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Those most affected by genotype were glycerophospholip-
ids and unknowns (Figure 1C through 1J, Table 1). Follow-
ing P value adjustment the number of significantly different 
lipids was 17, with 7 putatively identified as lysoPC ions 
and adducts (Tabs I and II in the Data Supplement). An 
additional group of 8 had P values close to significance 
at 0.05 to 0.08. All were reduced in GG plasma. As this 
method is used as for hypothesis generation only, we next 
validated our results using gold-standard quantitative tar-
geted methods.

Quantitative Targeted Lipidomics Confirms 
Decreased LysoPLs in the GG Samples
The same plasmas were analyzed using a targeted fully 
quantitative assay for 15 lysoPLs (lysophosphospholip-
ids). Of these several lysoPCs significantly decreased, with 
both lysoPC and lysoPEs all trending towards lower lev-
els in GG (Figure IVA in the Data Supplement). This was 
replicated using new samples from NPHSII (n=47: AA, 
49: GG; Figure IV in the ). This was 
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Figure 2. LysoPLs (Lysophosphospholipids) are significantly reduced in rs10757274 GG but not in subjects with unrelated SNPs.
A, Several LPCs are lower in GG samples than AA controls, and LPEs trend towards lower levels. LysoPLs were determined using LC/MS/MS 
as described in Methods (n=88 AA and 81 GG). Tukey box plot, *P<0.05, **P<0.01, ***P<0.005, 2-tailed, unpaired Student t test (black) and 
Mann-Whitney U (red). B, Plasma lysoPL are not altered by other risk SNPs. Plasma from the NPHSII (Northwick Park Heart Study II) cohort 
containing several risk (up or down) SNPs were analyzed using LipidFinder, and m/z values corresponding to lysoPL extracted and

https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002806




Meckelmann et al� Phospholipids Define a Cardiovascular Risk SNP

Circ Genom Precis Med. 2020;13:e002806. DOI: 10.1161/CIRCGEN.119.002806� June 2020 155

was seen in GG, suggesting a decoupling of ATX from 
metabolizing lysoPL to lysoPA. Comparing the slopes 
for AA versus GG revealed significant differences based 
on genotype (P=0.0157). This further underscores the 
dysregulation of the lysoPL metabolic pathway in the 
GG group and suggests that non-ATX pathways may 
mediate lysoPL to lysoPA conversion. Last, the relative 
ratios of all lysoPL and lysoPA molecular species were 
unchanged in the GG versus AA groups (Figure 3L). Thus, 
while metabolism of lysoPL/lysoPA by ATX is altered, 
there was no influence of genotype on molecular com-
position overall. Notably, ATX preferentially metabolizes 
unsaturated lysoPCs.18 Overall, despite the correlations 
only showing associations, when taken with our observa-
tions that plasma from GG subjects has significantly less 
ATX protein and that all lysoPC molecular species are 
similarly affected, our data strongly evidence that there 
is less involvement of ATX in metabolizing these lipids in 
GG plasmas.

Next, a Pearson correlation analysis looking at rela-
tionships between individual lipids and ATX was next 
undertaken using Cytoscape. For thresholds, the clas-
sification system of Schober was used.19 Here, we see 
that there are moderate (r=0.40–0.69, green) or strong 
(r=0.70–1.00 gray) correlations between lipids of the 
same class, while there are weak (r=0.10–0.39, red) 
correlations between different lipid classes (Figure 4A). 
Importantly, the key difference in the data set is that the 
weak correlations between classes are positive for the 
AA group, while they are negative for the GG group (Fig-
ure 4A). Overall, this indicates that these lipids behave 
similarly within AA subjects. In contrast, in GG plasma, 
while lipid classes still positively correlate within their 
groups (eg, lysoPCs correlate strongly with each other), 
the links between lysoPL and lysoPA are lost. Instead 
correlations were weakly negative between lysoPE and 
lysoPA (Figure 4A). As in Figure 4, ATX weakly positively 
correlates with lysoPA in the AA group but instead with 
lysoPL in the GG group. This analysis reinforces our find-
ings of altered metabolism for lysoPL/lysoPA but here at 
the level of individual lipid species.

ANRIL Knockdown Significantly Alters Lipid and 
LysoPL Metabolism Gene Expression
Chr9p21 risk SNPs are believed to act via altering expres-
sion of ANRIL, which regulates cell proliferation/senes-
cence in vitro.2,4,5 To examine for a functional link with 
lysoPL/lysoPA metabolism, we analyzed the effect of 

shRNA downregulation of the proximal ANRIL transcripts 
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Figure 4. Cytoscape analysis of lipids reveals divergent metabolism in GG vs AA, while ANRIL knockdown is associated with 
significant changes to lysoPL (lysophosphospholipids)/lysoPA (lysophosphatidic acid)-metabolizing genes.
A, Cytoscape reveals strong links within related families, but a positive-negative switch for lysoPL-lysoPA correlations between AA-
GG plasmas. Pearson correlation networks were generated for the AA and GG validation samples (n=47 AA and 49 GG), using lipid 
concentrations. Nodes are colored by lipid sub-category and represent individual molecular species, and edges represent the correlation. 
Edges detail the Pearson correlation coefficients between nodes (lipids), where the width of the edge denotes value. Additionally, edges are 
colored by value: red (r=0.10–0.39); green (r=0.40–0.69); gray (r=0.70–1.00). (Continued )
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significantly different between risk haplotypes (RRWT) 
and other lines, and where removal of the risk locus in 
RR led to partial or complete rescue: ACSL3, DGKA, 
PLA2G2A, LPCAT2, LPL, PLA2G3, PLPPR2/LPPR2, 
PLA2G12A, PLPP1/PPAP2A, LCAT, PLA2G6, ACSL1, 
MBOAT2, and PNPLA3 (Figure 5A, Figure VI in the Data 
Supplement). Of these, DGKA, PLA2G12A, and LCAT 
were regulated in line with reduced lysoPC/lysoPA.

Multivariate analysis using principal component analy-
sis for expression of these 14 genes shows clear sepa-
ration of VSMC lines containing the RRWT from controls 
(NNWT) in PC-1 (Figure 5B). When the risk locus was 
deleted, the resulting RRKO cell lines instead clustered 
closer to NNWT and NNKO in PC-1 (Figure 5B). This 
analysis indicates that expression of several lysoPL 
metabolizing genes is different in risk haplotype cells but 
reverts closer to NN on removal of the 9p21 locus.

Next, correlations of genes that metabolize lysoPLs 
with ANRIL isoforms (exons 6–7 and 18–19) were per-
formed. Deletion of the Chr9p21 locus in the KO VSMC 
lines starts around exon 9 and runs downstream to the 
end of the coronary artery disease region.13 Analysis 
of ANRIL was performed by qPCR detection of ANRIL 
isoforms containing exons 6 and 7 (present in long and 
short isoforms) and exons 18 to 19 (in long isoforms 
only). The analysis showed a significant increase of iso-
forms containing exons 6 and 7 in RRWT cells, compared 
with NNWT cells (Figure VII in the Data Supplement), as 
previously described.13 ANRIL expression was minimal 
in NNWT, with levels comparable to a residual expres-
sion of ANRIL detected in both KO lines, possibly due to 
transcription of truncated transcripts. ANRIL analysis per-
formed using detection of exons 18 and 19 showed no 
significant differences between RRWT and NNWT cells. 
No transcript expression was detected in KO lines as 
expected because the deletion encompasses the last 10 
exons of the ANRIL gene. These analyses confirmed that 
ANRIL short isoforms containing exons 6 and 7 but not 
18 and 19 are upregulated in RRWT VSMCs. To evalu-
ate possible correlations between lysoPLs-related genes 
and ANRIL expression, all samples were used for ANRIL 
(exons 6–7) analysis, while for correlations with ANRIL 
(exons 18–19), only WT (RR and NN) were tested. Circu-
lar ANRIL isoforms have not been detected in these cells.

ANRIL (Exons 6–7)
Several genes correlated significantly, either in a positive or 
a negative direction with these ANRIL isoforms (Figure VIII 
in the Data Supplement). RRWT samples (in red) clustered 

together as groups, separated from all other samples, which 
were seen to express phospholipid (PL) metabolism genes 
similarly. This was somewhat expected because these PL 
metabolism genes were differently expressed in RRWT 
versus RRKO, NNWT, NNKO, as shown for ANRIL (6–7) 
expression (Figure 5B, Figure VII in the Data Supplement). 
However, the significant Pearson correlations between 
ANRIL (exons 6–7), and the individual genes show a direct 
association between this form of these ANRIL isoforms 
and some lysoPL genes.

ANRIL (Exons 18–19)
Here, correlations were tested using RRWT or NNWT 
clones separately and then compared. Five genes 
were identified where a significant negative correla-
tion between ANRIL (18–19) and lysoPL gene expres-
sion was seen (PNPLA3, DGKA, ENPP2, LPCAT3, and 
PLA2G4C) in the RR clones. In contrast, correlations in 
NN samples were weaker and not significant (Figure IX in 
the Data Supplement). This suggests an impact of ANRIL 
(18–19) isoforms on gene expression, that is absent/
reduced in NN. One NN clone displayed higher levels of 
ANRIL (18–19) compared with others, and as an outlier 
had a large impact on the correlation, reducing statistical 
power.

In Silico Analysis of miRNA Databases 
Suggests Potential Candidates for ANRIL 
Regulation of LysoPL Gene Expression
ANRIL displays sponge activity towards miRNAs.20 
To examine whether this could mechanistically link 
ANRIL with lysoPL gene expression, we undertook an 
in-silico analysis using 2 databases (including one that 
is experimentally validated: TarBase v8 (http://caro-
lina.imis.athena-innovation.gr/diana_tools/web/index.
php?r=tarbasev8%2Findex) and TargetScan (*http://
www.targetscan.org/vert_72/). We searched whether 
miRNAs known to be inhibited by ANRIL interact with 
PL-metabolizing genes that are altered in HEK or 
VSMC data sets. Here, the expected outcome is that 
target genes should be regulated in the same direction 
as ANRIL. Some hits were found, including 2 that were 
conserved across both data sets. In the HEK data, the 
miRNAs that interact with downregulated genes were 
miR-186-3p, miR-34a-3p (LPCAT1) and miR-122-5p, 
miR-34a-5p (LPCAT3). In the VSMC data set, where 
ANRIL (exons 6–7) is significantly upregulated in RR, we 
focused on genes that were elevated in RR and reduced 

Figure 4 Continued. C and D, Significant changes in lipid regulatory gene expression are observed with ANRIL knockdown in cell culture. 
Affymetrix array data generated in Congrains et al5 was analyzed using GO as described in Methods. Volcano plot showing differential gene 
expression of all genes on the Affymetrix HuGene1.0 v1, chip. LysoPL/lysoPA regulating genes that alter in line with decreased levels of the 
lipids in GG plasma are labeled. The horizontal dashed line shows where adj. P value <0.05 (Benjamini-Hochberg correction) where points 
(genes) above this line are significantly differentially expressed. LysoPL-regulating genes that alter in line with decreased levels of the lipids are 
labeled in black. Genes in red are annotated to the GO term detailed in the plot title. Data are plotted in R using ggplot2. B, Forty-eight hour 
shRNA knockdown. C, Ninety-six hour shRNA knockdown.
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when the locus was deleted. Here, we found miR-34a-5p 
(PLA2G6) and miR-122-5p (PNPLA3). These hits were 
all from the experimentally validated database (Tarbase) 
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Figure 5. VSMCs from risk haplotypes show differential gene expression of lysoPL (lysophosphospholipid) metabolizing genes 
that are rescued by deletion of the Chr9p21 locus.
A, PCA shows that the presence of risk haplotypes is associated with differential gene expression of lysoPL genes. Induced pluripotent 
stem cells from peripheral monocytes were obtained and differentiated as described in Materials in the Data Supplement. RNAseq data 
were clustered using lysoPL metabolizing genes by PCA in R. Nonrisk haplotype (NNWT), risk haplotype (RRWT) and their genome edited 
counterparts (NNKO and RRKO) are shown. B, Example data sets for ACSL3 and DGKA, showing that removing the risk locus reverts 
gene expression back to levels in nonrisk individuals. *P<
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metabolic alterations to the lysoPL/lysoPA/ATX axis in 
human plasma (Figures 1 through 4). This revealed a gen-
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In line with this, ENPP2 expression negatively correlated 
with ANRIL (exons 18–19) in VSMC from the risk group, 
suggesting an association between this gene and a risk 
form of ANRIL (Figure IX in the Data Supplement). Also, 
ENPP2
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Figure 6. Metabolic pathway showing lysoPL (lysophosphospholipids)/lysoPA (lysophosphatidic acid) regulatory genes that 
are significantly altered by ANRIL knockdown in HEK cells.
Genes that metabolize these lipids are shown. Full data on their transcriptional regulation is provided in Table 3, Tab VII in the Data 
Supplement. LCAT was not significantly regulated but is shown for completeness.
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