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Abstract
Background—Palmitic acid(16:0), stearic acid(18:0), palmitoleic acid(16:1n-7), and oleic
acid(18:1n-9) are major saturated and mono-unsaturated fatty acids that affect cellular signaling
and metabolic pathways. They are synthesized via de novo lipogenesis (DNL) and are the main
saturated and mono-unsaturated fatty acids in the diet. Levels of these fatty acids have been linked
to diseases including type 2 diabetes and coronary heart disease.

Methods and Results—Genome-wide association studies were conducted in 5 population-
based cohorts comprising 8,961 participants of European ancestry to investigate the association of
common genetic variation with plasma levels of these four fatty acids. We identified
polymorphisms in 7 novel loci associated with circulating levels of one or more of these fatty
acids. ALG14 (asparagine-linked glycosylation 14 homolog) polymorphisms were associated with
higher 16:0(P=2.7×10-11) and lower 18:0(P=2.2×10-18). FADS1 and FADS2 (desaturases)
polymorphisms were associated with higher 16:1n-7(P=6.6×10-13) and 18:1n-9(P=2.2×10-32), and
lower 18:0(P =1.3×10-20). LPGAT1 (lysophosphatidylglycerol acyltransferase) polymorphisms
were associated with lower 18:0(P=2.8×10-9). GCKR(glucokinase regulator, P =9.8×10-10) and
HIF1AN(factor inhibiting hypoxia-inducible factor-1, P=5.7×10-9) polymorphisms were
associated with higher 16:1n-7, whereas PKD2L1(polycystic kidney disease 2-like 1,
P=5.7×10-15) and a locus on chromosome 2(not near known genes) were associated with lower
16:1n-7(P=4.1×10-8).

Conclusion—Our findings provide novel evidence that common variations in genes with diverse
functions, including protein-glycosylation, polyunsaturated fatty acid metabolism, phospholipid
modeling, and glucose- and oxygen-sensing pathways, are associated with circulating levels of
four fatty acids in the DNL pathway. These results expand our knowledge of genetic factors
relevant to DNL and fatty acid biology.

Keywords
epidemiology; fatty acids; genome-wide association study

De novo lipogenesis (DNL) is an endogenous pathway for lipid synthesis, largely occurring
in the liver and stimulated by carbohydrate intake and alcohol use 1. The major products of
DNL include the saturated fatty acids, palmitic acid (16:0) and stearic acid (18:0); and the
monounsaturated fatty acids, palmitoleic acid (16:1n-7) and oleic acid (18:1n-9) (Figure
1) 2. These fatty acids are also consumed in the diet, but endogenous synthesis appears to
contribute substantially to their circulating levels, based on short-term metabolic studies that
demonstrated increased plasma levels (including in triglycerides and plasma phospholipids)
of these fatty acids following high-carbohydrate low-fat diets or acute alcohol intake 3-5.
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Also, in prior work, both higher carbohydrate consumption and higher alcohol use were
independently associated with higher levels of these fatty acids in free-living adults 6. These
relationships support the link between DNL and plasma fatty acid levels seen in short-term
controlled trials, and indicate that DNL could influence circulating fatty acid levels at usual
ranges of dietary exposures. 6,7. These fatty acids also show weak to moderate associations
with direct dietary consumption 8-10.

In addition to conversion of excess carbohydrate or protein energy into fatty acids for
storage as triglycerides, experimental evidence suggests that DNL and its fatty acid products
affect multiple signaling and metabolic pathways. In mice, DNL generates endogenous
ligands for peroxisome proliferator-activated receptor-α in the liver, a key transcription
factor regulating glucose and lipid homeostasis 11, 12. Adipose-DNL-derived palmitoleic
acid has been shown to downregulate liver fatty acid synthesis and increase skeletal muscle
insulin sensitivity in mice 13. Also, excess hepatic DNL alters hepatic endoplasmic
reticulum membrane lipid composition and calcium handling in obese mice, and may
represent a mechanism for the development of chronic stress in this important organelle 14.
These and other animal studies suggest an influence of DNL and its fatty acid products on
crucial physiological functions and pathologic conditions, including insulin sensitivity 13, 15,
feedback on hepatic fatty acid synthesis 13, modulation of food intake and energy
balance 16, 17, and development of hepatic steatosis 18, 19. Consistent with their importance
in metabolic regulation, circulating levels of fatty acids in the DNL pathway have been
linked to risk of several major cardiometabolic diseases, including type 2 diabetes 20-23,
hypertension 24, coronary heart disease (CHD) 25, 26, heart failure 27, and sudden cardiac
arrest 6, 28.

Despite these findings suggesting importance of these fatty acids, the metabolic pathways
that regulate and determine their circulating concentrations are not understood. Several
enzymes involved in their initial synthesis and interconversion are recognized (Figure 1) 29;
however, potential influences of other enzyme activities or regulatory pathways on
circulating levels are unknown. It is likely that genetic variation in other processes, such as
intestinal absorption, plasma phospholipid remodeling, dietary preferences, or other
unknown pathways, could each affect these fatty acids. Both family and twin studies suggest
high heritability of circulating levels of these fatty acids 30, 31. The genes that account for
the observed familial aggregation of these circulating fatty acid levels remain unknown. We
hypothesized that an unbiased investigation of genetic determinants of their circulating
levels may identify novel genetic determinants and inform novel metabolic and regulatory
pathways and, ultimately, links to disease risk. We therefore carried out a genome-wide
association study (GWAS) to identify novel genetic loci contributing to variation in
circulating levels of 16:0, 18:0, 16:1n-7, and 18:1n-9.

Methods
Ethics Statement

All cohort participants gave written informed consent, including consent to participate in
genetic studies. All studies received approval from local ethical oversight committees.

Study cohorts
2 cohort studies in the Cohort for Heart and Aging Research in Genomic Epidemiology
(CHARGE) consortium contributed data to the present analysis: the Atherosclerosis Risk in
Communities (ARIC) Study and the Cardiovascular Health Study (CHS). Data were also
obtained from 3 additional cohorts: the Coronary Artery Risk Development in Young Adults
(CARDIA), the Invecchiare in Chianti (InCHIANTI) Study, and the Multi-Ethnic Study of
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Atherosclerosis (MESA). Only subjects of European ancestry from each cohort were
included in the current analysis.

Fatty Acid Measurements
Details of fatty acid analysis are provided in Supplemental Methods and Supplement Table
1. Briefly, in all cohorts except InCHIANTI, fasting plasma phospholipids were isolated by
thin-layer chromatography; fatty acids were subsequently quantified by gas
chromatography 32. In InCHIANTI, a similar gas chromatography method was used to
measure total fasting plasma fatty acids. Levels of 16:0, 16:1n-7, 18:0 and 18:1n-9 were
expressed as % of total fatty acids. While several other fatty acids are also in the DNL
pathway (e.g. 14:0, 16:1n-9, 18:1n-7), we focused on the 4 key fatty acids (16:0, 16:1n-7
18:0, and 18:1n-9) that are both major products of DNL 33, 34, and were available in all the
cohorts in this consortium.

Imputation and Cohort-Specific Genome-wide Association Analysis
Details on genotyping and imputation in each cohort are provided in the Supplemental
Methods and Supplemental Table 1. Briefly, in each cohort, genotyping was done separately
using high-density SNP marker platforms (ARIC, CARDIA and MESA - Affymetrix 6.0,
CHS - Illumina 370, InChianti - Illumina 550). Samples with call rates below 95% (ARIC,
CARDIA, MESA), or 97% (CHS, InCHIANTI) at genotyped markers were excluded.
Genotypes were imputed to approximately 2.5 million HapMap SNPs by using either
MACH 35 (ARIC, InCHIANTI), BEAGLE 36 (CARDIA), BIMBAM 37 (CHS), or
IMPUTE 38 (MESA). SNPs for which testing Hardy Weinberg equilibrium resulted in
p<10-5 (CHS, ARIC) or p<10-4 (CARDIA, InCHIANTI) were excluded from imputation.
SNPs with minor allele frequency (MAF) ≤1% were excluded from the meta-analyses.

Association analysis between genotype and each fatty acid was done separately within each
study cohort according to a pre-specified plan. All studies conducted linear regression
analysis using an additive genetic model, i.e. regression of phenotype on the number of
reference alleles, or equivalently the imputed dosage for imputed genotypes. All analyses
were adjusted for age, sex, and site of recruitment where appropriate, and used robust
standard errors 39. We assessed the SNP-fatty acid GWAS results from each cohort for
potential population substructure by examining plots of observed vs expected p-values for
each set of GWAS results. We corrected for possible population stratification in 3 of the
cohorts (CARDIA, CHS, and MESA) by including the 10 first principal components as
covariates in the SNP-fatty acid GWAS. Principal component analysis was not applied in
ARIC and InCHIANTI because the analyses in these cohorts show inflation factors very
close to 1, however, genomic control correction was applied to each study prior to the meta-
analysis to additionally minimize potential confounding by population stratification.
Inflation factors (λ) ranged from 0.993-1.042 (16:0), 0.993-1.035 (18:0), 0.995-1.085
(16:1n-7), and 1.001-1.073 (18:1n-9), suggesting minimal population stratification after the
adjustments.

Meta-Analysis
For each SNP and fatty acid, study-specific genome-wide association results (treating the
minor allele of each SNP as the risk allele) were combined using inverse-variance weighted
meta-analysis in METAL (www.sph.umich.edu/csg/abecasis/metal.htm). P-values less than
5×10-8 were considered significant. Because total plasma levels of the fatty acids of interest
in InChianti differed substantially from their plasma phospholipid levels in the other cohorts
(Table 1), we performed a z-score based meta-analysis of each fatty acid with the 5 cohorts,
as a sensitivity analysis. The proportion of fatty acid variance explained by a particular
variant allele was calculated for each cohort from the formula corr(Y, Ŷ)2 ≌ (β2*2*MAF(1-
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MAF))/Var(Y), where β is the regression coefficient for one copy of the allele, MAF is the
minor allele frequency and Var(Y) is the variance of the fatty acid (Online Supplemental
Material).

Interaction analyses
We tested 20 interactions using cross products in the linear regression models. We
investigated interactions of the 10 most associated SNPs with a) dietary carbohydrate intake
(as substitution for an equal amount of % of total energy from fat, entered as a continuous
linear variable) and b) habitual alcohol intake (grams/day + 1, log transformed, and entered
as a continuous linear variable) on the outcomes of 16:0, 16:1n-7, 18:0 and 18:1n-9.
Interaction coefficients from cohort-specific analyses were meta-analyzed. P-values less
than 0.0025 (0.05/20 tests) were considered significant for the interactions.

Results
Cohort characteristics

The study sample included a total of 8,961 subjects of European ancestry in the ARIC,
CARDIA, CHS, InChianti and MESA cohorts. Table 1 shows sample sizes, subject
demographics, selected dietary habits, and circulating fatty acid levels in the 5 cohorts.
Participants comprised mostly middle-aged to older individuals (mean age across the cohorts
ranged from mid-40s to mid-70s), and approximately 50% were men. Typical for middle-
aged and older US populations, subjects obtained ∼50% of their energy from carbohydrate
and reported low to moderate alcohol consumption 40, 41. As percent of total fatty acids,
mean levels of 16:0 varied between the cohorts from 22.5% to 25.8%; 16:1n-7, from 0.51%
to 2.4%; 18:0, from 6.5% to 13.3%; and 18:1n-9, from 7.6% to 25.9%. The InCHIANTI
study only measured fatty acids in total plasma, accounting for the larger differences in
levels when compared to other cohorts that measured plasma phospholipid fatty acids 42.

Genome-wide associations of fatty acids in the DNL pathway
The meta-analysis of the genome-wide association results is shown in Figure 2. SNPs in
multiple novel genetic loci were associated with these fatty acids. For most of these loci,
many highly correlated SNPs reached genome-wide significance (P<5×10-8, 379 total SNPs;
Table 2 and Supplementary Tables 2-5). For the results below, directionality is reported for
minor alleles

Variants alleles of SNPs on a chromosome 1 locus that contained the ALG14, RWDD3,
CNN3, and TMEM56 genes were associated with higher 16:0 (most associated SNP:
rs2391388, P =2.7×10-11, Table 2 and Figure 3) and lower 18:0 (most associated SNP:
rs6675668, P =2.2×10-18, Table 2 and Figure 4A). These two most significant SNPs were
both in the ALG14 gene and in strong linkage disequilibrium (r2=0.875).

Variant alleles of SNPs at two additional loci were associated with lower levels of 18:0
(Table 2 and Figure 4). The first locus was on chromosome 1 that contained LPGAT1, a
gene involved in phospholipid metabolism (most associated SNP: rs11119805, P =2.8×10-9,
Figure 4B) and another on chromosome 11 that contained the C11rf9/10, FEN1, and
desaturase genes (FADS1 and FADS2) (most associated SNP: rs102275, P =1.3×10-20,
Figure 4C). Variant alleles of SNPs at the FADS1/2 gene cluster was also associated with
higher 18:1n-9 (Figure 5) and 16:1n-7 (Figure 6A); with rs102275 also being the most
significantly associated SNP (P =2.2×10-32 and 6.6×10-13 for 18:1n-9 and 16:1n-7,
respectively). For 18:1n9, the SNPs that reached genome-wide significance extended to
FADS3 (another putative desaturase gene) (Figure 5 and Supplemental Table S1).
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Four additional loci were associated with circulating levels of 16:1n-7. One locus was on
chromosome 10 where a single SNP (rs603424, P =5.7×10-15, Table 2 and Figure 6B) in the
gene PKD2L1 was associated with lower 16:1n-7. Variant alleles in the other 3 loci were all
associated with higher 16:1n-7. One locus was on chromosome 10 (most associated SNP:
rs11190604, P =5.7×10-9, Figure 6C), and contained the HIF1AN, NDUFB8, SEC31B, and
WNT8B genes. Two separate regions were also found on chromosome 2: one contained
GCKR (most associated SNP: rs780093, P =9.8×10-10, Table 2 and Figure 6D), a gene with
key regulatory roles in liver glucose and lipid metabolism. The second locus (most
associated SNP: rs6722456, P= 4.1×10-8) had no known gene in the region.

The genome-wide significant SNPs were either genotyped or had good to excellent
imputation quality (Supplemental Table 6). Across the 5 individual cohorts, the directions of
association between the top SNPs at each locus and the fatty acid concentrations were
consistent (Figure 7, study specific beta-coefficients and standard errors are available on
request). The magnitude and direction of associations were generally consistent across all 5
cohorts. In cases where moderate heterogeneity were present, this was largely due to
different findings in the InCHIANTI cohort. This heterogeneity was due to differences in the
magnitudes of the gene-fatty acid associations in InCHIANTI versus the other cohorts,
rather than differing directions of associations.

Sensitivity analysis
Using inverse-variance-weighted meta-analysis assumed that the fatty acids were measured
on the same scale in all the cohorts. However, the InCHIANTI cohort measured total plasma
fatty acids while the other 4 cohorts measured plasma phospholipid fatty acids, and whether
the scale of these different measurements was the same was uncertain. To assess whether the
findings depended on the meta-analytical technique, we performed z-score based meta-
analysis. Results were not altered appreciably for all of the most associated SNPs in Table 2
(not shown) with the exception of rs6722456 (z-score based meta-analysis P=3.7×10-5).
Furthermore, exclusion of InCHIANTI from each meta-analysis did not materially alter the
top SNP-fatty acid associations (results not shown).

We also found little evidence for interaction between dietary carbohydrate intake or alcohol
use and any of the identified SNPs in relation to levels of 16:0, 16:1n-7, 18:0, or 18:1n-9 (P
interaction>0.0025 each, the Bonferroni-adjusted significance threshold).

Discussion
We report the first evidence of genome-wide significant associations of 7 novel loci
associated with one or more of four plasma phospholipid fatty acids in the DNL pathway.
These results are based upon meta-analysis of GWAS of circulating fatty acids in nearly
9,000 adults of European ancestry. The directions of association of the most associated
SNPs are shown in Figure 8. Two of the identified loci have opposite associations with
adjacent fatty acids in the metabolic pathway, i.e., ALG14 with higher 16:0 and lower 18:0,
and FADS1/2 with lower 18:0 and higher 18:1n-9. This suggests the genes have potentially
distinct effects on metabolic conversion of these paired fatty acids. A third locus, LPGAT1,
was also associated with levels of 18:0, and four other loci (GCKR, HIF1AN, PKD2L1, one
on chromosome 2 not near known genes) as well as FADS1/2 were associated with variation
in levels of 16:1n-7.

Plasma phospholipid fatty acid levels are complex physiological traits and likely influenced
by a variety of exogenous and endogenous factors. The biologic pathways represented by
the novel loci identified in this study, and their potential relations to fatty acid metabolism
and DNL, are intriguing. For example, we found minor alleles in FADS1/2 on chromosome
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11 to be associated with both lower 18:0 and higher 18:1n-9, as well as higher 16:1n-7. Our
findings confirm a prior candidate gene study that observed associations of FADS1/2
variation and erythrocyte phospholipid 16:1n-7 levels among 4457 pregnant women 43, and
further extend these findings by demonstrating associations with 18:0 and 18:1n-9, for
which statistical power may have been previously limited. The opposite directions of
association of these SNP alleles with 18:0 and 18:1n-9 suggest a potential effect on the
corresponding Δ-9 desaturation reaction, which is predominantly catalyzed by stearoyl-CoA
desaturase (SCD-1)2. However, FADS1/2 encodes the Δ-5 and Δ-6 fatty acid desaturases,
involved in polyunsaturated fatty acids biosynthesis44, and not the Δ-9 desaturase. We
recently reported that genetic variation in FADS1/2, including SNPs in high LD (r2≥0.9)
with the currently identified top SNP in this locus, is associated with circulating
phospholipid n-3 fatty acids, including higher alpha-linolenic acid and lower
eicosapentaenoic acid 6. Further work is needed to investigate how genetic variation in
FADS1/2 could affect circulating concentrations of 16:1n-7, 18:0, and 18:1n-9.Finally,
several SNPs in FADS3 was associated with 18:1n-9 at genome-wide significance
(Supplemental Table 1). Given the presence of multiple LD blocks in the FADS1/2/3 region,
the associations could also be due to FADS3, a putative desaturase gene whose function is
currently unknown. Our results suggest future studies should investigate if FADS3 possesses
Δ-9 desaturase activities.

Our findings concerning ALG14 are consistent with a prior GWAS study in ∼4000
European subjects that found an association of ALG14 variation with
lysophosphatidylcholine (a sub-class of phospholipids) 18:0 45, and extend these findings by
showing a relationship to total phospholipid 18:0 and 16:0. ALG14 encodes the asparagine
(N)-linked glycosylation 14 homolog, a subunit of the UDP-N-acetyl glucosamine
transferase (UDP- N-GlcNAc) protein. In the endoplasmic reticulum, UDP- N-GlcNAc
contributes to biosynthesis of lipid-linked oligosaccharides that are essential substrates for
N-linked glycosylation of proteins 46, 47. The endoplasmic reticulum is the predominant site
of the elongation of long-chain fatty acids 48. Furthermore, inhibition of N-linked
glycosylation in cultured rat hepatocytes enhances activation of sterol regulatory element-
binding protein-1 (SREBP-1, a transcription factor regulating the expression of lipogenic
enzymes), and increases downstream expression of DNL enzymes including fatty acid
synthase (FAS, which carries out the initial steps in DNL to produce 16:0 as the major
product) and stearoyl CoA desaturase (SCD-1), which catalyzes Δ-9 desaturation of 16:0 to
16:1n-7 and of 18:0 to 18:1n-9) 18. When viewed in the context of these prior studies, our
findings of an association between genetic variation in ALG14 and circulating 16:0 and 18:0
levels highlights the need to investigate whether ALG14 affects fatty acid metabolism and/or
DNL, for example through changes in N-glycosylation of proteins synthesized in the
endoplasmic reticulum.

Variation in LPGAT1, which encodes for a lysophosphatidylglycerol acyltransferase 49, was
associated with lower 18:0. After their initial synthesis, phospholipids such as
phosphatidylglycerol undergo rapid deacylation-reacylation modeling (Lands' cycle) that
alters the fatty acid present at their sn-2 position, which may influence phospholipid
properties 50. Recent molecular studies suggest that the LPGAT1 protein preferentially
transfers 16:0, 18:0, and 18:1n-9 to the sn-2 position of lysophosphatidylglycerol to generate
phosphatidylglycerol, and thus contribute to the reacylation pathway 49. The novel genetic
association observed in this study, as well as the growing evidence of the potentially
important role of phosphatidylglycerol and phospholipid remodeling in cell signaling and
metabolism 51-53, should encourage further research into genetic determinants of
phosphatidylglycerol fatty acid composition and function.
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We found 5 distinct loci associated with 16:1n-7, far more than for any of the other fatty
acids evaluated. Because relatively few dietary sources of 16:1n-7 exist 54, metabolic factors
may be particularly important in determining its circulating concentrations. Among the
identified SNPs on chromosomes 2 and 10, GCKR and HIF1AN stand out as potential genes
of interest. In GCKR, the T allele of rs780093 (the most significantly associated SNP with
16:1n-7) is in strong LD with the T allele of rs1260326 (r2=0.9), a non-synonymous variant
(P446L) that has been consistently associated with elevated triglycerides and reduced fasting
plasma glucose 55, 56. GCKR encodes glucokinase regulatory protein, which inhibits the
activity of glucokinase, a key protein with many roles including glucose sensing in liver and
pancreas 57. Experimentally, P446L-GCKR has reduced inhibitory activity towards
glucokinase, which would be predicted to increase glycolytic flux and production of
malonyl-CoA, a key substrate for DNL pathway and triglyceride synthesis 56. Such
genetically influenced increased availability of substrate for DNL might account for the
observed association with 16:1n-7, a hypothesis that warrants testing in future
investigations.

HIF1AN encodes a protein which modulates the activity of HIF-1α, a transcription factor
regulating cellular metabolic responses to oxygen availability 58. In mice, partial deficiency
of HIF-1α attenuates the induction by intermittent hypoxia of fatty acid and triglyceride
biosynthesis, lowering SREBP-1 and SCD-1 activity and increasing the serum ratio of
16:1n-7 to 16:0 59, 60. Knockout of the HIF1AN gene in mice resulted in decreased
expression of lipogenic genes (e.g. Scd-1) in response to a high-fat, high-calorie diet 61. Our
present results support a link between GCKR and HIF1AN with DNL in humans.

PKD2L1, which encodes for polycystic kidney disease 2-like 1 protein 62, was also
associated with lower 16:1n-7 levels. In support of our finding, a prior GWAS analysis in
European populations reported similar associations of PKD2L1 with
lysophosphatidylcholine (a sub-class of phospholipids) 16:1 n-7 45. This protein has been
suggested to function as a calcium-regulated non-selective cation channel with a role in
detecting sour taste in humans 63, 64. We are unaware of experimental studies suggesting its
involvement in pathways related to 16:1n-7 or DNL. 16:1n-7 levels were also associated
with several other SNPs in chromosome 10 genes, including NDUFB8 that encodes NADH
dehydrogenase 1 beta sub-complex, SEC31B that encodes SEC31 homolog B, and WNT8B
that encodes wingless-type MMTV integration site family member 8B. We could not
identify prior studies suggesting a role of these genes in DNL or fatty acid metabolism.
Further investigation of these potential effects may elucidate novel regulatory pathways and
functions.

Finally, we found a locus on chromosome 2 (top SNP: rs6722456) associated with 16:1n-7
that was not in close vicinity of known genes. The direction of association was consistent in
4 of 5 cohorts, but nevertheless the relevance of this finding is as yet unknown. A strength of
this current analysis is that all of the participants in this consortium were from random
subsets of cohorts, rather than nested case-controls studies, thus reducing the chance of
selection bias. An additional strength of genetic studies such as this one is the absence of
potential confounding from environmental or lifestyle factors. Our results were consistent
across the cohorts, with minor heterogeneity present for InCHIANTI. We note that all other
cohorts assessed fatty acids in plasma phospholipids, whereas fatty acids were measured in
total plasma in InCHIANTI; this difference could, at least in part, account for some of this
heterogeneity. We additionally confirmed the consistency of our results as exclusion of
InCHIANTI from the meta-analysis had minimal to no effect on the observed associations.
In our recent GWAS of plasma phospholipid n-3 fatty acids, the majority of identified
variants were in genes encoding known regulatory enzymes for these fatty acids 32. In
contrast, in the present study, variation in genes encoding proteins in the DNL pathway (e.g,
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stearoyl CoA desaturase) was not associated with DNL fatty acids. These results suggest
that metabolic pathways other than DNL may influence circulating levels of these fatty
acids, and also highlight the unique strength of appropriately powered, non-hypothesis-
driven GWAS for identifying novel genetic polymorphisms that affect circulating fatty
acids. Such approaches can be complemented by pathway-driven analyses in future work,
e.g., focusing on known fatty acid regulatory genes that may not have been identified herein
due to small effects or very low frequency. Potential limitations should be considered. The
effect of polymorphisms on protein function is unknown and the identified variants
explained little of the variance in fatty acid levels. Thus, our results highlight the need for
additional studies to identify other factors, including direct dietary consumption, gene-
environment interactions, and other endogenous metabolic processes that influence these
fatty acids, and possible heterogeneity across populations. However, as with most other
GWAS, we believe that the findings of our analysis are most relevant to identify new
biologic pathways that influence these fatty acids and possibly DNL, rather than to account
for population variation 65. It should be noted that each identified genetic loci contained
many SNPs in high LD and we do not know which are the causal variants. Additionally,
while the top findings were highly statistically significant, for SNPs with P-values close to
the genome-wide threshold should be interpreted with caution, and future replication efforts
are required to confirm these associations. Another limitation was that we focused on fatty
acids which were major products of DNL and that were available in all cohorts in the
consortium, Several other fatty acids in the DNL pathway (e.g. myristic acid) were therefore
not investigated and should be the focus of future studies. Finally, each of the cohorts
measured different number of fatty acids, which potentially introduced artificial variation in
% fatty acid abundance in cross-cohort comparisons. However, the magnitude and direction
of associations were mostly consistent across all 5 cohorts, suggesting the influence of
different number of fatty acids measured had minimal effects on the SNP-fatty acid
associations.

In conclusion, in the first reported GWAS of circulating levels of these fatty acids, we
identified multiple novel genetic variants in genes with functions in protein N-glycosylation,
polyunsaturated fatty acid metabolism, phospholipid modeling, and glucose and oxygen
sensing pathways. Given the multi-faceted cellular functions of these fatty acids and of
DNL, as well as their potential influence on cardiometabolic diseases, these findings inform
new directions for investigation of how these genes and related molecular mechanisms may
alter fatty acid synthesis and metabolism.
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Palmitic acid, stearic acid, palmitoleic acid, and oleic acid are major saturated and
monounsaturated fatty acids that affect cellular signaling and metabolic pathways. They
are synthesized via de novo lipogenesis (DNL) and are the main saturated and mono-
unsaturated fatty acids in the diet. Levels of these fatty acids have been linked to diseases
including type 2 diabetes and coronary heart disease. Despite these findings suggesting
importance of these fatty acids, the metabolic pathways and genetic variants that regulate
and determine their circulating concentrations are not understood. Genome-wide
association studies were conducted in 5 population-based cohorts comprising 8,961
participants of European ancestry to investigate the association of common genetic
variation with plasma levels of these four fatty acids. We identified polymorphisms in 7
novel loci associated with circulating levels of one or more of these fatty acids.
Polymorphisms associated with fatty acid levels were identified in genes with diverse
functions, including protein-glycosylation (ALG14), polyunsaturated fatty acid
metabolism (FADS1 and FADS2), phospholipid modeling (LPGAT1), and glucose- and
oxygen- sensing pathways (GCKR and HIF1AN). These results expand our knowledge of
genetic factors relevant to DNL and fatty acid biology, and will stimulate future research
to investigate their potential role in cardio-metabolic diseases.
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Figure 1.
Major fatty acids in the de novo lipogenesis pathway. Palmitic acid (16:0), stearic acid
(18:0), palmitoleic acid (16:1n-7), and oleic acid (18:1n-9) are the major saturated and
mono-unsaturated fatty acids that are obtained via de novo lipogenesis (DNL) or the diet,
and investigated in this study (the metabolic steps which link the fatty acids are in italics,
and the key enzyme involved in these processes labeled in brackets). In the initial steps of
DNL, fatty acid synthase (FAS) catalyze the polymerization of malonyl-CoA to form 16:0
as the major initial product. 16:0 can be elongated to 18:0, and cellular studies suggested
elongase-6 (Elov6) is the enzyme primarily responsible for this conversion 29. Both 16:0 and
18:0 are substrates for stearoyl-CoA desaturase (SCD) to give rise to 16:1n-7 and 18:1n-9,
respectively 2.
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Figure 2.
Meta-analysis of genome-wide associations with fatty acids in the de novo lipogenesis
pathway. A: palmitic acid (16:0); B: stearic acid (18:0); C: palmitoleic acid (16:1n-7), and
D: oleic acid (18:1n-9). Associations are demonstrated by chromosome location and −log10
(P-value), up to P-values of 10-10. Triangles indicate additional SNPs with P-value < 10-10.
Genes of interest in each locus with SNPs variants which reached genome-wide significance
are shown.
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Figure 3.
SNP association plots for palmitic acid-associated region. Genetic coordinates are along the
x-axis (as per NCI build 36) and genome-wide association significance level is plotted
against the y-axis as −log10(P-value). LD is indicated by color scale in relationship to
marker rs2391388, with red for strong linkage disequilibrium (LD; r2 ≥0.8) and fading color
for lower LD.

Wu et al. Page 17

Circ Cardiovasc Genet. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
SNP association plots for stearic acid-associated region. Genetic coordinates are along the x-
axis (as per NCI build 36) and genome-wide association significance level is plotted against
the y-axis as −log10(P-value). (A) ALG14 cluster region. LD is indicated by color scale in
relationship to marker rs6675668. (B) LPGAT1 cluster region. LD is indicated by color scale
in relationship to marker rs11119805. (C) FADS cluster region. LD is indicated by color
scale in relationship to marker rs102275. The color scheme is red for strong linkage
disequilibrium (LD; r2 ≥0.8) and fading color for lower LD.
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Figure 5.
SNP association plots for oleic acid-associated region. Genetic coordinates are along the x-
axis (as per NCI build 36) and genome-wide association significance level is plotted against
the y-axis as −log10(P-value). LD is indicated by color scale in relationship to marker
rs102275, with red for strong linkage disequilibrium (LD; r2 ≥0.8) and fading color for
lower LD.
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Figure 6.
SNP association plots for palmitoleic acid-associated region. Genetic coordinates are along
the x-axis (as per NCI build 36) and genome-wide association significance level is plotted
against the y-axis as −log10(P-value). (A) FADS cluster region. LD is indicated by color
scale in relationship to marker rs102275. (B) PKD2L1 cluster region. LD is indicated by
color scale in relationship to marker rs603424. (C) HIF1AN cluster region. LD is indicated
by color scale in relationship to marker rs11190604. (D) GCKR cluster region. LD is
indicated by color scale in relationship to marker rs780093. The color scheme is red for
strong linkage disequilibrium (LD; r2 ≥0.8) and fading color for lower LD.
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Figure 7.
Forest plots for each of the top SNP-fatty acid associations: Within cohort effect size and
95% CI's were obtained from linear regression analysis using robust standard errors, and
results were pooled using inverse-variance weighted meta-analysis. The size of the grey box
around the central effect size estimate of each study is proportional to its inverse-variance
weight in the meta-analysis. The vertical dashed line indicates the pooled meta-analysis
effect size estimate. Chi-square test for heterogeneity P-values, and the I2 statistic are also
shown for each meta-analysis. The magnitude and direction of associations were generally
consistent across all 5 cohorts. In cases where moderate heterogeneity were present, this was
largely due to different findings in the InCHIANTI cohort. We note that all other cohorts
assessed fatty acids in plasma phospholipids, whereas fatty acids were measured in total
plasma in InCHIANTI; this difference could, at least in part, account for some of this
heterogeneity. It is also important to note that this heterogeneity was due to differences in
the magnitudes of the gene-fatty acid associations in InCHIANTI versus the other cohorts,
rather than differing directions of associations; and that exclusion of InCHIANTI from each
meta-analysis did not materially alter the top SNP-fatty acid associations (results not shown)
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Figure 8.
Summary of genome-wide association results. The genome-wide significant associations of
identified loci (and genes of potential interest) with each fatty acid are shown with dashed
arrows, and the +/- signs indicate the direction of the associations for the minor alleles at
each loci.
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