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Abstract

Cyclooxygenase (COX), commonly overexpressed in cancer cells, is a major lipid peroxidizing 

enzyme that metabolizes polyunsaturated fatty acids (ω-3s and ω-6s). The COX-catalyzed free 

radical peroxidation of arachidonic acid (ω-6) can produce deleterious metabolites (e.g. 2-series 

prostaglandins) that are implicated in cancer development. Thus, COX inhibition has been 

intensively investigated as a complementary therapeutic strategy for cancer. However, our previous 

study has demonstrated that a free radical-derived by product (8-hydroxyoctanoic acid) formed 

from COX-catalyzed peroxidation of dihomo-γ-linolenic acid (DGLA, the precursor of 

arachidonic acid) can inhibit colon cancer cell growth. We thus hypothesize that the commonly 

overexpressed COX in cancer (~90% of colon cancer patients) can be taken advantage to suppress 

cell growth by knocking down delta-5-desaturase (D5D, a key enzyme that converts DGLA to 

arachidonic acid). In addition, D5D knockdown along with DGLA supplement may enhance the 

efficacy of chemotherapeutic drugs. After knocking down D5D in HCA-7 colony 29 cells and 

HT-29 cells (human colon cancer cell lines with high and low COX levels, respectively), the 

antitumor activity of DGLA was significantly enhanced along with the formation of a threshold 

range (~0.5–1.0 µM) of 8-hydroxyoctanoic acid. In contrast, DGLA treatment did not inhibit cell 

growth when D5D was not knocked down and only limited amount of 8-hydroxyoctanoic acid was 

formed. D5D knockdown along with DGLA treatment also enhanced the cytotoxicities of various 

chemotherapeutic drugs, including 5-fluorouracil, regorafenib, and irinotecan, potentially through 

the activation of pro-apoptotic proteins, e.g. p53 and caspase 9. For the first time, we have 

demonstrated that the overexpressed COX in cancer cells can be utilized in suppressing cancer cell 

growth. This finding may provide a new option besides COX inhibition to optimize cancer therapy. 
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The outcome of this translational research will guide us to develop a novel ω-6-based diet-care 

strategy in combination with current chemotherapy for colon cancer prevention and treatment.

Keywords

Cancer chemotherapy; Cell cycle and apoptosis; Colon cancer cell lines (HCA-7 colony 29 and 
HT-29); Cyclooxygenase and delta-5-desaturase; Dihomo-γ-linolenic acid and ω-6; peroxidation

1. Introduction

Colon cancer is the third most prevalent cancer and the second leading cause of cancer 

deaths in the United States. A variety of chemotherapy drugs as well as nutritional 

supplements, including polyunsaturated fatty acids (PUFAs), have been studied and applied 

to colon cancer treatment [1–9]. There are two different types of PUFAs (ω-3s and ω-6s) that 

are both essential for human health and must be provided from dietary sources. ω-3s, mainly 

found in marine products, have been reported to have many beneficial effects for human 

health and are commonly used in complementary therapeutic strategies for cancer treatment 

[7–13]. However, as the more abundant dietary source (available from meat, cereals and 

plant oils), the consumption of ω-6s has been shown to correlate with cancer development 

[14–19]. Increasing evidence suggests that the pro-cancer effect of ω-6s may mainly be 

attributed to the formation deleterious metabolites (e.g., prostaglandin E2, PGE2) from 

COX-catalyzed peroxidation of arachidonic acid (AA) [20–26]. On the other hand, the 

precursors of AA, e.g., dihomo-γ-linolenic acid (DGLA) as well as γ-linolenic acid (GLA), 

were reported to possess certain anti-proliferative activities towards cancer cells [27–33]. 

DGLA might therefore represent a promising dietary source for cancer prevention and 

therapy, but the molecular mechanisms of its anti-cancer activities remain unclear.

COX is a membrane-bound bi-functional enzyme that peroxidizes ω-6s (e.g. DGLA and 

AA) as well as ω-3s (e.g. docosahexaenoic acid and eicosapentaenoic acid) into various 

bioactive products. Two isoforms of COX have been identified, e.g. COX-1, the constitute 

form, and COX-2, the inducible form. COX-2 can be readily induced by various pro-

inflammatory stimuli, such as lipopolysaccharide and cytokines [34–37], and is commonly 

overexpressed in human adenocarcinomas (80–90% [38–40]). High expression levels of 

COX-2 are implicated in inflammatory disorders and cancer, mainly due to formation of 2-

series prostaglandins from COX-catalyzed AA peroxidation [38–45]. Therefore, COX 

inhibition strategies aiming at limiting COX-catalyzed AA peroxidation has been 

extensively studied and applied as a complementary therapeutic approach for cancer as well 

as inflammatory conditions [1–3,41–45].

Using a novel HPLC/ESR/MS combined technique coupled with spin trapping method, our 

lab has demonstrated that there are different free radical mechanisms to generate distinct 

free radical metabolites from COX-catalyzed peroxidation of DGLA vs. AA, and that 8-

hydroxyoctanoic acid (8-HOA) is an exclusive free radical-derived by product from DGLA 

peroxidation [46–52]. We also observed that 8-HOA inhibits cell growth, causes cell cycle 

arrest, and promotes apoptosis in colon cancer cells, while similar concentration of 

exogenous or endogenous prostaglandin E1 and E2 (commonly viewed as bioactive products 
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of DGLA vs. AA) has no effect on cancer cell growth [48–49]. Thus, 8-HOA might be the 

beneficial bio-product that is responsible for DGLA's anti-cancer activity. Here we tested the 

hypothesis that the overexpression of COX-2 in cancer cells can be targeted to suppress 

cancer cell growth through the formation of 8-HOA, and that knocking-down of delta-5-

desaturase (D5D, a key enzyme converting DGLA to AA) to limit the conversion of DGLA 

to AA and to maintain 8-HOA at a threshold range can be used to elicit DGLA's anti-cancer 

effect.

A large body of work including ours has showed that supplementation of ω-3s/ω-6s and 8-

HOA could enhance the cytotoxicity of chemo-drugs in cancer cells [12,33,49,53]. In this 

study, we have further demonstrated that DGLA supplement along with D5D knockdown 

could be used to sensitize colon cancer cells to various chemo-drugs, including 5-

fluorouracil (5-FU), regorafenib, and irinotecan, potentially through promoting 

chemotherapy-induced cell cycle arrest and apoptosis (e.g., activation of p53, caspase 9, and 

PARP). The results from this work could provide a biochemical rationale for the 

development of novel ω-6-based diet care strategies to combine with chemo-drugs for colon 

cancer treatment, by taking advantage of the wide availability of dietary ω-6s as well as the 

overexpression of COX-2 in colon cancer cells.

2. Materials and methods

2.1. Cell lines and materials

The human colon cancer cell lines HCA-7 colony 29 (high COX-2 expression, European 

Collection of Cell Cultures, Salisbury, UK) and HT-29 (low COX-2 expression, ATCC) were 

grown in Dulbecco's Modified Eagle's Medium and McCoy’s 5A Medium (with 10% fetal 

bovine serum, Thermo Fisher Scientific, UT, USA), respectively. Cells were cultured in an 

incubator containing a 95% humidified atmosphere with 5% CO2 at 37 °C.

DGLA was purchased from Nu-Chek-Prep (MN, USA); 8-HOA and 5-FU were purchased 

from Sigma-Aldrich (MO, USA); regorafenib was obtained from Adooq Biosciences (CA, 

USA); irinotecan, PGE1, DGLA-d6 and PGE1-d4 were purchased from Cayman Chemicals 

(MI, USA).

2.2. SiRNA transfection

Negative control siRNA (NC-si), D5D-targeting siRNA (catalog # 4390825) and 

Lipofectamine™ RNAiMAX transfection reagent were purchased from Life Technologies 

(Grand Island, NY, USA). GlutaMAX™ Opti-MEM reduced serum medium was purchased 

from Thermo Fisher Scientific (MA, USA). Briefly, colon cancer cell lines (HCA-7 and 

HT-29) were seeded at 3.0 × 105 cells per well in a 6-well plate or 8000 cells per well in a 

96-well plate for different experiments. After overnight incubation and removing culture 

medium, cells were washed by phosphate buffered saline (PBS) and treated with siRNA 

transfection mixture containing D5D siRNA (final concentration at 150 nM) and 

Lipofectamine™ RNAiMAX transfection reagent (both diluted in GlutaMAX™ Opti-MEM 

reduced serum medium). After 6 h transfection, the reduced serum medium was replaced by 

Dulbecco's Modified Eagle's Medium (for HCA-7) or McCoy’s 5A Medium (for HT-29) 
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with 10% fetal bovine serum. After 48 h, the transfected cells were ready for further 

treatments (e.g. 8-HOA, ω-6s, chemo-drugs) and other experiments, e.g. western blot, MTS 

assay, colony formation assay, LC/MS analysis, GC/MS analysis, cell cycle distribution and 

apoptosis analysis. Cells transfected with a non-target control siRNA were used as controls.

2.3. MTS assay

Cell proliferation of D5D-KD colon cancer cell lines and negative control cells upon 

treatments (e.g. 8-HOA, ω-6s and/or chemo-drugs) was assessed using CellTiter® 96 

Aqueous One Solution Reagent (Promega, Madison, WI, USA). Briefly, cells were seeded at 

8000 cells (in 100 µL medium) per well into 96-well plates, incubated overnight and 

transfected with D5D siRNA or negative control siRNA for 48 h. Upon 48 h treatments of 

ω-6s and/or chemo-drugs, 20 µL per well of CellTiter® 96 Aqueous One Solution Reagent 

was added. After up to 4 h incubation, the quantity of formazan product was assessed by 

recording the absorbance at 490 nm with a 96-well plate reader (SpectraMax M5; Molecular 

Devices). Cell viability was calculated as a percentage of the control group (treated with 

vehicle).

2.4. Clonogenic cell survival assay (colony formation assay)

Colony formation of D5D-KD HCA-7 colony 29 cells and negative control cells upon 

treatments (e.g. ω-6s and/or chemo-drugs) was assessed for cell survival study. Briefly, cells 

were seeded at 3.0 × 105 cells per well into a 6-well plate, incubated overnight, and 

transfected with D5D siRNA or negative control siRNA. After 24 h transfection, the cells 

were trypsinized, collected, seeded at 2000 cells per well into a 6-well plate, and then 

exposed to 48 h treatments of ω-6s, chemo-drugs, or their combination. The cells were then 

washed with PBS and incubated with fresh medium for 10 days. After incubation, the cells 

were washed with PBS, fixed with 10% neutral buffered formalin, and stained with 0.05% 

crystal violet solution. Cell colonies (more than 30 cells) formed in each well were counted 

and plate efficiency was calculated as number of colonies divided by number of cells seeded; 

surviving fraction was calculated as the plate efficiency of treatment group vs. the plate 

efficiency of control groups (e.g., vehicle treatment). Untreated 2000 cells were also plated 

in 6-well plates, and the average plate efficiencies were range from 0.127 to 0.144.

2.5. Detection of ω-6s and PGs from cells treated with DGLA

The free ω-6s and PGs from D5D-KD HCA-7 colony 29 cells and negative control cells 

treated with/without DGLA were quantified via LC/MS analysis as described elsewhere 

[48–49]. Briefly, 3.0 × 105 cells per well in a 6-well plate were seeded overnight and 

transfected with D5D siRNA or negative control siRNA for 48 h (during which the cell 

number grew to ~1.0 × 106). Then the cells were treated with 100 µM of DGLA 

(supplemented as 1.0 µL of ethanol solution into 1.0 mL of complete cell culture medium). 

At different time points, the cells (scratched off from well) with 1.0 mL of culture medium 

were collected and mixed with 0.45 mL of methanol and 1.55 mL of water. After adding 

internal standards (DGLA-d6, PGE1-d4), the mixture was vortexed for 1 min and set on ice 

for 30 min. After centrifuged for 15 min at 3000 rpm, the supernatant of mixture was 

collected and adjusted to pH 3.0, then subjected to solid phase extraction (SPE) using a 

reverse phase SPE cartridge (SampliQ Silica C18 ODS, Agilent, CA, USA). After eluted 
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with 2.0 mL ethyl acetate from cartridge, the elution containing analytes was vacuumed to 

dryness and reconstituted with 100 µL ethanol for LC/MS analysis.

The LC/MS system, Agilent 1200 series HPLC system and Agilent 6300 LC/MSD SL ion 

trap mass, was used to quantify the free ω-6s and PGs in reconstituted sample solution. LC 

separations were performed on a C18 column (Zorbax Eclipse-XDB, 4.6 × 75 mm, 3.5 µm) 

with 5.0 µL sample injection at a flow rate of 0.8 mL/min of gradient mobile phases (A: 

H2O-0.1% Acetic acid and B: ACN-0.1% Acetic acid): 0–12 min (isocratic), 32% B; 12–14 

min, 32–56% B; 14–28 min (isocratic), 56% B; 28–30 min, 56–86% B; 30–38 min, 86–95% 

B; and 38–44 min (isocratic), 95% B. MS settings are as follows: electrospray ionization in 

negative mode; total ion current chromatograms in full mass scan mode (m/z 50 to m/z 600) 

were performed; nebulizer press, 15 psi; dry gas flow rate, 5.0 L/min; dry temperature, 

325 °C; compound stability, 20%; number of scans, 50. DGLA and PGE1 were monitored 

by extracted ion current chromatogram (m/z 305 and 353 respectively) projected from total 

ion current chromatograms. For quantification, standard curves for DGLA and PGE1 were 

established respectively with a series concentrations of DGLA or PGE1 and constant 

concentration of deuterium internal standards. The levels of DGLA or PGE1 in cell culture 

samples were determined by comparing the ratios of DGLA or PGE1 to corresponding 

internal standards with those in standard curves.

2.6. Detection of 8-HOA (in pentafluorobenzyl derivative form) from cells

8-HOA produced from D5D-KD HCA-7 colony 29 cells and negative control cells treated 

with/without DGLA were quantified via GC/MS analysis in its derivative of 

pentafluorobenzyl (PFB) bromide [54]. Briefly, 3.0 × 105 cells were seeded overnight in 

each well of 6-well plate, transfected with D5D siRNA or negative control siRNA for 48 h 

(during which the cell number grew to ~1.0 × 106), and treated with 0–100 µM of DGLA (in 

ethanol, final volume < 0.1%) for up to 48 h. At experimental time points, the cells 

(scratched off from plate) and ~1.0 mL medium were collected, and mixed with 500 µL of 

methanol containing internal standard (hexanoic acid), 50 µL of 1.0 N HCl, as well as 3.0 

mL of dichloromethane. The mixture was then vortexed for 30 s, centrifuged at 3000 rpm for 

4 min and the organic layer was collected. The same extraction was repeated once, and the 

dichloromethane layers were combined and evaporated to dryness using a vacuum 

evaporator, and reconstituted in 50 µL of 1.0% diisopropylethylamine in acetonitrile and 

derivatized with 50 µL of 1% PFB-bromide in acetonitrile at 37 °C for 30 min. After the 

acetonitrile was removed using a vacuum evaporator, the residue was reconstituted in 100 µL 

dichloromethane ready for GC/MS analysis.

Reconstituted sample solution (2.0 µL) was injected into an Agilent 7890A gas 

chromatograph. The GC oven temperature is programmed from 60 to 300 °C at 25°C/min. 

The injector and transfer line are kept at 280 °C. Quantitative analysis was performed using 

an Mass selective detector with a source temperature of 230 °C and nebulizer pressure of 15 

psi. The formation of 8-HOA (in PFB derivative form) was measured in selected ion 

monitoring mode with m/z 181, the base peak of 8-HOA-PFB, by comparing with the 

similar base peak of internal standard (hexanoic acid-PFB derivative).
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2.7. Cell cycle analysis

Cell cycle distribution of D5D-KD HCA-7 colony 29 cells and negative control cells upon 

treatments (e.g. ω-6s and/or chemodrugs) was analyzed using propidium iodide (PI) staining 

method. Briefly, 3.0 × 105 cells were seeded overnight in each well of 6-well plate, 

transfected with D5D siRNA or negative control siRNA, and treated with ω-6s and/or 

chemo-drugs. Then the cells were harvested by trypsinization, washed with PBS and fixed 

with 70% ethanol at 1.0 × 106 cells/mL at 4 °C for 30 min. After centrifuged for 5 min at 

1000 rpm, the supernatant of mixture was discarded, and the cells were washed with PBS, 

centrifuged again for 5 min at 1000 rpm and treated with 10 µL ribonuclase (10 mg/mL) at 

room temperature for 5 min. Then 400 µL of PI (50 µg/mL) was added into each sample. 

The cell cycle distribution was measured after 30 min incubation using an Accuri C6 flow 

cytometer (Becton–Dickinson, NJ, USA), 10,000 cells were counted for each sample. Data 

was analyzed by FlowJo (TreeStar, Ashland, OR, USA).

2.8. Cell apoptosis assay

Cell apoptosis of D5D-KD HCA-7 colony 29 cells and negative control cells upon 

treatments (e.g. ω-6s and/or chemo-drugs) was analyzed using Annexin V Apoptosis 

Detection Kit I (BD Pharmingen ™, NJ, USA) according to the manufacturer's instruction. 

Briefly, 3.0 × 105 cells were seeded overnight in each well of 6-well plate, transfected with 

D5D siRNA or negative control siRNA, and treated with ω-6s and/or chemo-drugs. Then the 

cells were harvested by trypsinization, washed with PBS and re-suspended in 1 × binding 

buffer at a concentration of 1.0 × 106 cells/ml. 100 µl of such cell suspension was treated 

with 5.0 µL each of FITC Annexin V and PI solution, and gently vortex and incubated for 15 

min at 25 °C in the dark, then mixed with 400 µL of 1 × binding buffer. The effect of 

different treatment on cell apoptosis was determined by Accuri C6 flow cytometer within 1 

h, 10,000 cells were counted for each sample. Unstained cells, cells stained with FITC 

Annexin V only and PI only was used to set up compensation and quadrants. Data was 

analyzed by FlowJo (TreeStar, Ashland, OR, USA).

2.9. Western blotting

Expression of D5D, COX-2 and cell signaling proteins in D5D-KD HCA-7 colony 29 cells 

and negative control cells upon treatments (e.g. siRNA transfection, ω-6s and/or chemo-

drugs) was assessed by western blot. D5D primary antibody (from rabbit) and β-actin 

primary antibody (from mouse) were purchased from Sigma-Aldrich (MO, USA). COX-2 

primary antibody produced in rabbit was purchased from Abcam (MA, USA). γH2AX 

primary antibody was purchase from Bethyl Laboratories (TX, USA). All other primary and 

secondary antibodies were purchased from cell signaling (MA, USA). The cells were seeded 

in a 6-well plate, transfected with D5D siRNA or negative control siRNA, and treated with 

ω-6s and/or chemo-drugs 48 h. Then the proteins were extracted and loaded into 10% SDS-

PAGE gels. The gel was run at a constant current of 30 mA for 1 h, proteins were then 

transferred to nitrocellulose membranes at a constant voltage of 80 V for 2 h on ice. Then 

the membranes were incubated with primary antibodies (used as 1:600 dilution) overnight at 

4 °C with and horseradish peroxidase (HRP)-conjugated secondary antibody (used as 1:2000 

dilution) for 1 h at room temperature with continuous rocking. Then the membranes were 
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incubated in ECL western blot substrates (Pierce, Thermo Fisher Scientific, UT, USA) for 1 

min, and exposed to X-ray film (Phoenix Research Products, NC, USA). Luminescent 

signals were captured on a Mini-Medical Automatic Film Processor (Imageworks). Image 

was acquired by HP Scanjet G4000 photo scanner and analyzed by ImageJ software.

2.10. Statistic analysis

All data were assessed using an unpaired student-test. A significant difference was 

considered with a p value ≤ 0.05.

3. Results

3.1. Delta-5-desaturase knockdown (D5D-KD) promoted DGLA's anti-proliferation effect on 
colon cancer cells expressing COX-2

Consistent with our previous observation that 8-HOA inhibited cell proliferation of HCA-7 

colony 29 cell line (with high COX-2 expression) [49], we found that 8-HOA also 

suppressed the growth of HT-29 cells (with low COX-2 expression) (Fig. 1A). When D5D 

was knocked down (KD) using siRNA to inhibit the conversion of DGLA to AA, DGLA 

supplementation significantly reduced the cell viability at 48 h in HCA-7 and HT-29 cell 

lines (Fig. 1C), while no growth inhibition was observed in the control siRNA transfected 

cells (Fig. 1C, MTS assay). D5D-KD along with DGLA treatment also significantly 

inhibited the colony formation in HCA-7 colony 29 cells (surviving fraction was reduced to 

~66.8 ± 5.7%), but had no effect on the control siRNA transfected cells (surviving fraction 

~98.4 ± 7.3% in clonogenic cell survival assays, Fig. 1D). We also observed that there was 

no inhibitory effect on cell growth of AA (100 µM) treatment in both control siRNA 

transfected and D5D-KD cells (Fig. 1C–D). These observations suggested that D5D-KD 
could be an effective strategy to elicit DGLA's anti-cancer activities in the cancer cells that 

express COX-2.

3.2. Delta-5-desaturase knockdown led to accumulation of DGLA, PGE1 and 8-HOA

Results showed that supplement of 100 µM DGLA in HCA-7 cells led to a dramatic increase 

of the levels of free fatty acids and their metabolites (Fig. 2A–C) compared with the basal 

level in cells without DGLA treatment (Supplement Table 1). After DGLA supplement, 

limited conversion of DGLA to AA in D5D-KD cells was evident by the increase of 

remaining free DGLA (Fig. 2A) and increased formation of PGE1 and 8-HOA (two 

potential bioactive metabolites from DGLA peroxidation, Fig. 2B–C), along with decreased 

level of free AA and formation of PGE2 (metabolite from AA peroxidation, Supplement 

Fig. 1A–B), comparing to that in the cells transfected with the negative siRNA controls. In 

control siRNA transfected HCA-7 cells with 48 h treatment of 100 µM DGLA, PGE1 

retained a stable concentration range (0.35–0.39 µM), while PGE1 in D5D-KD HCA-7 cells 

treated with DGLA was able to be accumulated from ~0.5 µM (8–12 h) to 0.8 µM in 48h 

(Fig. 2C). Consistent with our previous finding in which PGE1 (dose from 0.1 µM to 10µM) 

did not inhibit cancer cell growth [49], direct treatment of PGE1 (< 10 µM) was unable to 

suppress growth of cancer cell lines (data not shown). Since 8-HOA has been most recently 

reported to exert an inhibitory effect on cancer cell growth [49], it seems logical to conclude 

8-HOA is the bioactive metabolite responsible for the growth inhibitory effect of DGLA. In 

Xu et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fact, the most significant differences on 8-HOA production at all experimental time points 

were observed between D5D-KD and control siRNA transfected cells.

We proposed that there should be a threshold range of endogenous 8-HOA produced in our 

cell experiments that is required to elicit the anti-cancer activity of DGLA. We observed that 

8-HOA accumulated ~0.5 µM at 12 h and reached a plateau at 24 h to 48 h (0.92 ± 0.09 µM 

at 48 h detected as PFB-derivative form in GC/MS analysis, Fig. 2C) in D5D-KD HCA-7 

cells treated with DGLA. However, in control siRNA transfected HCA-7 cells treated with 

DGLA, 8-HOA only reached ~0.5 µM at 24 h time point (Fig. 2C). To maintain a threshold 

range of endogenous 8-HOA (~0.5 µM to 1.0 µM), instead of forming PGE1 (0.5–0.8 µM), 

would be essential for eliciting DGLA's anti-cancer activity. Furthermore, we found that 8-

HOA could act as a DNA damaging reagent possibly via inhibiting the histone deacetylase 

(HDAC) as many other short chain fatty acids have been reported to inhibit the HDACs [55]. 

Treatment of 8-HOA significantly increased acetyl histone H3 expression and also the DNA 

damage marker γH2AX (Fig. 2D) [56]. Consistently, we also observed a significant increase 

of acetyl histone H3 and γH2AX from DGLA treatment in D5D-KD HCA-7 cells, indicating 

the anti-cancer effect of DGLA is derived from formation of 8-HOA.

3.3. D5D-KD along with DGLA supplement enhanced 5-FU's cytotoxicity

We have previously shown that supplementation of 8-HOA (DGLA's byproduct) sensitizes 

HCA-7 cells to 5-FU [49], one of the main chemo-drugs used as a first line of standard 

chemotherapy for patients with advanced colorectal cancer. Here we tested whether DGLA 

supplementation along with D5D-KD could enhance the efficacy of 5-FU in HCA-7 cells. 

Co-treatment of DGLA (100 µM) and 5-FU (0.2 mM) in D5D-KD HCA-7 cells enhanced 

cell growth inhibition (cell viabillity at 48 h ~50.9 ± 9.7%) comparing to 5-FU treatment 

alone (cell viabillity ~69.0 ± 4.2%, Fig. 3A). In contrast, DGLA attenuated 5-FU's 

cytotoxicity on control siRNA transfected HCA-7 cells (~80.9 ~ 3.2%) comparing to the cell 

viability (71.7 ± 3.8%) at 48 h with 5-FU treatment alone. As expected, co-treatment with 

AA did not improve the efficacy of 5-FU and appeared to promote cell proliferation in both 

control siRNA transfected and D5D-KD HCA-7 cells (Fig. 3A). Co-treatment with DGLA 

significantly decreased the IC50 of 5-FU in D5D-KD HCA-7 cells (~0.2 mM in Fig. 3A, vs. 

the reported IC50 in wt-HCA-7 cells ~1.0 mM [2,49]). There was no colony formation from 

the D5D-KD cells treated by such high doses of 5-FU. Significant inhibition of colony 

formation was observed when 50 µM of 5-FU and DGLA (100 µM) were combined to treat 

D5D-KD HCA-7 cells (surviving fraction ~20.1 ± 4.8%), while 5-FU treatment alone 

resulted in a surviving fraction of 51.9 ± 2.9% Fig. 3B).

5-FU has been known to block DNA synthesis by inhibition of thymidylate synthase activity 

and target cycling cells at G1/S point (G1 arrest) [57]. We observed that 5-FU induced G1 

arrest in D5D-KD HCA-7 cells (57.5 ± 1.2% vs. 42.5 ± 3.9% in control, Fig. 3C), while 

DGLA further promoted 5-FU-induced G1 arrest in D5D-KD cells to 64.0 ± 3.6%. These 

data indicated that DGLA might further improve the efficacy of 5-FU in D5D-KD HCA-7 

cells exposed to a threshold level of 8-HOA which has also been reported to cause G1 arrest 

[49].
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5-FU is also known to inhibit cancer cell growth by inducing p53-dependent cell apoptosis 

in which caspases and PARP activation are involved [58–59]. We also found that 5-FU could 

induce apoptosis in D5D-KD HCA-7 cells as demonstrated by the annexin V-positive/PI-

negative staining (population of early apoptotic cells ~17.7 ± 2.1% vs. 1.06 ± 0.1 in the 

control, Fig. 4A). DGLA treatment (100 µM) further promoted 5-FU-induced apoptosis of 

D5D-KD cells (27.0 ± 3.4%). We also observed that 5-FU treatment alone could up-regulate 

the tumor suppressor p53, activate procaspase 9, cleave PARP and decrease p21 in D5D-KD 
HCA-7 cells (Fig. 4B–C). When the cells were co-treated with DGLA (100 µM) and 5-FU, 

an ~1.5 fold p53 upregulation, ~2 fold decreased procaspase 9, and ~2 fold increase of 

cleaved PARP were observed compared to 5-FU treatment alone (Fig. 4B–C). Our results 

suggested that DGLA and D5D-KD can improve the efficacy of 5-FU potentially through 

the activation of pro-apoptotic proteins, e.g., p53, caspase 9. In addition, linoleic acid (LA, 

anther upstream ω-6) could also further activate the pro-apoptotic proteins in D5D-KD cells 

treated with 5-FU (Fig. 4), and promoted cell apoptosis and inhibited cell growth similar to 

DGLA (data not shown).

3.4. D5D-KD along with DGLA enhanced the cytotoxicity of several chemotherapies

We also tested whether DGLA supplementation in combination with D5D-KD could 

enhance the cytotoxicity of other common chemotherapeutic drugs, such as irinotecan and a 

recently FDA-approved targeted therapy drug, regorafenib. Treatment with regorafenib (10 

µM) or irinotecan (40 µM) alone for 48 h decreased D5D-KD cells’ viability to ~65.9 

± 7.77% and 66.2 ± 5.7%, respectively (Fig. 5A). DGLA supplementation (100 µM, 48 h) 

enhanced the growth inhibitory effects of both drugs in D5D-KD cells (cell viability ~46.9 

± 1.3% for regorafenib and ~46.2 ± 7.5% for irinotecan), relative to control siRNA 

transfected HCA-7 cells (Fig. 5A). DGLA supplementation further inhibited colony 

formation in D5D-KD HCA-7 cells co-treated with 20 µM regorafenib and 4.0 µM 

irinotecan (surviving fraction ~11.6 ~ 4.6% and 15.5 ± 2.6%, respectively), while 

regorafenib and irinotecan alone resulted in the surviving fractions at 28.4 ± 7.3%, and 37.9 

± 2.0%, respectively (Fig. 5B).

4. Discussion

Our recent work has shown that distinct free radical-derived byproducts 8-HOA generated 

from COX-catalyzed peroxidation of ω-6 DGLA could inhibit colon cancer cell growth [49]. 

In this study, we demonstrate that the overexpression of COX-2 can be targeted in colon 

cancer cells by knocking down D5D to enhance DGLA peroxidation for generating more 

growth inhibitory 8-HOA. Furthermore, D5D knockdown along with DGLA supplement 

could enhance the efficacies of chemotherapeutic drugs.

Treatment of 8-HOA and supplementation of DGLA could significantly inhibit the growth 

of D5D-KD HCA-7 cells and D5D-KD HT-29 cells (Fig. 1A–D). Treatment with another 

upstream ω-6 (e.g., LA) also significantly suppressed the growth of these D5D-KD cell lines 

and sensitized to chemotherapeutic drugs (Supplement 2C). Although the effect from LA 

was moderate from current 48 h treatment regimen, we expect more significant anti-cancer 

effect in our future animal or clinical study in which we will modulate fatty acids 
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consumption on a daily basis. These results may provide us a practical ω-6-based diet care 

strategy in cancer treatment since linoleic acid is prevalent in the human diet. In order to 

maintain potential benefit of ω-6s, down-regulating D5D should be an effective as well as an 

essential approach to elicit DGLA's anti-cancer activity.

Our previous work demonstrated that, supplement of 8-HOA (1.0–10 µM), but not the same 

amount of PGEs, could significantly inhibit colon cancer cell growth. Here we have made 

the first effort to quantify endogenous 8-HOA (by GC/MS for their PFB derivative) from 

COX-catalyzed DGLA peroxidation in cancer cells in order to test whether D5D-KD could 

lead to the accumulation of 8-HOA to the threshold levels that are required for delivering 

DGLA's anticancer effect. The threshold level of endogenous 8-HOA (0.5–1.0 µM, Fig. 2C) 

was relatively lower than the 8-HOA (1.0–10 µM, single dose) used to inhibit cell growth in 

previous study [49]. However, 8-HOA was able to be retained at the threshold level most of 

time due to continuous COX-catalyzed DGLA peroxidation. Lower doses of DGLA (10–75 

µM) were also tested to define whether the threshold level of 8-HOA could also be retained 

to suppress cancer cell growth. Treatment of DGLA (≥ 50 µM) to D5D-KD HCA-7 cells was 

also able to maintain the threshold level of 8-HOA (> 0.5 µM), therefore ensuring the anti-

cancer effect of DGLA from its COX peroxidation. Our results also showed that direct 8-

HOA treatment, or formation of threshold level of 8-HOA from DGLA supplement along 

with D5D knockdown, can both inhibit histone deacetylase and lead to DNA damage (Fig. 

2D). Thus the anti-cancer effect of DGLA should be derived from 8-HOA as treatment with 

similar amount of PGE1, e.g., another bioactive metabolites of DGLA, did not inhibit 

histone deacetylase (data not shown).

Chemo-drug 5-FU, a pyrimidine analog which induces cell apoptosis by interfering DNA 

replication, has been used as a first line of standard chemotherapy for patients with advanced 

colorectal cancer. To overcome drug resistance to 5-FU, various drug combination strategies 

have been studied in which 5-FU was concurrently administrated with other therapeutic 

agents [1–2,6]. For the first time, we have demonstrated that 8-HOA enhanced 5-FU's 

efficacy in colon cancer cells [49]. In this study, we observed that DGLA supplementation 

along with D5D-KD increased 8-HOA formation and significantly enhanced the cytotoxicity 

of 5-FU (Fig. 3). In addition, DGLA was also found to enhance the efficacies of other 

commonly used chemo-drugs in D5D-KD cells, e.g. regorafenib and irinotecan (Fig. 5), 

which have been reported to induce cell apoptosis in colon cancer cells [4,60]. D5D-KD 

along with DGLA may represent a novel and effective way to improve chemo-therapy for 

cancer.

We have shown previously that 8-HOA induces G1 arrest and apoptosis in HCA-7 colony 29 

cells, and promotes 5-FU-induced apoptosis [49]. Consistent with these observations, DGLA 

treatment significantly promoted 5-FU-induced G1 arrest and apoptosis in D5D-KD HCA-7 

colony 29 cells (Fig 3–4). The enhanced apoptosis was likely associated with further 

activation of apoptotic signaling proteins, e.g. p53, procaspase 9, procaspase 7 and PARP. A 

down-regulation of p21, an anti-apoptotic protein [61–63], was also observed upon 

combination treatment. 5-FU has also been reported to induce cell death via both p53-

dependent and p53-independent pathways [58–59,64–65]. Cell growth of HCA-7 cells (wt-/

mutant p53 heterozygotes) and HT-29 cells (mutate p53) were both significantly inhibited by 
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DGLA along with D5D-KD (Fig. 1), indicating that 8-HOA could cause cancer cell death 

via p53-dependent and p53-independent mechanisms. Considering the fact that many cancer 

cells bear mutant p53 gene or wt-/mutant combination (e.g., HCA-7), to identify p53-

dependent as well as p53-independent cell death pathways may guide us to develop a ω-6-

based diet-care strategy for colon cancer chemotherapy.

To confirm whether different COX-2 levels could lead to different cell growth responses, and 

to confirm the promoted formation of 8-HOA, instead of decreased formation of AA, would 

be responsible for anti-cancer effect of our D5D-KD strategy, we also conducted DGLA 

treatment to D5D-KD HCT-116 cell line (COX-2 deficient) and HCA-7 cell line whose 

COX-2 and D5D were simultaneously knocked down (Supplement Fig 2–3). We found that 

while DGLA could inhibit the growth of D5D-KD HT-29 cells (low COX-2) and D5D-KD 
HCA-7 (high COX-2, Fig. 1), DGLA had no inhibitory effect on the D5D-KD HCT-116 

cells and the double knockdown (D5D/COX-2 KD) HCA-7 cells (Supplement Figs. 3C and 

2C). These results suggested that COX-2 is essential for DGLA's anti-cancer activity. 

However, regardless of the D5D and COX-2 expression levels, the growth of colon cancer 

cell lines (including their genetic variants) could all be significantly suppressed by the 

treatment of 8-HOA (Supplement Figs. 2B and 3B). Thus, our study suggested that the 

overexpression of COX-2 in cancer cells (~90% of colon cancer patients) can be exploited to 

promote the formation of 8-HOA (local action) from DGLA peroxidation to kill colon 

cancer cells. Growth of cancer cells with deficient COX-2 level can also be suppressed by 8-

HOA in a paracrine manner (or a bystander effect) as DGLA peroxidation continually takes 

place in the nearby cells that (over)express COX-2.

In conclusion, our work demonstrates that the COX enzymes in cancer cells along with 

D5D-KD can be exploited to enhance cancer cell killing as well as enhancing the 

cytotoxicities of chemo-drugs. D5D has not received much research attention as a cancer 

therapeutic target. Our study indicated that D5D regulation may be an effective way to 

control ω-6 metabolism to promote DGLA's anti-cancer activity. The outcome of this 

research will allow for the development of a novel ω-6-based diet-care strategy in 

combination with current chemotherapy for cancer prevention and treatment.
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AA arachidonic acid

COX Cyclooxygenase

DGLA dihomo-γ-linolenic acid
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D5D Delta-5-desaturase

ESR electron spin resonance

GLA γ-linolenic acid

GC gas chromatography

HPLC high performance liquid chromatography

LA linoleic acid

MS mass spectrometry

NC-si negative control siRNA transfection

PBS phosphate buffered saline

PFB pentafluorobenzyl

PI propidium iodide

PGE1 prostaglandin E1

PGE2 prostaglandin E2

PUFAs polyunsaturated fatty acids

wt- wild type

5-FU 5-Fluorouracil

8-HOA 8-hydroxyoctanoic acid
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Fig. 1. 
D5D-KD promoted DGLA's anti cancer effect in colon cancer cells. (A) MTS assay of 

HCA-7 colony 29 and HT-29 cells treated by 1.0 µM 8-HOA; (B) Western blot and relative 

protein expression of D5D and COX-2 expression in HCA-7 colony 29 and HT-29 cell lines 

after D5D siRNA transfection (loading control: β-actin). The relative ratios of D5D or COX 

to β-actin for each cell line were normalized to 1 respectively; (C) MTS assay of HCA-7 

colony 29 and HT-29 cell lines (control siRNA transfected vs. D5D-KD) after 48 h of 

DGLA or AA treatment (100 µM). The control siRNA transfected and D5D-KD cells 
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without fatty acid treatment were used as controls; (D) Colony formation of HCA-7 cells 

(control siRNA transfected vs. D5D-KD) at 10 days after DGLA or AA treatment (100 µM 

for 48 h). The control siRNA transfected and D5D-KD cells without fatty acid treatment 

were used as controls (*: significant difference with p < 0.05 from n ≥ 3).
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Fig. 2. 
D5D-KD increased the levels of free DGLA, PGE1 and 8-HOA in HCA-7 colony 29 cells. 

(A) LC/MS quantification of DGLA from cell medium containing 1.0 × 106 of control 

siRNA transfected or D5D-KD HCA-7 cells after DGLA treatment (100 µM); (B) LC/MS 

quantification of PGE1 from cell medium containing 1.0 × 106 of control siRNA transfected 

or D5D-KD HCA-7 cells after DGLA treatment (100 µM); (C) GC/MS quantification of 8-

HOA from cell medium containing 1.0 × 106 of control siRNA transfected or D5D-KD 
HCA-7 cells after DGLA treatment (100 µM). Note: in the cell experiments without DGLA 

treatment, only trace amount of DGLA were detected within 48 h (≤ 0.03 respectively), 

while the formation of PGE1 and 8-HOA was under detect limit; (D) Western blots of 

acetyl-histone H3, histone H3 and γH2AX in HCA-7 cells treated with 8-HOA (10 and 25 

µM) and D5D-KD HCA-7 cells treated by DGLA (50 and 100 µM). The relative ratios of 

different proteins to β-actin were normalized to 1 respectively; (*: significant difference vs. 

the corresponding controls with p < 0.05 from n ≥ 3).
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Fig. 3. 
Enhanced 5-FU's efficacy by DGLA in D5D-KD HCA-7 colony 29 cells. (A) MTS assay for 

proliferation of HCA-7 cells (control siRNA transfected vs. D5D-KD) treated with 5-FU 

(0.2 mM), 5-FU + DGLA (100 µM) or 5-FU + AA (100 µM) for 48 h. The control siRNA 

transfected and D5D-KD cells without fatty acid and drug treatment were used as controls. 

The IC50 of 5-FU was improved to ~0.2 mM from 1.0 mM [2,49]. (B) Colony formation 

assay of HCA-7 cells (control siRNA transfected vs. D5D-KD) at 10 days with treatment of 

DGLA (100 µM), 5-FU (50 µM) or 5-FU + DGLA (100 µM) for 48 h. The control siRNA 

transfected and D5D-KD cells without fatty acid and drug treatment were used as controls. 

(*: significant difference with p < 0.05 from n ≥ 3). (C) Cell Cycle distribution was examed 

via flow cytometer afterD5D-KD HCA-7 cells were treated with 5-FU (0.2 mM), or 5-FU + 

DGLA (100 µM) for 48 h, followed by PI staining. At least 10,000 cells were counted for 

each sample. Cells treated with vehicle served as controls. (*: significant difference vs. 

control with p < 0.05; **: significant difference vs. 5-FU group with p < 0.05, n ≥ 3).
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Fig. 4. 
DGLA promoted 5-FU-induced cell apoptosis in D5D-KD HCA-7 colony 29 cells. (A) Cell 

apoptosis was examed via flow cytometer after D5D-KD HCA-7 cells were treated with 

DGLA (100 µM), 5-FU (0.2 mM), or 5-FU + DGLA (100 µM) for 48 h, followed by 

Annexin V-FITC/PI double staining. At least 10,000 cells were counted for each sample. 

Cells treated with vehicle served as controls; (B) Western blot of p53, procaspase 9, 

procaspase 7, PARP, cleaved PARP and p21 from D5D-KD HCA-7 cells treated with 5-FU 

(0.2 mM), DGLA (100 µM), LA (100 µM) 5-FU + DGLA, and 5-FU + LA 48 h; (C) 

Xu et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Quantification of western blot. Protein expression rate was normalized using β-actin as a 

loading control. Cells treated with vehicle served as control (*: significant difference vs. 

control with p < 0.05; and **: significant difference vs. 5-FU group, p < 0.05, n ≥ 3).
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Fig. 5. 
Enhancement of regorafenib's and irinotecan's cytotoxicities by DGLA in D5D-KD HCA-7 

colony 29 cells. (A) MTS assay for cell proliferation of control siRNA transfected or D5D-

KD HCA-7 cells treated with 10 µM regorafenib, regorafenib and 100 µM DGLA, 40 µM 

irinotecan, and irinotecan with 100 µM DGLA for 48 h. The control siRNA transfected and 

D5D-KD cells without fatty acid and drug treatment were used as controls. (*: significant 

difference with p < 0.05 from n ≥ 3); (B) colony formation assay of control siRNA 

transfected or D5D-KD HCA-7 cells treated with regorafenib (20 µM), regorafenib + DGLA 

(100 µM), irinotecan (4 µM), irinotecan + DGLA (100 µM). The control siRNA transfected 

and D5D-KD cells without fatty acid and drug treatment were used as controls (*: 

significant difference with p < 0.05 from n ≥ 3).
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