proliferation was 

observed in MCF-7 (p < 0.001) compared to non-targeted controls starting at 48h of 

treatment, which was not the case in MDA-MB-231 cells at any time point. In GDPD6 

siRNA treated cells, neither MCF-7 nor MDA-MB-231 cells displayed significant changes 

in proliferation as compared to controls. Notably, only GDPD5 siRNA treatment in MCF-7 

cells resulted in a pronounced effect on cell proliferation, leading to significantly lower 

proliferation rates upon treatment. By examining the cells under the microscope, we did not 

observe significant differences in the amount of floating cells between treatment groups, 

which indicates that the decrease in cell number in MCF-7 cells treated with GDPD5 is 

likely caused by a decrease in proliferation.

Cell migration and invasion

MDA-MB-231 cells exhibited a significant decrease in cell migration when treated with 

GDPD5 (p < 0.001) and GDPD6 (p < 0.001) siRNA compared to non-targeted controls 

(Figure 4A) using transwell migration assay. In addition, decreased cell migration was 

observed in GDPD5 compared to GDPD6 siRNA treated cells (p = 0.002). Decreased cell 

invasion was also observed in GDPD5 siRNA treated MDA-MB-231 cells at 24h (p < 0.001) 

and 48h (p < 0.001) and in GDPD6 siRNA treated MDA-MB-231 cells at 24h (p = 0.056) 

and 48h (p < 0.001) compared to non-targeted controls (Figure 4B). We observed a more 

pronounced decrease in cell invasion in GDPD5 compared to GDPD6 siRNA treated MDA-

MB-231 cells at 24h (p = 0.024) and 48h (p = 0.025). Cell migration and invasion assays 

were negative for MCF-7 cells. MCF-7 cells did not migrate or invade through the transwell 

using the same treatment protocol and conditions. To probe the effects of non-targeted, 

GDPD5, and GDPD6 siRNA treatment on MCF-7 cells, we performed scratch assays as 

shown in Figure 5. MCF-7 cell migration was significantly reduced following GDPD5 (p < 

0.001) and GDPD6 (p < 0.01) siRNA treatment as compared to control.

Discussion

We have investigated the effects of targeting two glycerophosphodiesterase genes, GDPD5 

and GDPD6, which have shown to be involved in the regulation of choline phospholipid 

metabolism in breast cancer, in particularly the degradation of GPC to free choline and 

glycerol-3-phosphate (18, 20–22). Silencing of GDPD5 and GDPD6 in breast cancer cells 

increased the GPC levels, which further supports their roles as GPC specific regulators in 

breast cancer. GDPD6 probably has a more important role in regulating the cellular GPC 

levels in breast cancer cells than GDPD5, as the level of GPC was more dramatically 

increased upon GDPD6 silencing as compared to GDPD5 silencing. Future studies directly 

assessing the GDPD5-related GPC:Cho phosphodiesterase activity are needed to show the 
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degree of GDPD5 involvement in degrading GPC. This is important because GDPD5 can 

also mediate glycosylphosphatidylinositol (GPI)-anchor hydrolysis (28), while GDPD6 is 

considered to be specific for GPC (20, 21). Accumulation of GPC mediated by decreased 

activity of GDPD5 and GDPD6 is postulated to affect the recycling of choline that is used as 

resource for the de novo synthesis of PtdCho, which is an important component in the cell 

membrane (29). However, we did not observe any changes in the levels of free choline and 

PC in response to treatment in both tested breast cancer cell lines. Apart from GPC 

degradation, choline can also be derived from the diet and transported into the cell by 

choline transporters, or it can be directly produced from hydrolysis of PtdCho by PtdCho-

PLD1 (8, 30). Enhanced CHK activity and phosphatidylcholine-specific phospholipase C 

(PtdCho-PLC) were shown to increase the level of PC in breast and ovarian cancer (27, 31). 

It may therefore be possible that GDPD5 and GDPD6 siRNA treated cells compensate for 

their loss of free choline through enhanced uptake of extracellular choline and/or through 

breakdown of PtdCho directly. Also, GDPD5 and GDPD6 gene expressions were 

significantly down-regulated (63–81%), but not completely deleted and therefore minor gene 

expression and enzyme activity may still be possible.

Glycerol-3-phosphate is a precursor of several important intermediates involved in the 

biosynthesis of triacylglycerol and phospholipids, and can be derived from glycerol, GPC, 

and glycerophosphoethanolamine (GPE) in glycerophospholipid metabolism. The level of 

glycerol-3-phosphate was shown to be higher in breast cancer compared to normal breast 

tissue (32). In a recent study, overexpression of GDPD6 in NIH 3T3 cells resulted in a time 

dependent increase in glycerol-3-phosphate detected by 31P MRS (20), thus silencing of 

GDPD5 and GDPD6 and accumulation of GPC might affect the level of glycerol-3-

phosphate in breast cancer cells. Synthesis of lysophosphatidic acid from glycerol-3-

phosphate is mediated by the key regulator enzyme glycerol-3-phosphate acyltransferase 

(GPAM). Increased expression of GPAM is associated with an increased level of PtdCho and 

better survival in breast cancer patients (32). The glycerol-3-phosphate level might be 

reduced through GDPD5 and GDPD6 silencing, and it is possible that phospholipid 

biosynthesis is disturbed as a consequence, which could be a cause for the reduced cell 

proliferation that we observed in our study upon GDPD5 and GDPD6 silencing.

GDPD5 and GDPD6 siRNA treated MCF-7 and MDA-MB-231 cells did not undergo 

apoptosis, but did experience a decrease in cell proliferation in the case of GDPD5 siRNA 

silencing of MCF-7 cells only, while GDPD5 siRNA treatment of MDA-MB-231 cells, and 

GDPD6 siRNA treatment of MCF-7 and MDA-MB-231 cells did not have significant effects 

on cell proliferation. Stewart et al showed that, in agreement with our results, silencing or 

stably overexpressing GDPD6 did not affect proliferation in MCF-7 cells (20). The observed 

decrease in cell proliferation upon GDPD5 silencing in estrogen and progesterone receptor 

positive MCF-7 breast cancer cells is the first indication that GDPD5 is involved in 

pathways that mediate cell proliferation in these breast cancer cells. Prior to this study, 

GDPD5 had not been associated with cell proliferation. GDPD5 activity was previously 

shown to inactivate the Notch activator RECK (reversion-inducing cysteine-rich protein with 

kazal motifs) through GPI-anchor cleavage resulting in RECK release from the membrane 

(28). With previous reports showing that RECK acts as a metastasis suppressor (33), and that 

RECK increases proliferation, migration, and invasion in MDA-MB-231 cells (34), it is 
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unlikely that GDPD5 silencing in our study resulted in reduced proliferation and migration 

through the RECK pathway. The pathways through which GDPD5 silencing reduces 

proliferation and migration in estrogen and progesterone receptor positive MCF-7 cells will 

be the subject of futures studies.

Serum response element (SRE) is a regulatory element for many important transcription 

factors in the MAPK pathway, which regulates a variety of cellular processes (35). GDPD5 

is involved in the regulation of MAPK (36) and neuron differentiation (37). Overexpression 

of GDPD5 was shown to suppress the transcriptional activity of SRE in HEK-293 kidney 

cells, however, the biological effects and mechanisms causing this are still unclear (36). 

CHKA inhibitor treatment of breast cancer models has shown promising anti-proliferative 

effects and is currently being tested in clinical phase I trials (38–40). Inhibition of CHK 

resulted in decreased PtdCho and phosphatidic acid, which subsequently disrupts both the 

MAPK signaling and PI3K/AKT survival pathways (41). Interestingly, significantly positive 

correlations were found between the gene expression levels of GDPD5 and CHK in tumors 

from breast cancer patients and animal models, which further support the role of GDPD5 in 

oncogenic signaling and proliferation (18, 42). Based on our results, only GDPD5 siRNA 

treatment resulted in anti-proliferative effects, but not GDPD6 silencing. Treatment with 

GDPD5 and GDPD6 siRNA resulted in marginally increased GPC levels in the case of 

GDPD5, and dramatically increased GPC levels in the case of GDPD6. However, decreased 

GPC levels in response to neoadjuvant chemotherapy were shown to be associated with 

better response and survival in breast cancer patients (43, 44). The reasons behind these 

inconsistent observations are still unclear. Future studies exploring the mechanism by which 

GDPD5 silencing decreases cell proliferation in estrogen and progesterone receptor positive 

MCF-7 breast cancer cells are needed.

Cancer cells depend on migration and invasion to be able to move, enter the circulation, and 

metastasize to other organs (45). Decreased migration of MCF-7 cells caused by GDPD6 

down-regulation was first observed by Stewart et al using scratch analysis (20), and was 

confirmed in our study along with showing decreased migration following GPDP5 silencing 

as well. In a recent study by the same group, silencing of GDPD6 resulted in a reduction of 

intergrin ß1 expression and disturbance of cell adhesion and spreading of MCF-7 cells 

(MDA-MB-231 cells had not yet been tested) (21). In our study, both GDPD5 and GDPD6 

silencing reduced cell migration of MCF-7 cells using the scratch assay, with GDPD5 

silencing leading to a more pronounced reduction in migration than GDPD6 silencing, while 

MCF-7 cells did not migrate or invade through the transwell. This latter observation might 

be due to the phenotypic characteristic of MCF-7 cells, which is a less aggressive and 

relatively non-invasive breast cancer cell line (46). Interestingly, not only did we find a 

significant decrease in cell migration and invasion in MDA-MB-231 breast cancer cells as a 

result of GDPD5 and GDPD6 silencing, we also observed that the inhibition of cell 

migration and invasion was more pronounced with GDPD5 as compared to GDPD6 siRNA 

treatment, which was consistent with our scratch assay results in MCF-7 cells. However, we 

need to further investigate the underlying molecular mechanisms to elucidate the roles of 

GDPD5 and GDPD6 in regulating these important cellular processes.
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The tCho signal detected by in vivo 1H MRS was shown to provide beneficial additional 

information in the diagnosis of breast cancer (47). However, in a recent meta-analysis 

including 19 studies, the capability of tCho for detecting breast cancer was shown to have a 

relatively high specificity (~88%), but variable sensitivity (42–100%) (48). The spectral 

resolution of in vivo 1H MRS spectra acquired at 1.5 or 3.0 T clinical scanners nowadays 

cannot resolve the individual choline-containing metabolites. In our study, we observed an 

increased tCho level following GDPD6 siRNA treatment in MCF-7 cells. However, this was 

mainly due to the increased level of GPC, not PC, and free choline. As the tCho level is the 

sum of free choline, PC, and GPC, it depends on the expression of quite a large number of 

different regulatory genes and enzymes. Therefore interpreting the tCho signal as a general 

marker for choline phospholipid metabolism can be problematic.

A switch from low PC/high GPC to high PC/low GPC has been associated with malignant 

transformation of breast epithelial cells in vitro, where an increased PC/GPC ratio was 

shown to be correlated with increased malignancy (4). Significantly positive correlations 

between the PC/GPC ratio and GDPD5 have also been identified in breast tumors from 

patients (18). On the contrary, studies of in vivo animal models showed lower PC/GPC ratios 

in the most aggressive breast cancer subtypes (basal-like or triple negative) compared to the 

breast cancer subtype with a better survival (luminal) (42, 49). Similar to the in vivo animal 

studies, estrogen receptor negative breast cancers from patients have also been associated 

with low PC and high GPC compared to estrogen receptor positive tumors (50). These 

discrepancies that were observed between in vitro and in vivo studies might be due to the 

tumor microenvironment (42, 49).

We have previously demonstrated that a moderately negative correlation exists between 

GDPD5 expression and GPC levels in breast cancer cells and tumors (18). In contrast to our 

previous findings, GDPD5 was recently shown to have a positive, rather than negative, 

correlation with the GPC level in basal-like breast cancer and no significant correlation was 

observed between GDPD5 and GPC level in the luminal subtype (42). In the present study, 

GDPD6 silencing had a significantly more pronounced effect on the cellular GPC level and 

PC/GPC ratio compared to GDPD5 silencing. Additional studies are needed to investigate 

and validate the role of GDPD5 in regulating the cellular GPC level in breast cancer.

GDPD5 and GDPD6 are located in chromosomes 11q13.4-q13.5 and 20p12.3, respectively. 

The homology of these two genes was tested using NCBI blast (http://

blast.ncbi.nlm.nih.gov/) and the results showed a total of 6% query subject alignments with 

151 matched hits and highest percentage identity of 90%. This means that the genetic 

sequence of GDPD5 and GDPD6 are relatively different and might help explain the diverse 

effects observed in these two genes. The efficiency of GDPD5 siRNA knockdown was found 

to be dose-dependent and time-dependent in MCF-7 and MDA-MB-231 breast cancer cells. 

This information is critical for designing a robust and effective treatment protocol where 

repeated administration or combination of GDPD5 and GDPD6 siRNA treatment should be 

considered. Possible side effects of GDPD5 and GDPD6 silencing on non-tumoral tissues 

also need to be investigated, as it is for example well known that GPC:Cho 

phosphodiesterases play an important role in the control of osmotic stress in renal epithelial 

cells (51, 52).
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RNA interference therapeutics has advanced in the last decade and has been shown to be 

well tolerated in pre-clinical animal models with the potential to suppress tumor growth and 

survival of tumor cells (53). The translation of siRNA treatment protocols to patients is 

currently being tested in clinical trials. Preliminary results show that this method may have a 

significant role in the development of future drugs for cancer therapy (54). Future studies 

investigating the interactions of GDPD5 and GDPD6 with other genes and proteins and their 

involvement in the regulation of other pathways besides choline phospholipid metabolism 

might be of interest.

Conclusions

By comparing the effects of GDPD5 and GDPD6 silencing, we observed that GDPD6 

silencing resulted in a more pronounced increase in the GPC level of breast cancer cells, 

while GDPD5 silencing caused a more severe decrease in cell proliferation, migration, and 

invasion. Further investigations of the molecular and metabolic effects of GDPD5 and 

GDPD6 silencing alone or in combination are necessary to better understand their roles in 

choline phospholipid metabolism and to validate their potential as new targets for treatment 

of breast cancer.
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Figure 1. 
Optimization of siRNA A) dosage (25, 50 and 75 nM) for GDPD5 silencing and B) 

incubation time (24, 48, 72, 96 hours with 75 nM siRNA) for GDPD5 and GDPD6 silencing 

in MCF-7 and MDA-MB-231 breast cancer cells. Fold changes were normalized to control 

samples treated with non-targeted siRNA (gray scale). Each experiment was repeated three 

times. The optimal dosage and treatment time with the highest GDPD5 and GDPD6 

silencing efficiency was 75 nM siRNA treated for 48/72 hours. Values are presented as mean 

± standard error. *p≤0.05, **p≤0.01.
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Figure 2. 
Effects of GDPD5 and GDPD6 silencing on choline metabolite profiles. A) GDPD5 was 

significantly down-regulated by 65% and 81% in MCF-7 and MDA-MB-231cells, 

respectively. A significant increase in GPC was observed in GDPD5 siRNA treated cells 

compared to non-targeted controls. B) GDPD6 was significantly down-regulated by 67% 

and 73% in MCF-7 and MDA-MB-231 cells, respectively. Increased GPC levels and 

decreased PC/GPC ratios were observed in GDPD6 treated cells compared to non-targeted 

controls. C) Representative 1H MRS choline metabolite profiles of GDPD5 and GDPD6 

siRNA treated MCF-7 and MDA-MB-231 cells compared to non-targeted controls. Values 

are presented as mean ± standard error. *p≤0.05, **p≤0.01. The number of repeats (n) are 

given underneath each graph.
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Figure 3. 
Effects of GDPD5 and GDPD6 silencing on apoptosis and cell proliferation. A) Apoptosis 

assay. DNA laddering was negative for both cell lines treated with GDPD5 and GDPD6 

siRNA (n=2). B) Cell proliferation. GDPD5 silencing resulted in decreased cell proliferation 

in MCF-7 cells, but not MDA-MB-231 cells compared to non-targeted controls, while 

GDPD6 silencing had no significant effect on cell proliferation in MCF-7 and MDA-

MB-231 cells. Values are presented as mean ± standard deviation. *p≤0.05, **p≤0.01, n=3 

each.
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Figure 4. 
Effects of GDPD5 and GDPD6 silencing on cell migration and invasion. A) Cell migration. 

Decreased cell migration was observed in GDPD5 and GDPD6 treated MDA-MB-231 cells 

compared to non-targeted controls at 48h (n=3). Lower cell migration was observed in 

GDPD5 compared to GDPD6 siRNA treated cells. B) Cell invasion. GDPD5 and GDPD6 

treated MDA-MB-231 cells showed significant decreases in cell invasion compared to non-

targeted controls at 24h and 48h (n=3). Lower cell invasion was observed in GDPD5 

compared to GDPD6 siRNA treated cells at both time points. Values are presented as mean 

± standard error. *p≤0.05, **p≤0.01.
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Figure 5. 
GDPD5 and GDPD6 silencing reduced MCF-7 cell migration. A) Representative phase 

contrast images taken immediately at 0h or at 48h after producing the scratch. B) 

Quantification of migration distance. Each assay was repeated four times. Values are 

presented as mean ± standard deviation. **P<0.01, ***P<0.001, n=4 each.
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Table 1

siRNA and primer sequences used for GDPD5 and GDPD6

Gene Sequences

GDPD5 siRNA ’GCTCTCCGTATGTTCAGACAA’

GDPD5-S primer 5′-CTACAACCCTGAGCAGAT-3′

GDPD5-AS primer 5′-AACATACGGAGAGCACAT-3′

GDPD6 siRNA ’GGAAAGAATCTGTGGTTCA’

GDPD6-S primer 5 ′-TTT C A A AAT GCTGCAGGGTAAT-3′

GDPD6-AS primer 5′-ACCCACAAAGCAACAGTGTGTA-3′

Housekeeping gene

HPRT1-S primer 5′-CCTGGCGTCGTGATTAGTGATG-3′

HPRT1-AS primer 5′-CAGAGGGCTACAATGTGATGGC-3′

All GDPD primers were designed to be gene specific and not transcript specific.
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