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Abstract. Fatty acid desaturation enzymes perform dehydro-
genation reactions leading to the insertion of double bonds in 
fatty acids. ω-3 desaturase has an important role in converting 
ω-6 fatty acids into ω-3 fatty acids. Although genes for this 
desaturase have been identified, the enzymatic activity of Δ-17 
with or without transmembrane domain, and the function of 
the Δ-17 desaturase is poorly understood. In the present study, 
a transgenic microorganism was used to clone the Δ-17 full 
length (Δ-17FL) and Δ-17 without transmembrane domain 
(Δ‑17NT), the expression efficiency was improved and western 
blotting was used to detect the protein expression level. The 
purification of Δ-17 was precipitated using saturated ammo-
nium sulfate solution, dissolved in phosphate buffered saline 
buffer, and then filtered using a 10 kDa ultrafiltration cube. 
Gas chromatography analysis was used to measure the effect 
of Δ-17NT or Δ-17FL expression on Pichia pastoris fatty 
acid composition. Furthermore, the function of Δ-17NT in 
HepG2 cells was measured and the mechanism was explored. 
It was demonstrated that Δ-17NT decreased cell growth and 
increased apoptosis in hepatocellular carcinoma cell lines 
in vitro. In conclusion, successful expression of high levels 
of recombinant Δ-17NT represents a critical step towards the 
elucidation of the function of membrane fatty acid desaturases.

Introduction

It is understood that mammals lack Δ-12, Δ-15 and Δ-17 fatty 
acid desaturases, thus are unable to synthesize ω-6 and -3 fatty 
acids (1). The homeostasis stability of ω-6 and -3 polyunsatu-
rated fatty acid has an important role in the normal growth 
and development of the body environment (2,3). Fatty acid 
desaturase enzymes may be divided into soluble enzymes and 
membrane-bound enzymes (4). Although some progress has 

been made on the study of desaturases, due to the technical 
constraints of membrane protein extraction and crystallization, 
the knowledge about the structure and expression regulation of 
membrane‑bound fatty acid desaturases is still lacking (5,6), 
and whether the transmembrane domain has a role in fatty acid 
desaturase efficiency remains unknown.

Using transgenic technology to effectively express 
saturated fatty acid desaturase genes in lower eukaryotes, 
ω-6 polyunsaturated fatty acids may be catalyzed into the 
corresponding ω-3 polyunsaturated fatty acids (7). To obtain 
a highly expressed and purified membrane‑bound fatty acid 
and verify its activity is the first step for understanding the 
structure and function of the desaturase (8). The production of 
some new, high-value fatty acids may better control enzyme 
activity and substrate specificity, and provide important 
scientific insight (9,10).

In the present study, Δ-17 fatty acid desaturase was opti-
mized and the transmembrane of Δ-17 fatty acid desaturase 
was removed. A yeast eukaryotic expression vector was 
constructed and, to improve the expression efficiency and 
compare the enzymatic activity, western blotting was utilized 
to detect protein expression levels. Through optimization of the 
ω-3 desaturase gene, it is able to convert ω-6 polyunsaturated 
fatty acids to ω-3 polyunsaturated fatty acids in mammalian 
cells (11). The discovery of the underlying mechanism and 
function of Δ-17 fatty acid desaturase with or without trans-
membrane domain in HepG2 cells may contribute to the 
understanding of the fatty acid desaturase.

Materials and methods

Clone of Δ‑17 fatty acid desaturase recombinant plasmid. The 
original sequence of Δ-17 of Phytophthora ramorum was 
obtained from the National Center for Biotechnology informa-
tion (FW362214.1; https://www.ncbi.nlm.nih.gov) MaxCodon 
TM Optimization Program v. 13.0 (Detai Biologics co., Ltd., 
Nanjing, China) was used to optimize the code of Δ-17FAD. 
The expression vector, pPICZαA, was purchased from 
Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
The above plasmid was amplified in DH5a bacteria (Promega 
Corporation, Madison, WI, USA) in Luria Bertani medium 
(Tryptone 10 g/l, Yeast extract 5 g/l and NaCl 10 g/l; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) supple-
mented with 100 µg/µl ampicillin at 37˚C. After shaking at 
250 rpm for 16 h, the plasmid was purified using a Qiagen Maxi 
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kit (Qiagen, Inc., Valencia, CA, USA), according to the manu-
facturer's instructions. The optimized sequence of the Δ-17 was 
as follows: 1 ATG GCT ACCAAGC AAC CTTATCA GTT CCC 
TACT TTG ACCGAGA TTA AGAGATC CCT TCCT; 61 TCA 
GAA TGTTTTG AGG CATCAGT CCC ATT GTC TCT TTACT 
ATACAG TTAGAAT TGT CGCA; 121 ATC GCT GTTGCCC 
TTG CATTTGG ATT GAA CTA TGC TAG AGCCT TGCCAGT 
TGT CGA ATCC; 181 CTT TGG GCTTTGG ATG CTGCCTT 
GTG TTG CGG TTA CGT TTTGC TTC AAGGTAT TGT CTTT; 
241 TGG GGA TTTTTCA CTG TTGG TCA CGA CGC AGG 
TCA TGG AGCTT TCT CAAGATA CCA CTTG; 301 CTT  
AAC TTCGTTG TCG GAACCTT CAT TCA TTC ATT GATCC 
TTA CTC CTTTTGA AAG TTGG; 361 AAG TTG ACACACA 
GAC ATCACCA TAA AAA CAC CGG TAA TATTG ATAGAG 
ACGA GAT CTTC; 421 TAT CCA CAGAGAA AGG CTGATGA 
CCA TCC TTT GTC TAG AA ACT TGG TTCTTGC CTT 
GGGA; 481 GCA GCT TGGT TTG CAT ACTTGGT TGA AGG 
TTT CCC ACC TAGAA AAG TTAACCA CTT TAAT; 541 CCA 
TTC GAGCCTT TGT TTGT TAG ACA AGT CGC CGC AGT 
TGTCA TTT CATTGAG TGC ACAT; 601 TTC GCTG 
TTCTTG CCT TGTCTGT CTA CTT GTC CTT TCA GTTCGG 
TC TTAAGAC TAT GGCT; 661 TTG TAC TATTACG GAC 
CAGTTTT TGT CTT CGG TTC AAT GCTTG TTA TTACTAC 
ATT TTTG; 721 CAC CAT AACGATG AAG AGACTCC TTG 
GTA TGG AGA TAG TG ACT GGA CATACGT TAA GGGT; 
781 AAT TTG TCTT CCG TCG ATAG ATC TTA TGG AGC 
TTT TAT CGACA ACT TGTC CCA CAA TATT; 841 GGT ACC 
CATCAAA TCC ACCATCT TTT CCC AAT TAT CCC TCACT 
ACA AATTGAA CAG AGCT; 901 ACT GCT GCCTTTC ATC 
AGGCCTT CCC AGA ACT TGT TAG AAAGT CCGATGAGC 
CTAT TTTG; 961 AAA GCA TTCTGGA GAG TTGGAAG 
ACT TTA TGC TAA TTA CGGTG TTG TCGATCC AGA CGCC; 
1021 AAA TTG TTTACAT TGA AAGAAGC AAA GGC AGC 
ATC CGA GG CAG CCA CCAA GAC TAA GGCA'; 1081 ACC.

The prediction of Δ-17 (ω-3) fatty acid desaturase trans-
membrane domain was performed using the TMHMM server, 
version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). The 
Δ-17 desaturase full length (Δ-17FL) and Δ-17 without trans-
membrane domain (Δ-17NT) were synthesized from genomic 
DNA and mixed with the potential restriction digestion position 
XhoI and NotI (Takara Bio, Inc., Otsu, Japan). The expression 
vector, pPICZαA (an affiliate of Promega (Beijing) Biotech 
Co., Ltd, Beijing, China), was digested with XhoI and NotI. 
pMD™ 18‑T Vector Cloning kit (Takara Bio, Inc.; catalogue 
no. 6011) was used to connect pPICZαA and Δ-17 (FL) or Δ-17 
(NT) to obtain the recombinant plasmid, following the manu-
facturers protocol. Then the recombinant plasmids, Δ-17NT 
and Δ-17FL, and expression vector, pPICZαA, were linear-
ized using the restriction enzyme SalI (Takara Bio, Inc.). The 
reaction system was 50 µl, including 5 µl 10xBuffer H, 30 µl 
recombinant plasmid pPICZαA-Δ-17 (FL) or pPICZαA-Δ-17 
(NT; 500 ng/µl), 1 µl Sal I (10 U/µl) and 14 µl ddH2O. The 
mixture was digested for 3 h at 37˚C.

Preparation of Pichia pastoris competent cells. Yeast X-33 
(Invitrogen; Thermo Fisher Scientific, Inc.) single colonies were 
picked from YPD plates, inoculated into 10 ml yeast extract 
peptone dextrose (YPD) liquid medium and incubated on a 
shaking platform overnight (200 rpm) at 30˚C. When the optical 
density at a wavelength of 600 nm (OD600) was 1.5, the cultures 

were centrifuged at 3,000 x g for 5 min in 4˚C. Subsequently, 
the pellet was resuspended using 300 ml sterile water. After 
centrifugation, the supernatant was discarded and 20 ml cold 
1 M sorbitol was used to resuspend the cells. Following this, the 
cells were subpackaged and stored at ‑80˚C until use.

Electroporation method. Electric rotor and lid (Gene Pulser 
Xcell™; Bio-Rad Laboratories, Inc., Hercules, CA, USA) were 
irradiated in ultraviolet light overnight and the next day were 
placed in a ‑20˚C pre‑cooling refrigerator. A total of 80 µl 
of competent cells were mixed with 20 µg plasmid, placed 
into a pre-chilled 0.2-cm cuvette and then incubated on ice 
for 5 min. An electric shock (1.5 KV, 25 µF, 200 Ω) was then 
applied using the Electric rotor and lid (Gene Pulser Xcell™; 
Bio-Rad Laboratories, Inc.). Subsequently, 1 ml sorbitol (1 M) 
was added into the cuvette. Using pipetting to mix gently, the 
mixture was transferred to a 2.0-ml sterile centrifuge tube and 
incubated at 30˚C for 2 h. Following this, the transformant was 
centrifuged at 3,000 x g for 1 min at 4˚C. Subsequently, 200 µl 
sorbitol 1 M (Xilong Chemical Co., Ltd., Chaoshan, China.) 
was used to resuspend the cells, which were spread onto a 
YPDS medium containing zeocin (100 and 500 µg/ml). The 
cells were cultured at 28˚C for 2‑4 days.

P. pastoris genome DNA isolation. Monoclonal P. pastoris 
transformants were placed into YPD liquid medium and 
cultured overnight at 28˚C. A total of 2 ml bacteria was taken 
from the culture and centrifuged at 13,000 x g for 2 min at 
4˚C. Subsequently, the supernatant was discarded and 1 ml 
phosphate-buffered saline was used to suspend the precipitate. 
The tubes were centrifuged at 12,000 rpm for 2 min at 4˚C and 
the supernatant was discarded. This step was repeated once 
more. The precipitate was dissolved in 100 µl TE and heated 
in boiling water for 10 min. Subsequently, the sample was 
immersed in liquid nitrogen for 1 min, heated again in boiling 
water for 10 min and centrifuged at 12,000 rpm for 15 min at 
4˚C. The supernatant was used as a polymerase chain reaction 
(PCR) template.

PCR detection. The PCR mixture was as follows: 5 µl Taq 
buffer (10X), 1 µl dNTP mixture (2.5 mM), 1.0 µl each primer 
20 pmol (forward: 5'-CTA CTA TTG CCA GCA TTG CTGC-3'; 
reverse: 5'-GGC AAA TGG CAT TCT GAC ATC CT-3'), 1.0 µl 
Taq polymerase (Takara Bio, Inc.), 1.0 µl genome DNA template 
and 5.0 µl DDH2O, giving a total reaction volume of 36.0 µl. 
The thermal cycling conditions were as follows: 94˚C for 3 min, 
followed by 25 cycles of 94˚C for 30 sec, 55˚C for 45 sec and 
72˚C for 1 min, then 72˚C for 10 min and finally held at 4˚C. 
PCR (GeneAmp 9600 PCR system; PerkinElmer, Waltham, 
MA, USA) was performed. All experiments were performed in 
triplicate. PCR products were detected using 1% agarose gel.

Identification of P. pastoris recombinant protein expression. 
A total of five positive yeast transformants were selected, each 
single clone was placed into 25 ml buffered glycerol-complex 
medium [Yeast extract powder 10 g, peptone 20 g and 700 ml 
water; this was stirred until completely dissolved and then 
subjected to high pressure sterilization. It was then cooled 
to room temperature, followed by the addition of sterile: 
10X YNB 100 ml, 1M potassium phosphate buffer (PPB) 
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100 ml, 100 ml 10X sglycerin and 2 ml 500X biotin (Xilong 
Chemical Co., Ltd.] and placed on a shaking platform at 
200 rpm (28˚C), until OD600 reached 2‑6. Subsequently, the 
mixture was centrifuged at 4,000 x g for 4 min at room temper-
ature and the cells were collected. The bacterial cells were 
resuspended in 25 ml buffered methanol-complex medium 
(Yeast extract powder 10 g, peptone 20 g and 700 ml water; it 
was stirred until completely dissolved then subjected to high 
pressure sterilization. It was then cooled to room temperature, 
followed by the addition of sterile: 100 ml 10X YNB, 100 ml 
1M PPB, 100 ml 10X absolute methanol and 2 ml 500X biotin) 
and placed on a shaking platform at 200 rpm (28˚C) to induce 
expression for 4 days. Every 24 h, additional methanol was 
added at a 1% final concentration for further induction. 
Following this, 1 ml medium was taken and placed into a 
2.0-ml centrifuge tube and centrifuged at 13,000 x g for 5 min 
at 4˚C. Subsequently, electric loading buffer (Beijing Sunpu 
Biochemical Technology Co., Ltd., Beijing, China) was added 
for sample preparation. Western blotting was used to detect 
the target protein expression in cell supernatants and bacteria.

In vivo desaturase activity analysis. The induced culture of 
the transformation in the BMMY medium is the same as the 
aforementioned method, 1% NP40, 0.5% methanol and a final 
concentration of 100 µM substrate arachidonic acid (ARA; 
Sigma‑Aldrich; Merck KGaA) was added to the medium. Cell 
pellets were collected by centrifugation at 15,000 x g and 4˚C 
for 15 min and stored at ‑80˚C for fatty acid analysis.

In vitro desaturase activity analysis. After expansion of the 
bacterial culture expressing Δ-17FL, the medium was collected 
using purification. The medium was precipitated with ammo-
nium sulfate and re-dissolved with 30 ml of 20 mM Phosphate 
Buffer, pH 7.2, and then Strong cation exchange medium (SP) 
Sepharose Fast Flow column (GE Healthcare, Chicago, IL, 
USA) was used for purification. 20 ml purified protein was 
added to 200 ml yeast cell homogenate. Yeast cells were lysed 
on ice for 30 min by adding lysis buffer (20 mM Tris-HCl, 
pH 7.9, 500 mM NaCl, 10% glycerol, 1 mM EDTA and 1% 
NP40; Sigma‑Aldrich; Merck KGaA), and a high pressure 
cell crusher (AH-1500; ATS Engineering Inc., Brampton, ON, 
Canada) was used to prepare the bacteria, the whole process 
operates on an ice bath. The enzyme reactions were performed 
at 28˚C for 3 h with agitation (250 rpm), and the assay mixture 
(220 ml) was stored at ‑80˚C for fatty acid analysis.

Extraction of fatty acid and methyl esterification. The 
transformant cells were flash frozen and ground into powder 
in liquid nitrogen with a mortar. A total of 200 mg powder 
was placed into a 10-ml centrifuge tube, 3 ml of chloro-
form-methanol (v/v=2:1) was added and the tube was vortexed 
for 30 min. Then 1 ml distilled water was added and mixed. 
Tubes were centrifuged at 4,000 x g for 10 min in 4˚C, leaving 
the organic phase. The oil phase of nitrogen was added with 
1 ml acetyl chloride-methanol and vortexed for 3 min. After 
incubated in a water bath at 92˚C for 30 min, 2 ml cold water 
and 400 µl n-hexane (Xilong Chemical Co., Ltd.) were added, 
vortexed for 1 min and centrifuged at 5,500 x g for 5 min at 
4˚C. Subsequently, the upper organic phase was transferred 
into 1.5-ml vials for gas chromatographic analysis.

Gas chromatography analysis. An Agilent 6890A gas chro-
matograph with a flame ionization detector and a column 
of HP-5 fused silica (length, 30 m; inner diameter, 0.32 mm; 
Agilent Technologies, Inc., Santa Clara, CA, USA) was used for 
analysis. The inlet and detector temperatures were both 250˚C. 
The high‑purity carrier gas used was He, with a flow rate of 
7.5 ml/min. H2 gas flow rate was 30 ml/min, air flow rate was 
400 ml/min and makeup was 20 ml/min. The injection volume 
was 1 µl, using the split mode, and the split ratio was 20:1. By 
comparison with standard fatty acid (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) retention time to identify each 
fatty acid component, a calculated percentage area of each fatty 
acid was used to calculate component of normalization. Substrate 
conversion efficiency for ω-3 desaturase is calculated as follows: 
Cproduct/Csubstrate. Cproduct=ω-3 fatty acid [Eicosapentaenoic Acid 
(EPA) + Docosapentenoic acid (DPA) ], represents the transfor-
mation product of the enzyme; Csubstrate =ω-6 fatty acid (ARA), 
represents the transformation substrate of the enzyme.

Western blotting. Protein expression levels of phosphorylated 
(p)‑glycogen synthase kinase (GSK)‑3β, GSK‑3β, β-catenin, 
p‑protein kinase B (Akt) and Akt were determined in HepG2 
cells from American Type Culture Collection (Manassas, 
VA, USA). The cell lysates were obtained using lysis buffer 
(50 mM Tris-Cl, pH 7.4; 1% NP-40; 150 mM NaCl; 1 mM 
EDTA; and, 0.5% sodium deoxycholate; all BD Biosciences) 
containing 1% protease inhibitors. Following centrifugation 
at 15,000 x g for 10 min at 4˚C, the supernatant was collected. 
The protein concentration was detected using a bicincho-
ninic acid kit (Thermo Fisher Scientific, Inc.). Protein 
(30 µg) from the vector and the treated group (∆17 overex-
pression) was separated on 10% SDS-PAGE and transferred 
onto nitrocellulose membranes. The ∆17 overexpression was 
the only group assessed because when the expression of 
target genes was identified by SDS‑PAGE, Δ17FL exhibited 
a clear expression, while the Δ17NT exhibited no obvious 
band. After blocking the membranes with 5% no fat milk in 
Tris-buffered saline containing 0.1% Tween-20 (TBST) for 
1 h at room temperature, the membranes were incubated with 
the primary indicated antibodies Phosphorylation‑GSK‑3β 
(catalogue no. sc-135653; 1:1,000), β-catenin (catalogue 
no. sc-419477; 1:1,000), caspase-3 (catalogue no. sc-271028; 
1:1,000), caspase-9 (catalogue no. sc-17784; 1:500; all Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-β-actin 
(catalogue no. 612656; 1:2,000; BD Biosciences, Franklin 
Lakes, NJ, USA) at 4˚C overnight. Subsequently, membranes 
were washed five times for 5 min with TBST, incubated with 
horseradish peroxidase-conjugated immunoglobulin G goat 
anti-mouse IgG-HRP, (catalogue no. sc-2005; 1:3,000) goat 
and anti-rabbit IgG-HRP, (catalogue no. sc-2004; 1:3,000; 
both Santa Cruz Biotechnology, Inc.) at room tempera-
ture for 1 h and washed again five times for 5 min with 
TBST. The membranes were visualized using an enhanced 
chemiluminescence system (Sigma Aldrich; Merck KGaA), 
quantified using Image J version 2.1.4.7 (National Institutes 
of Health, Bethesda, MD, USA). β-actin was used as an 
internal control.

Cell viability assay. MTT assay was used to evaluate cell 
viability in vitro. Briefly, 2x103 HepG2 cells were seeded into 
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a 96‑well plate for each group [Vector and ∆17 (NT) group]. 
The relative cells were incubated for 1, 2, 3 and 4 days at 37˚C, 
MTT in PBS (5 µg/µl) was added to each well and incubated 
for 4 h at 37˚C. Following removal of the supernatant, 150 µl 
dimethyl sulfoxide (Sigma‑Aldrich; Merck KGaA) was added 
to each well. The absorbance value was measured at 490 nm. 
Each experiment was performed in triplicate.

DNA fragmentation analysis. Apoptosis was detected and 
quantified by the Cell Death Detection ELISA PLUS kit 
(Roche Diagnostics, Ltd., Burgess Hill, UK), following the 
manufacturer's instructions. All experiments were performed 
in triplicate, independently. A DNA fragmentation terminal 
deoxynucleotidyl transferase dUTP nick end labeling assay 
was performed as follows: briefly, 50,000 cells were seeded 
with a regular DMEM medium at 37˚C with 5% CO2 and 
cultured under they reached 70‑80% confluence. Next, cells 
were washed twice for 5 min with PBS and moved to DMEM 
without serum. At 0, 24, 48 and 72 h, pool DNA was extracted 
in a total of 400 µl extraction buffer (10 mM Tris and 5 mM 
EDTA). DNA fragmentation was calculated by the fold change, 
as compared with the vector and normalized with corre-
sponding MTT results from identical culture conditions. The 
samples were analyzed by western blot analysis as described 
using caspase-3 (catalogue no. sc-271028; 1:1,000), caspase-9 
(catalogue no. sc-17784; 1:500) and anti-β-actin (catalogue 
no. 612656; 1:2,000).

Statistical analysis. Statistical analyses were performed 
using SPSS v. 11.0 software (SPSS, Inc., Chicago, IL, 
USA). The results were expressed as the mean ± standard 
deviation. Differences between the groups were analyzed by 
one-way analysis of variance or a t-test followed by post-hoc 
test (Dunnett's test). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Cloning of full length or without transmembrane domain Δ‑17 
(ω‑3) fatty acid desaturase. As predicted using the TMHMM, 
the secondary structure of Δ-17 Fatty acid desaturase had six 
transmembrane domains; the positions were from 30-52, 61-83, 
98-120, 151-170, 190-212 and 219-241 nt (Fig. 1A). The Δ-17 
desaturase full length (Δ-17FL) and Δ-17 without transmem-
brane domain (Δ-17NT) were synthesized with the potential 
restriction digestion position XhoI and NotI. The expression 
vector, pPICZαA, was digested with XhoI and NotI. T4 DNA 
ligase was used to connect the pPICZαA and Δ-17 (FL) or 
Δ-17 (NT) to obtain the recombinant plasmid, the details are 
demonstrated in Fig. 1B. Furthermore, the relative plasmid 
was digested using the restriction enzyme XbaI and XhoI to 
measure whether the plasmid was orientated correctly. As 
demonstrated in Fig. 1C, the target gene was inserted into the 
vector correctly in the recombinant plasmids, and digestion 
was successful.

Figure 1. Cloning of full length or NT Δ‑17 (ω‑3) fatty acid desaturase. (A) The prediction of Δ‑17 (ω‑3) fatty acid desaturase transmembrane domain using 
TMpred (http://www.ch.embnet.org/software/TMPRED_form.html). (B) pPICZαA and Δ-17 (full length) or Δ‑17 (NT) were generated using the pPICZαA 
expression vector and both digested with XhoI and NotI, and connected using T4 DNA ligase. (C) The relative plasmids were digested using the restriction 
enzyme XbaI and XhoI. NT, without transmembrane domain.
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Expression and optimization conversion efficiency of Δ‑17NT 
or Δ‑17FL. The recombinant plasmids, Δ-17NT and Δ-17FL, 
and expression vector, pPICZαA, were linearized using the 
restriction enzyme SalI. The working model is demonstrated 
in Fig. 2A. Preparation of P. pastoris competent cells is 
demonstrated in Fig. 2B, using an electroporation method 
to induce recombinant yeast transformants containing 
Δ-17NT or Δ-17FL fragments. PCR was used to identify the 
genome of the transformants, as demonstrated in Fig. 2C 
and D. The fragments of Δ-17NT or Δ-17FL were correctly 
inserted into P. pastoris, as detected by PCR with specific 
primers. The protein expression of Δ-17FL was measured by 
SDS-PAGE, as indicated in Fig. 3A. A positive control was 
used to confirm the efficiency, while conditioned medium 
of pPICZαA-Δ-17FL without induction was used as a nega-
tive control. Similarly, the protein expression of Δ-17NT is 
demonstrated in Fig. 3B.

Effect of Δ‑17NT or Δ‑17FL expression on P. pastoris 
fatty acid composition. In order to understand the effect 
of Δ-17NT or Δ-17FL expression on P. pastoris fatty acid 
composition, the PCR positive transformants with empty 
vector or recombinants containing Δ-17NT or Δ-17FL were 
transferred to 3-ml tubes containing liquid medium. 1% 
NP40, 0.5% methanol and a final concentration of 100 µM 
substrate ARA was added to the medium. The blank control 
of each group was used without adding ARA (Arachidonic 
acid) as substrate. All samples were added to methanol for 
induction every 24, and 96 h after fermentation, the cultured 
cells were collected by centrifugation and used for extrac-
tion of fatty acid and methyl esterification, followed by gas 
chromatography analysis.

As demonstrated in Fig. 4A, 37 kinds of standard fatty acid 
methyl products were analyzed using gas chromatography 

analysis. Transfection with empty vector in yeast fermentation 
broth was conducted to analyze fatty acid composition, with 
or without added ARA (Fig. 4B). Fig. 5A indicates the gas 
chromatography results after transfection with Δ-17FL gene 
in yeast fermentation broth to analyze fatty acid composi-
tion. Fig. 5B demonstrated the gas chromatography results 
after transfection with the Δ-17NT gene in yeast fermenta-
tion broth to analyze fatty acid composition, by comparison 
with retention time in standard fatty acid to identify each 
fatty acid component, to calculate each fatty acid component 

Figure 2. Expression and optimization conversion efficiency of Δ-17NT or Δ‑17 full length. (A) The linearization working model of pPICZαA, Δ-17NT or 
Δ-17 full length. (B) Preparation of Pichia pastoris competent cells. Polymerase chain reaction was used to detect the fragment of (C) Δ-17NT and (D) Δ-17 
full length transfected into P. pastoris. NT, without transmembrane domain. Lanes 1‑9: X‑33/pPICZαA‑Δ-17NT (Δ‑17 FL) transformants; Lane 10: Vector 
pPICZαA‑Δ-17NT (Δ-17 FL) as positive control; Lane 11: X-33 as negative control. AOX1, alcohol oxidase 1; CYC1, cytochrome c1.

Figure 3. (A) Following culture in conditioned medium of pPICZαA‑Δ-17FL 
with induction for 96 h at 28˚C, the expression of Δ-17FL using different 
Pichia pastoris monoclones was measured by SDS-PAGE. BCA was used as 
a PC and conditioned medium of pPICZαA‑Δ-17FL without induction was 
used as a NC. Lane 1, 3 and 4 demonstrated pPICZαA‑Δ-17FL induction. 
(B) Similarly, the expression of Δ-17NT was measured using SDS-PAGE. FL, 
full length; NT, without transmembrane domain; PC, positive control; NC, 
negative control; BCA, bicinchoninic acid. 
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using the area normalization method. It was demonstrated in 
Figs. 4B and 5 that, when ARA was added as a substrate to 
the induction medium, the results were markedly different 
in the Δ-17FL group compared with the empty vector group 
and the Δ-17NT transfection group, in the transfection group, 
the substrate ARA was decreased and the product EPA, DPA 
were increased. This indicates that the target gene, Δ-17FL, 
may serve a normal function of the ω3 Fatty acid desaturase, 
converting ω6 Fatty acid to ω3 Fatty acid. However, the result 
was similar in empty vector group and the Δ-17NT transfec-
tion group. However, in the no-ARA groups, there was no 
obvious difference between the empty vector, the Δ-17FL or 
the Δ-17NT transfection groups.

Purification and activity analysis of Δ‑17 fatty acid desaturase. 
SDS‑PAGE was used to detect the dissolution and purification 
of Δ-17FL, as demonstrated in Fig. 6A and B. Also, compared 
with the retention time in 37 standard fatty acids to identify 
each fatty acid component, after purification and after ARA 
had been added as a substrate, under the action of Δ-17FL, 
ARA/(EPA + DPA) from a ratio of 8.18:1 (empty vector group; 
Fig. 6C) was reduced to 3.60:1 (yeast transfected with Δ-17FL 
group). The results were markedly different compared with 
the empty vector group (Fig. 7A). While under the influence of 

Δ-17NT, ARA/(EPA + DPA) from a ratio of 8.18:1 (empty vector) 
was reduced to 4.11:1 (Δ‑17NT group). The results were mark-
edly different compared with the empty vector group (Fig. 7B). 
As for the role of the purified enzyme Δ-17FL (Fig. 7B), 
ARA/(EPA + DPA) from a ratio of 8.18:1 (empty vector group) 
was reduced to 3.34:1 (Δ‑17FL purification group), the results 
were markedly different compared with the empty vector group 
(Fig. 8). However, in the Δ-17NT group, the enzyme activity was 
lower compared with the Δ‑17FL purification group.

Expression of pPICZαA‑Δ‑17NT decreases cell viability and 
increases apoptosis in vitro. To determine whether Δ-17NT 
inhibits cell viability in vitro, MTT assays were performed in 
HepG2 cells cultured with Δ-17NT for different time periods 
at 0, 24, 48, 72 and 96 h. As demonstrated in Fig. 9A, expres-
sion of pPICZαA-Δ‑17NT significantly inhibited cell viability 
compared with cells that were transfected with control vector at 

Figure 5. (A and B) Gas chromatography analysis was used to analyze fatty 
acid composition after transfection with Δ-17FL in yeast fermentation broth, 
ARA was either (A) added as a substrate or (B) not added. (C and D) Gas 
chromatography analysis was used to analyze fatty acid composition after 
transfection with Δ-17NT in yeast fermentation broth, ARA was either 
(C) added as a substrate or (D) not added. FL, full length; NT, without trans-
membrane domain; ARA, arachidonic acid.

Figure 4. Effect of Δ-17 without transmembrane domain or full length Δ-17 
on Pichia pastoris fatty acid composition. (A) Gas chromatography analysis 
was used to analyze 37 kinds of standard fatty acid products. (B and C) Gas 
chromatography analysis was used to analyze fatty acid composition after 
transfection with empty vector in yeast fermentation broth and ARA was either 
(B) added as a substrate or (C) not added. ARA, arachidonic acid.
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72 and 96 h (P<0.001). To evaluate whether pPICZαA-Δ-17NT 
had a role in programmed cell death, a DNA fragmentation 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
assay was performed in HepG2 cells. The apoptosis of HepG2 
cells was significantly enhanced in the pPICZαA-Δ-17NT 
expression groups at 48 and 72 h compared with the control 
vector (P<0.05; Fig. 9B). To further investigate the mecha-
nism of Δ-17NT expression on the inhibition of tumor cell 
proliferation, proteins involved in cell proliferation were 
examined, including p‑GSK‑3β and β-catenin, (Fig. 9C). It 
was demonstrated that Δ‑17NT expression markedly reduced 
the expression level of p‑GSK‑3β and β-catenin compared with 
the control vector, which indicated that Δ-17NT inhibited cell 
proliferation. As for cell apoptosis, the cleavage of caspase-9 
and caspase‑3 was markedly enhanced in cells transfected 
with Δ-17NT compared with cells transfected with the control 
vector (Fig. 9D). The above results indicated that expression 
of Δ-17NT induced caspase-3-mediated cell apoptosis and 
inhibited cell viability and proliferation.

Figure 7. (A and B) Gas chromatography analysis was used to analyze fatty 
acid composition after transfection with Δ-17FL in yeast fermentation broth, 
ARA was either (A) added as a substrate or (B) not added. (C and D) Gas 
chromatography analysis was used to analyze fatty acid composition after 
the transfection with Δ-17NT in yeast fermentation broth, ARA was either 
(C) added as a substrate or (D) not added. FL, full length; NT, without trans-
membrane domain; ARA, arachidonic acid.

Figure 8. Gas chromatography analysis was used to analyze fatty acid 
composition after transfection with purified enzyme Δ-17FL in yeast fermen-
tation broth, ARA was either (A) added as a substrate or (B) not added. FL, 
full length; ARA, arachidonic acid.

Figure 6. Purification and activity analysis of Δ-17 fatty acid desaturase. 
(A) SDS-PAGE was used to detect the dissolution of Δ-17 after precipitation 
with ammonium sulfate. (B) The purification of Δ-17FL was detected using 
SDS‑PAGE after dialysis with 3.5 kDa dialysis bag and SP Sepharose FF 
column. BSA was used to confirm the expression level. (C) Gas chromatog-
raphy analysis was used to analyze fatty acid composition after transfection 
with empty vector in yeast fermentation broth, ARA was added as a substrate 
(upper panel) or not added (lower panel). FL, full length; ARA, arachidonic 
acid; SP, Sepharose; FF, Fast Flow.
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Discussion

Three new ω-3 desaturases that convert ω-6 fatty acids to the 
ω‑3 unsaturated form have been identified and isolated, all of 
which belong to the type II desaturase that introduce a double 
bond near the methyl end of an unsaturated fatty acid (12,13). 

The transmembrane domain is a strong hydrophobic trans-
membrane region, and exhibits good hydrophobicity within 
the membrane (14). There is no necessary association between 
the extracellular receptor function and transmembrane 
domain (15). Contrastingly, the interaction between highly 
hydrophobic peptides and important proteins within the host 
cell, such as the signal recognition particle complex, may lead 
to protein expression inhibition or protein precipitation (16-18). 
Therefore, in the present study, the function of full-length Δ-17 
and Δ-17 without transmembrane domain was analyzed and 
compared. It was demonstrated that after the addition of ARA 
as a substrate, the effect of Δ-17NT or Δ-17FL expression on 
P. pastoris fatty acid composition was highly efficient for the 
transformation of ARA compared with the vector.

Previous studies have demonstrated that ω-3 fatty acids 
may antagonize the stimulative roles of ω-6 fatty acids in 
different types of carcinogenesis, such as lung cancer (19) 
and prostate cancer (20), to regulate tumor proliferation and 
metastasis. The present study revealed that in a hepatocellular 
carcinoma cell line, Δ-17NT also decreased cell viability and 
increased apoptosis in vitro, which further demonstrated the 
function of ω-3 fatty acids in cancer progression (21,22).

In conclusion, understanding the underlying mechanism of 
the function of Δ-17 fatty acid desaturase with or without the 
transmembrane domain in HepG2 cells may contribute to the 
understanding of the contribution of fatty acid desaturases in 
tumor progression, which may serve as a therapeutic target in 
the future.
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