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Reanalysis of mGWAS results and in vitro validation
show that lactate dehydrogenase interacts with
branched-chain amino acid metabolism

Mattijs M Heemskerk1,2, Vanessa JA van Harmelen1,2, Ko Willems van Dijk1,2,3 and Jan Bert van Klinken*,1,2

The assignment of causative genes to noncoding variants identified in genome-wide association studies (GWASs) is challenging.

We show how combination of knowledge from gene and pathway databases and chromatin interaction data leads to

reinterpretation of published quantitative trait loci for blood metabolites. We describe a previously unidentified link between the

rs2403254 locus, which is associated with the ratio of 3-methyl-2-oxobutanoate and alpha-hydroxyisovalerate levels, and the

distal LDHA gene. We confirmed that lactate dehydrogenase can catalyze the conversion between these metabolites in vitro,
suggesting that it has a role in branched-chain amino acid metabolism. Examining datasets from the ENCODE project we found

evidence that the locus and LDHA promoter physically interact, showing that LDHA expression is likely under control of distal

regulatory elements. Importantly, this discovery demonstrates that bioinformatic workflows for data integration can have a vital

role in the interpretation of GWAS results.
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INTRODUCTION

Owing to recent advances in metabolomics technology and decreasing
costs, genome-wide association studies (GWASs) have now been
performed on a wide range of metabolites.1–4 These studies have
provided new insights into how biochemical pathways are affected by
genetic polymorphisms and have increased our understanding of the
pathogenesis of metabolic disease.3,5 As variation in metabolite levels is
often linked to changes in enzyme or transporter activity, functional
annotation of the loci that are located in or close to enzyme-coding
genes has been straightforward. However, for a substantial part of the
loci identified in mGWAS, no obvious link between the metabolite
and proximal enzyme-coding genes exists, and the association with the
phenotype is much harder to explain.
We developed an automated workflow for mapping the results of

GWASs on pathway databases to assist in their interpretation. We
applied the workflow on the 37 loci that have been reported by Suhre
et al.3 and were able to provide a new functional annotation of the
rs2403254 (chr11.hg19:g.18325146C4T) single nucleotide poly-
morphism (SNP) which associates with the ratio of 3-methyl-2-
oxobutanoate and alpha-hydroxyisovalerate levels in the blood.
Reanalysis of this locus uncovered a functional link to the gene coding
for the lactate dehydrogenase (LDH) A enzyme and in vitro analysis
confirmed that LDH could convert 3-methyl-2-oxobutanoate into
alpha-hydroxyisovalerate. In addition, we found a physical association
between the rs2403254 locus and the LDHA promoter region in the
chromatin interaction data from the ENCODE project.6–8 Combined,
our data suggest that LDH interacts with branched-chain amino acid
metabolism and is affected by genetic variation at a distal locus.

MATERIALS AND METHODS
A description of the protocol for measuring LDH activity and of the workflow

for automated annotation of GWAS results and characterization of the

rs2403254 locus is given in the Supplementary Material and Methods.

RESULTS

Automated annotation of GWAS results
The automated workflow we developed was used to generate reports
for each of the 37 SNPs published by Suhre et al.,3 containing the
associated protein, enzyme, metabolic reaction, pathway, and disease
phenotypes of each gene within a distance of 500 kb of the locus.
Inspection of the results showed that for one of the 37 SNPs,
rs2403254, there was an alternative candidate gene that provided a
more likely explanation of the association. The rs2403254 SNP was
associated with alpha-hydroxyisovalerate levels in the blood
(P= 1.0× 10− 20) and showed an even stronger correlation with the
ratio of 3-methyl-2-oxobutanoate and alpha-hydroxyisovalerate levels
(P= 7.9× 10− 28). The rs2403254 SNP lies in an intronic region of the
HPS5 gene and had therefore been assigned to HPS5 by Suhre and
colleagues. However, from inspection of the results from our work-
flow, it followed that a plausible alternative candidate gene in the
vicinity of the locus was LDHA, which codes for the A-isoform of the
LDH enzyme. In addition, from information retrieved from the KEGG
database,9 it followed that LDH has a broad substrate specificity and
can catalyze the conversion of several keto and hydroxy acids, even
though 3-methyl-2-oxobutanoate or alpha-hydroxyisovalerate were
not listed as substrates (Supplementary Text 1).
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The rs2403254 locus
Closer examination of the locus showed that rs2403254 is located in a
large linkage disequilibrium (LD) block, which lies approximately
20 kb upstream of LDHA (Figure 1). To investigate the presence of
potential long-distance regulatory mechanisms, we first looked at
expression quantitative trait loci (eQTLs) in lymphoblastoid cell lines
that were associated with LDHA. These eQTLs were all located
downstream of the LD block and were not in strong LD with
rs2403254. In contrast, we found that rs2403254 is an eQTL for
HPS5 (P= 4.4× 10− 9) and GTF2H1 (P= 8.4× 10− 15), most likely
because it is in strong LD (R240.8) with several SNPs that lie close to
the transcription start sites of these genes.
Subsequently, we explored chromatin interactions and the presence

of regulatory elements in the LD block by looking at the DNase I
signal data from the ENCODE project.6–8 Interestingly, several
regulatory regions were present within the LD block whose DNase I
signal had a strong cross-cell-type correlation with the LDHA
promoter (Figure 1; bottom). These potential distal interactions were
supported by the Chromatin Interaction Analysis with Paired-End-Tag
(ChIA-PET) sequencing data, which showed that there were signifi-
cant chromatin interactions between the central region of the LD
block and the region containing the LDHA promoter. Collectively,
these data show that long-range regulation of LDHA by enhancers that
are located more than 20 kbp upstream of its transcription start site is
indeed plausible.

Experimental validation
Subsequently, we investigated whether LDH could catalyze the
conversion between branched-chain alpha-keto and hydroxy acids.
In previous studies LDH had already been shown to catalyze a broad
range of substrates,10,11 but because of the extremely low rates with
which branched-chain alpha-keto and hydroxy acids were converted it
was unclear whether this reaction was mediated by LDH or another
dehydrogenase.12,13 We therefore validated our finding by assaying the
activity of LDH in the presence of NADH and the transaminated
branched-chain keto acid products 3-methyl-2-oxobutanoate (valine),

4-methyl-2-oxopentanoate (leucine), 3-methyl-2-oxopentanoate (iso-
leucine) and pyruvate for a range of different substrate concentrations
(Supplementary Figure 1). Results show that LDH was indeed able to
convert 3-methyl-2-oxobutanoate, but it had a specificity constant
kcat/Km that was approximately 3000 times lower than with pyruvate
as substrate (Supplementary Table 1). In comparison, the kcat/Km of
the other two branched-chain alpha-keto acids was around 10 times
lower than with 3-methyl-2-oxobutanoate as substrate. Most probably
3-methyl-2-oxobutanoate is converted more efficiently by LDH
because it is a smaller molecule, having a carbon chain of 4 atoms,
whereas 3- and 4-methyl-2-oxopentanoate have a carbon chain of 5
atoms. Interestingly, the Km value for pyruvate and 3-methyl-2-
oxopentanoate were very similar, while for the other two branched-
chain alpha-keto acids it was three to four times larger.

DISCUSSION

The discovery of the functional link between the rs2403254 locus and
the LDHA gene has been made possible by the automated workflow
we developed for annotating GWAS results, which allowed us to
examine the set of loci reported by Suhre et al.3 in both a quick and
thorough manner. In recent years, there has been an increasing
interest in bioinformatics tools for the analysis, interpretation and
integration of results from GWASs.14,15 Suhre and colleagues have
used the tool GRAIL from the Broad Institute16 in their study, which
uses textual relationships between genes to prioritize candidate genes
for a given locus. Nonetheless, using this method, the authors did not
identify LDHA as a plausible candidate for the rs2403254 locus, most
likely because alpha-hydroxyisovalerate is currently not present in
pathway databases and its link to LDH has only been scarcely
described in the literature. In fact, the locus was replicated in a recent
meta-analysis on the same metabolomics platform,17 but HPS5 was
still proposed as candidate gene.
In contrast, with our approach, we focused on integrating the

knowledge present in several databases in order to produce succinct
SNP reports containing relevant information about all neighboring
genes. In the case of the rs2403254 locus, the SNP report showed that
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Figure 1 Regional LD plot of the rs2403254 locus. The rs2403254 locus is located in a region of strong LD spanning over approximately 100 kb. Several
eQTLs have been identified that associate with LDHA expression, but none lie in LD with rs2403254. In contrast, ChIA-PET data and cell type specific DHS
correlations show that there are several chromatin interactions between the LDHA promoter and regulatory elements within the LD block.
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LDHA was the closest gene with a metabolic function and that LDH
was documented in the KEGG pathway database as an enzyme that
can catalyze multiple reactions. Subsequent investigation of the
chemical structure of alpha-hydroxyisovalerate suggested that—in
principle—its conversion could be catalyzed by LDH. This hypothesis
was further reinforced by the observation that the same locus had a
stronger association with the ratio of alpha-hydroxyisovalerate and
3-methyl-2-oxobutanoate levels and that alpha-hydroxyisovalerate is
the product of 3-methyl-2-oxobutanoate after reduction of the alpha-
carbonyl group.
Our results suggest that there is a functional link between LDHA

and alpha-hydroxyisovalerate levels and, more specifically, that LDH
can compensate for large build-ups of branched-chain alpha-keto
acids under hypoxic conditions. In fact, the first step of branched-
chain amino acid catabolism involves the transamination of the amino
group, which changes the oxidation level of the adjacent carbon atom.
Under anaerobic conditions, the redox balance needs to be restored,
which can be achieved through LDH by converting the alpha-keto acid
into an alpha-hydroxycarboxylic acid (Figure 2). This process has been
observed in babies who suffered from asphyxia during birth, where
elevated levels of alpha-hydroxyisovalerate were found in the urine.18

Interestingly, also infants that suffer from Maple syrup urine disease,
which is a defect in any of the genes coding for the components of the
BCKDH enzyme complex, have elevated levels of alpha-
hydroxyisovalerate in the urine.19 This can be explained by the fact
that a blockage in the second step of the branched-chain amino acid
degradation pathway causes a build-up of keto acid intermediates,
which are then partly converted to hydroxycarboxylic acids via LDH
(Figure 2).
Interestingly, in the meta-analysis of Shin et al.,17 rs2403254 was

found to have the strongest association with the ratio of
3-(4-hydroxyphenyl)lactate and alpha-hydroxyisovalerate levels.
3-(4-Hydroxyphenyl)lactate is the product of 4-hydroxy-
phenylpyruvate after reduction of the alpha-carbonyl group, which
is the product of tyrosine after transamination. Given their structural
differences, it is unlikely that 3-(4-hydroxyphenyl)lactate and alpha-
hydroxyisovalerate can be converted into one another in one or two

enzymatic steps. The association with rs2403254 is therefore probably
due to other mechanisms, such as co-regulation of aromatic and
branched-chain amino acid metabolism.
Importantly, our finding does not preclude the effects of rs2403254

on HPS5 or other genes. In fact, in our analysis, we found that
rs2403254 is an expression QTL for HPS5 and GTF2H1, which shows
that multiple genes can be affected by a single SNP. However, neither
of these genes provide a biochemical explanation of the phenotype,
namely, why rs2403254 is associated with the ratio of 3-methyl-2-
oxobutanoate and alpha-hydroxyisovalerate levels. The absence of
eQTLs for LDHA in the databases that we have enquired can be
explained by the fact that distal eQTLs are more difficult to identify
(because of, eg, tissue specificity20) and demonstrates the additional
value of chromatin interaction data to establish SNP–gene
interactions.
In conclusion, we have uncovered a novel functional link between

LDH and the branched-chain keto acid intermediate of valine
metabolism by reanalyzing published mGWAS results using auto-
mated workflows for integrating information from pathway databases.
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