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Abstract. The overexpression of arachidonyl lipoxygenase-12 
(ALOX12) in breast cancer has been reported. Hence, we 
examined whether a non-synonymous polymorphism of 
ALOX12 (mRNA, A835G; Gln261Arg) is associated with 
breast cancer in females. The polymorphism was detected in 
genomic DNA by PCR-RFLP. The association between the 
A835G polymorphism and breast cancer risk was measured 
by odds ratio (OR) with 95% confidence intervals (CIs) using 
Fisher's exact test, and differences were considered significant 
at p<0.05. The frequencies of AA (wild-type), GG (homozy-
gous variant) and AG (heterozygous variant) were 59.5, 0.9 and 
39.6% in the controls, and 39.3, 2.5 and 58.2% in the breast 
cancer cases, respectively. The frequency of the AG genotype 
was higher in the patients compared to the controls (p<0.0014). 
The frequency of the GG variant was 2.5  and 0.9% in the 
cancer subjects and controls, respectively. The relative risk of 
breast cancer was 2 times greater (OR=2.227) at 95% CI when 
compared to the relative risk of the heterozygous variant. For 
the GG genotype, the risk was 4  times greater (OR=4.125) 
at 95% CI than that of the controls, suggesting a positive 
association of the AG genotype with the occurrence of breast 
cancer. The frequencies of the polymorphism were different 
in different populations. The Arg/Gln and Arg/Arg variants 
were associated with an increased risk of breast cancer, and 
the frequencies of the variants differed considerably among 

various populations. The identification of a gene with links 
to breast cancer may impact screening, diagnosis and drug 
development. 

Introduction

Arachidonic acid metabolites regulate a variety of biological 
processes (1,2), which play a key role both in normal devel-
opment and in various pathologies, including cancer (3-7). 
Arachidonic acid, a C20 tetraunsaturated fatty acid (20:4, ω-6) 
is present in cell membranes esterified to glycerolipids at the 
sn-2 position (8) and is released from lipids by catalytic action 
of cytosolic phospholipase-A2 (cPLA2) in response to various 
stimuli (9). The arachidonic acid in its free form is mainly 
metabolized by cyclooxygenases (COXs) and arachidonyl 
lipoxygenases (ALOXs) (2,8,10,11) and to a small extent by 
cytochrome P450 enzyme (12). The metabolism of arachidonic 
acid by the COX or ALOX pathways generates eicosanoids 
(thromboxanes, leukotrienes, hydroxyeicosatetraenoic acids 
and lipoxins), which are implicated in cancer (13). Aberrations 
in the arachidonic acid metabolism via the COX and LOX 
pathways are shown to be associated with cancer development, 
both in animals and humans (7). 

Interest in the ALOX pathway and its metabolites is 
increasing, although the major focus of cancer researchers has 
been on the COX pathway. ALOXs are a family of nonheme 
iron dioxygenases which differ in their regio-specificity. LOXs 
are named based on the position at which they incorporate 
oxygen into arachidonic acid. Four LOXs, ALOX5, 8, 12 and 15, 
are present in humans (10,14-16). ALOX12 metabolizes arachi-
donic acid primarily into 12S-hydroperoxyeicosatetraenoic acid 
(12S-HpETE), which is further reduced by glutathione peroxide 
to 12S-hydroxyeicosatetraenoic acid (12S-HETE) (10). 

ALOX12-derived bioactive substances, such as 12S-HETE, 
hepoxilins and lipoxins, play a key role in cell signaling, cell 
structure, cell adhesion, ROS production and inflammation 
(14,17,18). Hence, any imbalance in eicosanoids may lead to 
abnormal generation of ROS, inflammation and the develop-
ment of cancer (19-22). Several lines of evidence have implicated 
ALOXs and their products in various pathologies linked with 
inflammation, including Alzheimer's disease (23,24), athero-
sclerosis (25,26), hypertension (27), stroke (27-29) and cancer 
(7). Evidence links up-regulated ALOX12 expression to the 
development of cancer, sustenance, growth and metastasis 
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(11,30-34). Overexpression of ALOX12 has been demonstrated 
in various types of cancers, including breast, renal, pancreatic 
and prostate (13,35-37). Products of the ALOX5 and 12 path-
ways, 5S-HETE and 12S-HETE, promote proliferation, cell 
motility and invasion, respectively, in cancer cells (38,39). 

All human LOX genes, apart from ALOX5, are clustered 
on the short arm of chromosome 17 within a few megabases 
of each other. The gene encoding ALOX12 is located on chro-
mosome 17p13.1, while ALOX15, which has 86% sequence 
similarity to ALOX12, is present on chromosome 17p13.2. 
The genes encoding ALOXs are polymorphic. Polymorphisms 
in ALOX12 may affect the expression of ALOX12 or alter the 
stability or activity of the enzyme. Among the polymorphisms 
of ALOX12 in humans, a non-synonymous polymorphism 
in exon 6 (mRNA, A835G) results in an amino acid change 
from glutamine to arginine at position 261 (Gln261Arg) of the 
enzyme. This polymorphism is functional as it affects ALOX12 
enzyme activity (40). Since altered enzyme activity is likely 
to cause aberrations in arachidonic acid metabolism, identi-
fying the frequency of the ALOX12 genomic polymorphism 
and exploring its association with breast cancer is of clinical 
importance. To our knowledge, no reports exist involving the 
association of the non-synonymous polymorphism (mRNA, 
A835G; protein, Gln261Arg) with breast cancer. In addition, 
studies regarding the association of the polymorphism with 
colorectal cancer risk are ambiguous. In addition to the lack 
of information regarding the association of the polymorphism 
with breast cancer, the frequency of the genotype in various 
populations, including the Indian population, remain unknown. 
Therefore, in the present study we examined the frequency of 
the polymorphism in normal subjects and explored the asso-
ciation of the polymorphism with female breast cancer. 

Materials and methods

Study design. The study was designed to identify the frequency 
of the polymorphism (mRNA, A835G; protein, Gln261Arg) in 
the coding region in normal subjects and to ascertain whether 
the polymorphism is associated with the occurrence of cancer. 
All study subjects were of Indian origin (from Andhra Pradesh, 
one of the four southern states of India) and unrelated. The 
study was approved by the institute's ethics committee. 

Genotyping. The blood samples from the cases were collected 
from patients visiting our institute, whereas the blood samples 
from the controls (apparently healthy individuals) were 
collected from various sources within Hyderabad, Andhra 
Pradesh, India. Peripheral blood samples were collected into 
sterile EDTA-coated vacutainer plastic tubes (BD, Franklin 
Lakes, NJ, USA) from consenting participants. Genomic DNA 
was extracted from the blood and isolated using a salting-out 
protocol (41) with few modifications. Isolated DNA was stored 
in Tris-EDTA buffer, pH 8.0. The genomic polymorphism was 
identified by polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP) technique. 

Polymerase chain reaction. The ALOX12 gene region 
encompassing the polymorphism (Arg261Gln) was amplified 
specifically using the following primers: forward primer, 
5'-CCA GTG GGG CAG GAT GAT GAG TTG-3' and 

reverse primer: 5'-GGA GAG AAC AGT GCC AGG CAG-3'. 
The primers were synthesized at a commercial facility in 
Hyderabad (Bioserve, Hyderabad, India). Polymerase chain 
reaction (PCR) conditions for the specific amplification of the 
gene region were optimized for annealing temperature, MgCl2 
and primer concentrations. The expected amplicon size was 
187 bp. PCR was carried out using a PCR kit (Bioserve) in 
a total volume of 50 µl. The PCR mixture contained 2.5 µl 
of 25 mM MgCl2, 10 mM dNTP mixture, 160 pmol of each 
primer (forward and reverse primers), 0.2 µl of Taq (5 U/µl) 
and a DNA template. The reaction volume was made up to 
50 µl with sterile water. The PCR reaction was carried out in 
a IQ5 thermocycler (Bio-Rad, Hercules, CA, USA) using the 
following optimal conditions. Initial denaturation was carried 
out at 95˚C for 5 min, followed by 35 cycles of denaturation at 
94˚C for 35 sec, annealing at 56˚C for 35 sec and extension at 
72˚C for 40 sec. After completion of 35 cycles, a final extension 
step was carried out at 72˚C for 5 min. The optimized PCR 
conditions given were used throughout the study. PCR 

Figure 1. Lanes 1-8 are PCR products of the ALOX12 gene obtained from 
breast cancer patients. The unnumbered lane (adjacent to lane number 8) 
is the 100-bp DNA ladder. PCR yielded an amplicon of the expected size 
(187 bp) and was devoid of any non-specific amplification.

Figure 2. Lanes 1-3, 5, 7 and 8 are of AG genotype, lane 4 is of GG genotype 
and lane 6 is of AA genotype. The unnumbered lane (adjacent to lane 8) is 
the 50-bp DNA ladder.

Figure 3. Validation of the ALOX12 polymorphism (A835G; Arg261Gln) by 
sequencing. The sample sequence was compared to Homo sapiens arachido-
nate 12-lipoxygenase mRNA (ALOX12; Ref., NM 000697.2; gene ID, 239 
ALOX12), using BLAST, NCBI, USA.
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amplicon size was identified by electrophoresis using 2% 
agarose gel containing ethidium bromide under standard 
electrophoretic conditions. The bands were visualized under 
UV light, and the gel was imaged using the Gel Dock System 
(Bio-Imaging System, Hyderabad, India). 

Restriction fragment length polymorphism. The PCR ampl-
icon was subjected to digestion by Eco24I (BanII) restriction 
enzyme (Eco24I restriction enzyme kit; Fermentas, Canada). 
Digestion with the restriction enzyme was carried out for a 
maximum of 16 h at 37˚C using 5 units of Eco24I restriction 
enzyme and 10 µl of PCR product with 10X buffer tango. The 
specific restriction site for the Eco24I enzyme is:

5'...G A/G G C T/C^C...3' 
3'...C^T/C C G A/G G...5'

After incubation, the restriction fragment length polymor-
phism (RFLP) products were separated on 3% agarose gel 
containing ethidium bromide using standard electrophoretic 
conditions. The bands were visualized as previously described. 
The G allele has an Eco24I restriction site. Expected RFLP 
fragment sizes were: AA genotype (wild-type), 187 bp; AG 
heterozygous variant, 187 bp; and GG homozygous variant, 
121  and 66 bp. Samples of breast cancer and controls were 
randomly tested by an objective individual within the facility. 
The polymorphisms in ALOX12 were validated by sequencing 
four representative samples (the PCR amplicons). The samples 
were sequenced at a commercial facility (Vimta, Hyderabad, 
India).

Statistical analysis. Statistical analysis was performed using 
SAS 9.2 software. An association between the A835G poly-
morphism and breast cancer risk was measured by the odds 
ratio (OR) with 95% confidence intervals (CIs), using Fisher's 
exact test (two-tailed). Differences between cancer and control 
groups were considered statistically significant at p<0.05. The 
breast cancer samples were from females and hence the breast 
cancer data were compared to female control samples. 

Results

As shown in Fig. 1, PCR yielded an amplicon of the expected 
size, 187 bp. BanII digestion products were also of the expected 

sizes (Fig. 2). Polymorphisms determined by PCR-RFLP and 
electrophoresis were validated by sequencing random samples 
(Fig. 3). 

Frequencies of the ALOX12 polymorphism, A835G 
(mRNA), were compared between females with and without 
breast cancer (controls) and the data are presented in Table I. 
The frequencies of AA (wild-type), GG (homozygous variant) 
and AG (heterozygous variant) were found to be 59.5, 0.9 and 
39.6% in the controls, respectively. In contrast, the frequen-
cies were found to be 39.3, 2.5 and 58.2% for AA, GG and 
AG genotypes, respectively, in the breast cancer cases. When 
the frequencies were compared between the breast cancer 
and control subjects, the frequency of the AG genotype was 
higher in the breast cancer patients. The difference between 
the breast cancer and control subjects was statistically signifi-
cant (p<0.0014). The frequency of the GG variant was 2.5% 
in the female breast cancer cases and 0.9% in the controls. 
The GG frequency in the breast cancer patients was ~3 times 
that in the controls. However, the difference was not statisti-
cally significant, which may have been due to the sample size. 
In addition, the frequency of the variants (AG + AA) in the 
breast cancer patients remained statistically significant when 
compared to the controls (p<0.0001). The results presented 
in Table I demonstrate a positive association of the genotype 
AG with the occurrence of breast cancer, and the relative risk 
of breast cancer was slightly more than 2 times (OR=2.227) 
at 95% CI as compared to the controls. Regarding the GG 
genotype, the risk was 4 times (OR=4.125) at 95% CI when 
compared to the controls. Female subjects with ≥1 Arg at 261 
position in the ALOX12 protein had an ~378% increased risk 
of breast cancer when compared to subjects with two copies 
of the Gln/Gln genotype. 

As shown in Table II, the frequencies of the variants 
identified in the Indian population (present study) were 
compared to the frequencies reported in Caucasians (42,43), 
Blacks (42), Chinese (40), Koreans (44), Brazilians (45) and 
Spanish (27). The frequencies appeared to vary in the various 
populations. In Indians, the AA (261Gln) variant was the most 
predominant amounting to nearly 60%, and the AA was the 
least predominant being present only in 1% of the control 
females. The heterozygous variant AG was present in 39% 
of the subjects. On the other hand, the AA (261Gln) variant 
was present in only 17% of the Caucasians (43), 19% of the 

Table I. Association of the ALOX12 polymorphism with breast cancer in females.

Genotype	 Breast cancer 	C ontrols 	 p-valuea	 OR (95% CI)
	 (n=163; 59.5%)	 (n=111; 40.5%)
	 -----------------------------------	 -----------------------------------
	N o.	 %	N o.	 %

Wild-type (A/A) 	 64	 39.3	 66	 59.5		  1.0
HetVar (A/G)	 95	 58.2	 44	 39.6	  0.0014a	 2.227 (1.356 and 3.656)
HomoVar (G/G)	   4	   2.5	   1	   0.9	 0.1769	   4.125 (0.449 and 37.909)
Var (A/G+G/G)	 99	 60.7	 45	 40.5	  0.0001a	 3.781 (2.368 and 6.039)

aStatistical comparisons were carried out between the normal and breast cancer subjects (total, n=274) with respect to wild-type and heterozy-
gous (HetVar), wild-type and homozygous (HomoVar) and wild-type and variants (Var). Differences between values were considered significant 
only at p<0.05.
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Spanish (27) 22.5% of the Brazilians (45) and 23.7% of the 
Chinese (40). Nevertheless, the GG frequency was the highest 
in the Brazilian population, accounting for 40% (45). 

Discussion

The data presented in this report suggest the association of 
the ALOX12 polymorphism (Gln261Arg) with breast cancer. 
To the best of our knowledge, this is the first study to link the 
ALOX12 polymorphism with breast cancer in females. Our 
data also revealed wide variations in the frequencies of the 
ALOX12 variants (Gln/Gln, Gln/Arg and Arg/Arg) in various 
populations. 

Cancer is a major cause of mortality globally. Worldwide, 
cancer is expected to account for 18% of all mortalities by 
the year 2030 (http://www.who.int/mediacentre/factsheets/
fs297/en/index.html). However, 30% of these are preventable 
(46). Breast cancer is the most common cancer of women 
in Western countries, such as the US, France, Germany and 
the UK (47). In contrast, rates of breast cancer incidence are 
reported to be low in developing countries, yet the mortality 
rates are higher when compared to advanced countries with 
higher incidence rates of breast cancer (48). In addition to the 
problem of higher mortality rates, breast cancer incidence rates 
are rapidly increasing in developing countries, such as India, 
particularly in urban areas (48). The increasing incidence of 
breast cancer across the globe warrants the development of an 
early detection system to identify populations that are predis-
posed to developing breast cancer. Identifying individuals 
harboring gene variants linked to cancer is a crucial step in 
the prevention and development of specific and effective treat-
ment strategies. Genetic factors have been implicated in breast 
cancer development and its sustenance. Early detection has 
reduced mortality rates in breast cancer cases in the US and 
affluent European countries even in the face of the increasing 
rates of breast cancer incidence. Since nearly one-third of 
cancer deaths are preventable, it is prudent to identify genetic 
markers which may aid in early detection. Moreover, further 
knowledge concerning genetic variants and their phenotypes 
is the key to understanding individual susceptibility to cancer 
and the reason why individuals respond differently to a given 
anti-cancer treatment. 

Genetic factors confer susceptibility to disease, impact 
disease progression or increase resistance to disease. Cancers 

are not caused by one genetic defect, but result from a complex 
interplay among a number of genes, apart from the contribu-
tion from epigenetic factors. Although a number of breast 
cancer-associated genes, including Her2/neu, BRCA1 and 2, 
Top2A, cMYC and p53, have been identified and are used in 
a clinical setting, many have yet to be identified, which would 
contribute towards elucidating the complexities of cancer and 
further promoting the struggle against breast cancer. The 
Her2/neu oncogene overexpression is present in only 1/4 of 
breast cancer tumors (49,50). Similarly, BRCA1 and BRCA2 
mutations account for approximately 30% of all hereditary 
breast cancer cases (51), and the mutations occur in only 
5-10% of total breast cancer cases among Caucasian women 
in the US (51). It is unclear why these mutations are found 
only in a subset of cancer patients. Such selective association 
of these genes with breast cancer underscores the need for 
exploring other candidate genes with links to the disease. 

The examination of individual candidate genes for identi-
fying populations at a high risk of developing breast cancer 
and other gene-linked diseases remains effective, as it provides 
specific and focused information even with the advent of 
genome-wide scan technology. Genome scans and microarrays, 
despite their capabilities and success, may overlook key disease 
susceptibility alleles due to no or poor coverage of certain gene 
regions and false-positives and -negatives. Identifying genetic 
variations which increase the risk of cancer is likely to shed 
light on molecular mechanisms that underlie cancer develop-
ment, sustenance, growth and metastasis. Such understanding 
of the disease process will not only aid in the early detection of 
populations predisposed to cancer, but also in developing more 
potent anti-cancer drugs with fewer side effects.

Inflammatory pathways, particularly COX-1 and COX-2 
and to a lesser extent ALOXs, have attacted the attention of 
cancer researchers due to the reported anti-cancer effects of 
non-steroidal anti-inflammatory drugs (NSAIDs), such as 
aspirin, ibuprofen and sulindac (52). Involvement of the LOX 
pathway in cancer, including breast cancer, has been reported, 
and studies have unequivocally shown a link between the 
LOX pathway and cancer. Up-regulated expression of LOXs 
has been determined in both animal models of cancer (32) 
and in humans (7,30). Jiang et al (36) and Mohammad et al 
(37) showed increased levels of ALOX12 in breast cancer. 
However, studies on the ALOX12 polymorphism in relation to 
human diseases are limited. Two copies of 261Gln in ALOX12 

Table II. Variations in the frequencies of the ALOX12 polymorphism (A835G; Gln261Arg) in different populations.

Variant	I ndia	U SA	U SA	U SA	 Brazil	C hina	 Korea	 Spain

Gln/Gln (AA)	 59.5	 17.0	 37.0	 40.9	 22.5	 23.7	 31.4	 19
Gln/Arg (AG)	 39.6	 49.3	 50.5	 45.5	 37.5	 51.0	 49.4	 47
Arg/Arg (GG)	   0.9	 33.7	 13.5	 13.6	 40.0	 25.3	 19.3	 34
Gln/Arg (AG) + 	 40.5	 83.0	 64.0	 59.1	 77.5	 76.3	 68.7	 81
Arg/Arg (GG)
Population/gender	I ndian/	P redominantly 	C aucasians/	 Blacks	 Brazilian/	C hinese/	 Koreans/	 Spanish/
	 female	C aucasians (88%)/	 female	 (52%)	 female	 female	 female	 male
	 (100%)	 female (41%)	 (52%)		  (69%)	 (37.2%)	 (62.0%)	 (100%)
Reference	P resent study	 (43)	 (42)	 (42)	 (45)	 (40)	 (44)	 (27)
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were shown to increase the risk of albuminuria (53). One 
recent publication also reported the association of ALOX12 
with the onset of natural menopause in Caucasian females 
(54), indicating a role for ALOX12 in hormone-related events 
in females. 

The ALOX12 polymorphism has been shown to be 
associated with diseases, including hypertension, diabetic 
nephropathy and colorectal cancer (27). However, little 
information exists on the association of the ALOX12 polymor-
phism with other types of cancers. Even the available reports 
on ALOX12 and colon/colorectal cancer are conflicting. 
Goodman et al (42) reported that the ALOX12 polymor-
phism is not linked to colon cancer risk in Caucasians and 
African-American population, whereas Tan et al (40) showed 
a positive association between the ALOX12 polymorphism 
and colon cancer. Guo et al (55) showed that ALOX12 (Gln/
Gln) is linked to an increased risk of esophageal squamous 
cell carcinoma (55). On the other hand, an inverse relation 
between colon cancer and the ALOX12 polymorphism was 
reported by Gong et al (43). To the best of our knowledge, the 
association between the ALOX12 polymorphism and breast 
cancer remains unexplored. The polymorphism is of impor-
tance as the substitution of glutamine with arginine at position 
261 resulting from the single-nucleoptide polymorphism is in 
a conserved region of the LOX (45).

In this study, we observed that the frequency of the AG 
heterozygous variant (AG) was higher in female breast 
cancer patients compared to control females. The difference 
amounted to approximately 19%, which was statistically 
significant. The data presented also suggests that variants, AG 
and GG, are associated with increased risk of breast cancer 
based on the OR value of 2.227 (95% CI, 1.356-3.656). The 
combined OR for both homozygous and heterozygous variants 
(GG + AG) was also suggestive of the increased risk of breast 
cancer with the polymorphic variants. As the polymorphism 
alters the amino acid from glutamine to arginine, it is likely 
to alter the enzyme kinetics which may affect the levels of the 
ALOX12 metabolites (40,56,57). Hypertensive patients with 
GG homozygous variants were found to have higher amounts 
of urinary 12-HETE when compared to patients with either the 
AA or AG variant (27). As 12-HETE and other metabolites are 
implicated in various processes, including cell proliferation, 
adhesion and invasiveness of cancer cells (1,58-62), anoma-
lies in the generation of these metabolites are likely to play a 
role in the development of cancer, its growth and metastasis. 
However, a recent study reported that 12-HETE reduces cell 
viability in human islets and insulin secretion (63). Notably, 
the chromosome 17, which is home for the ALOX12 gene, 
also houses genes encoding p53, cMYC, Her2/neu, BRCA1 
and TOP2A, which are linked to breast cancer. In addition, 
another member of the LOXs is also present in close vicinity 
to the ALOX12 gene.

In addition to the association of the polymorphism with 
the increased risk of breast cancer, we also observed that the 
frequencies of the variants are different in the Indian popula-
tion when compared to Caucasian and Chinese populations. 
A comparison of our data to other published reports revealed 
wide variations in the frequencies at which the variants are 
present in different populations (Table II). In the Indian popu-
lation, Gln/Gln is the most widely present variant and the Arg/

Arg variant is the least prevalent, accounting for only 0.9% of 
the subjects. The heterozygous variant, Gln/Arg, is the most 
predominant variant in Caucasian, Black, Chinese, Korean 
and Spanish populations (Table II). Slightly more than 50% 
of the Han Chinese population were reported to contain the 
heterozygous variant (40). In the Indian population, homozy-
gous Gln/Gln is the major variant. In contrast, the majority 
of Brazilians have the Arg/Arg variant as opposed to the 
Indian population, where the frequency is only 0.9% (45). The 
differences in data may be attributed to the varying origins of 
the populations. Notably, the frequencies of the variants were 
similar in Caucasians and Blacks living in the US (42). The 
polymorphic changes identified may be of significance as the 
change occurs at a conserved region of the ALOX (45). 

The most effective ways to reduce the incidence and 
mortality rates of breast cancer are early detection, effective 
anti-cancer treatment strategies and prevention. Screening 
apparently healthy populations for the ALOX polymorphism 
along with other known breast cancer-associated gene variants 
may identify populations who are at high risk for developing 
breast cancer and may aid in early detection. 

To fully understand the functional impact of gene variants 
in both normal and breast cancer subjects, it is crucial to deter-
mine the enzyme kinetic properties of the ALOX12 variants 
and assess their impact on the formation of various products 
of the ALOX12 pathway. In conclusion, our data indicate that 
GA and GG variants resulting in Arg/Gln and Arg/Arg at the 
261-amino acid position of the ALOX12 protein may confer 
susceptibility to breast cancer in females, at least in the Indian 
population. Our study also reveals that the frequencies of 
polymorphic variants differ considerably among Caucasian, 
Black, Chinese, Korean, Brazilian and Spanish populations. 
It should be noted that our study included only females, while 
previous studies, with the exception of a study from Brazil 
(males only), included both males and females.
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