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Abstract

Rationale—Dopamine p-hydroxylase (DBH) catalyzes the conversion of dopamine to
norepinephrine in the CNS and peripherally. DBH variants are associated with large changes in
circulating DBH and implicated in multiple disorders; yet causal relationships and tissue-specific
effects remain unresolved.

Objective—To characterize regulatory variants in DBH, effect on mRNA expression, and role in
modulating sympathetic tone and disease risk.

Methods and Results—Analysis of DBH mRNA in human tissues confirmed high expression
in the locus coeruleus (LC) and adrenal gland, but also in sympathetically innervated organs
(liver>lung>heart). Allele-specific MRNA assays revealed pronounced allelic expression
differences in the liver (2-11-fold) attributable to promoter rs1611115 and exon 2 rs1108580, but
only small differences in LC and adrenals. These alleles were also associated with significantly
reduced mRNA expression in liver and lung. Although DBH protein is expressed in other

1duosnuely Joyny Yd-HIN

Address correspondence to: Dr. Wolfgang Sadee, Center for Pharmacogenomics, College of Medicine, The Ohio State University,
5075 Graves Hall, 333 West 10th Ave., Columbus, OH 43210-1239, USA, Tel: 614-292-1597, Fax: 614-292-7232,
wolfgang.sadee@osumc.edu.

DISCLOSURES

None.



https://core.ac.uk/display/345205809?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barrie et al.

Page 2

sympathetically innervated organs, mRNA levels were too low for analysis. In mice, hepatic Dbh
mMRNA levels correlated with cardiovascular risk phenotypes. The minor alleles of rs1611115 and
rs1108580 were associated with sympathetic phenotypes including angina pectoris. Testing
combined effects of these variants suggested protection against myocardial infarction in three
separate clinical cohorts.

Conclusions—We demonstrate profound effects of DBH variants on expression in two
sympathetically innervated organs, liver and lung, but not in adrenals and brain. Preliminary
results demonstrate an association of these variants with clinical phenotypes responsive to
peripheral sympathetic tone. We hypothesize that in addition to endocrine effects via circulating
DBH and norepinephrine, the variants act in sympathetically innervated target organs.

Keywords

Dopamine beta-hydroxylase; regulatory genetic variants; genetic association; sympathetic tone;
myocardial infarction; human; gene expression/regulation; genetic polymorphism

INTRODUCTION

Norepinephrine serves as a key hormone and neurotransmitter throughout the body. It is
exclusively produced by the enzyme dopamine p-hydroxylase (DBH) catalyzing the
conversion of dopamine to norepinephrine.

DBH protein expression is tissue specific. In the brain, DBH is transcribed in the locus
coeruleus (LC), and DBH protein is found in brain regions innervated by noradrenergic
neurons. In the periphery, DBH is predominantly concentrated in the adrenal glands and
sympathetic nerve terminals. While DBH is robustly expressed in the adrenals, sympathetic
nerves are a main source of plasma DBH. 1 Upon adrenergic stimulation, both DBH and
norepinephrine are released from vesicles via exocytosis 2 accounting for substantial DBH
levels in the circulation. Depletion of sympathetic nerve terminals reduces serum DBH
activity by 50%.3 Blockade or depletion of DBH also increases the ratio of dopamine to
norepinephrine in the circulation. 4 > DBH-positive nerve fibers have been observed in
sympathetically innervated tissues including the liver ® near portal triads and central veins. 7

Avrising from both adrenals and sympathetically innervated organs, circulating DBH activity
has been proposed as an index of sympathetic nervous system activity; however, results
have been ambiguous. Initial studies suggesting acute stressors increase plasma DBH
activity8 have not replicated in subsequent experiments. % 10 However, circulating DBH
levels may be a useful measure of long-term noradrenergic function 11 as measurement of
DBH and norepinephrine in organs is difficult and affected by removal into the circulation
or by metabolism.

Rare cases of congenital DBH deficiency present with no detectable norepinephrine and a
10-fold increase in dopamine levels, 1213 orthostatic hypotension, hyperflexible joints, and
hypoglycemia. Significant inter-individual variability in plasma DBH levels has been
associated with genetic DBH variants. The minor allele (T) of the promoter single nucleotide
polymorphism (SNP) rs1611115 (-1021C/T) is associated with lower serum DBH levels,
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accounting for 35-52% of the variation across populations, 11 14-16 while individuals
homozygous for the C allele have increased plasma norepinephrine levels. 19 However, it
remains unknown how rs1611115-T reduces circulating DBH and norepinephrine levels.
Reporter gene assays in rat PC12 chromaffin cells have yielded opposing results with
rs1611115, 1719 and whether this effect applies in vivo in human cell types remains
uncertain.

Clinical association studies have examined the role of rs1611115 in addiction 20- 2122,
epilepsy 23, schizophrenia 24 and attention deficit hyperactivity disorder. 2° Other studies
have focused on peripheral effects, such as blood pressure and glucose levels. Consistent
with a lack of DBH causing hypotension, 12: 26 the major C allele has been associated with
elevated blood pressure, both under normal conditions 27 and in response to stress, 17 and
hypertension in the presence of increased fasting plasma glucose levels. 28

Fewer studies have examined the frequent rs1108580, located in exon 2 at the 5’ splice
junction. This SNP is thought to alter RNA splicing, although this has not been
demonstrated experimentally. 2% 30 The minor A allele has been associated with lower DBH
in the serum and cerebrospinal fluid, 3 with mixed clinical correlations, 231 or no
association. 31-33 Recent GWAS results confirm a role of rs1611115 and suggest the
presence of additional promoter/enhancer DBH variants, 3* but linkage disequilibrium (LD)
to rs1108580 had not been considered.

This study characterizes two variants affecting DBH mRNA expression predominantly in
peripheral sympathetic neurons, and tests associations with clinical phenotypes.

METHODS

RESULTS

Detailed Methods are available in the Online Supplement, which includes sources of human
tissue; RNA, DNA and cDNA preparation; SNP genotyping; allelic mRNA expression
analysis; quantitative real-time reverse transcriptase PCR; statistical analysis; 5 RACE
(rapid amplification of cDNA ends); measurement of cardiac pre-ejection period, and
analysis of clinical cohorts, including phenome-wide association studies.

mMRNA levels of DBH in human tissues

We measured DBH mRNA expression across several human tissues, including
sympathetically innervated organs. As DBH protein is known to be axonally transported to
sympathetic nerve terminals, 3° we hypothesized that mMRNA could also be transported to
tissues with sympathetic innervation, supporting local translation. The highest mMRNA
expression levels were detected in the LC, adrenal gland, and liver, followed by lower levels
in lung, kidney, small bowel, and heart (Figure 1A). DBH mRNA detected in organs
containing sympathetic nerve terminals but no neuronal nuclei was likely transported to
target tissues, with strikingly high mRNA levels in the liver (Figure 1A).

We then measured DBH mRNA expression in an expanded set of LC and liver tissues, with
PCR primers spanning the exon 2—3 boundary to detect any influence of rs1108580 on RNA
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splicing (Figure 1B). The results did not differ significantly, arguing against the presence of
splice isoforms. DBH mRNA was undetectable in the hepatocellular carcinoma cell line
HepG2, consistent with immunohistochemistry experiments showing expression in nerve
terminals. 7+ 36

Sequencing of hepatic DBH mRNA, after conversion to cDNA, showed that the liver
mRNA contained the full annotated DBH coding sequence according to the UCSC Genome
Browser. 5" RACE revealed the liver transcripts were capped and the 5" untranslated region
(UTR) was full-length (39 bases) matching the AceView and UCSC references.

Determination of Allelic DBH mRNA ratios as an indicator of regulatory polymorphisms

Allelic ratios in gDNA, measured at a SNP in heterozygous carriers, are assumed to be 1 for
the autosomal DBH, while any significant deviation of allelic ratios in mRNA (allelic
mRNA expression imbalance or AEI) reveals the presence of regulatory variants. 37 Two
common SNPs located in the DBH coding region, rs1108580 and rs77905 were selected as
markers to measure allelic mMRNA ratios in human liver, LC, and adrenals. No sample
displayed evidence of copy number variation. With three standard deviations of the gDNA
ratio as the threshold, we considered an allelic mMRNA ratio of <0.8 and >1.3 as significant
evidence of AEL.

With marker SNP rs1108580, most tissues demonstrated AEI, with the main allele more
abundant than the minor allele (ratios >1) in all tissues (Figure 2). Therefore, rs1108580 is
likely causing this difference in allelic expression and/or shares a haplotype with one or
more variants causing the change. Striking differences were observed in AEI ratios between
tissues: less than 2-fold in LC and adrenals (Figure 2B) but up to 11-fold in the liver (Figure
2A). The large AEI ratios were replicated with marker rs77905, in a subset of livers
heterozygous for both marker SNPs, yielding AEI ratios of similar magnitude, with a
correlation of R?=0.96 (Online Figure 11). Additional instances of AEI were revealed only
with marker rs77905 (Figure 2A right panel). These results document a remarkable
regulatory genetic effect specifically in liver, with lesser effects in the brain and adrenals.
DBH mRNA levels in other tissues were too low for accurate AEI analysis.

Genotype association with instances and degree of allelic expression imbalance (AEI) in

liver

To identify the DBH variants associated with AEI, 11 variants previously implicated in
clinical association studies were genotyped in all samples. Online Table I lists the MAF and
association with AEI, while Online Table Il provides LD between the SNPs. AEI was
significantly associated with rs1611115 genotype, measured at rs1108580 (p=2.0E-07) and
at rs77905 (p=0.0016). Of the 17 livers with the highest AEI ratios, all were heterozygous
for rs1611115 (Figure 2A), providing overwhelming evidence that this promoter SNP has
strong effects on DBH mRNA expression. When measured with marker rs1108580 which is
in partial LD with rs1611115, the minor allele was consistently associated with lower
expression. Of 15 livers heterozygous for marker rs1108580 but not for rs1611115, 11
showed AEI with ratios above 1.3, indicating rs1108580 is causative itself. Moreover, livers
with the highest ratios were heterozygous for both (Figure 2A). These results support the

Circ Res. Author manuscript; available in PMC 2015 December 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barrie et al.

Page 5

conclusion that both act to decrease mRNA expression of the variant allele, with rs1611115-
T causing ~4-fold and rs1108580-A ~2-fold imbalance.

In contrast to the results in liver, rs1611115 genotype had no discernible effect in the brain
or adrenal tissues, while rs1108580-A was associated with1.2-1.7-fold reduced DBH mRNA
expression (Figure 2B), suggesting a small but potentially relevant effect of the minor allele
of rs1108580 on mRNA abundance in these tissues.

Most other SNPs genotyped failed to achieve significance when tested for an association
with AEI (see Online Table | for all values). SNP rs2519143 was statistically significant, but
this can be accounted for by high LD with rs1611115 (Table 1); rs2519143 did not match
the AEI pattern as well and was considered an unlikely causative variant. A subset of livers
had AEI ratios of 1.5-2.5-fold measured at marker rs77905, but were homozygous for both
rs1611115 and rs1108580. The entire DBH gene locus was sequenced in these samples,
beginning 2 kb upstream of the coding region and extending 15 kb downstream from the end
of the 3’UTR into the gene encoding sarcosine dehydrogenase (SARDH) with genotypes
listed in Online Table I11. However, no SNP accounted for these cases of AEI. Any
additional regulatory variant would likely be in low LD with rs77905 because the allelic
mRNA ratios ranged from below to above one. We hypothesize that this putative third
variant is located outside of the gene region sequenced, and has a MAF of 15-20%

Effect of Genotype on DBH mRNA expression in human tissues

MRNA levels were measured in all available tissues and tested for association with
genotypes (Figure 3). Expression was measured in liver, adrenal, brain and lung, while
MRNA levels were close to the detection limit in heart and small bowel.

The minor A allele of rs1108580 judged by AEI ratios was associated with lower expression
in nearly all tissues tested, albeit with rather small effects in LC and adrenals. Accordingly,
MRNA levels were significantly lower for AA livers compared to GG (Figure 3A; p=0.005;
two-tailed t-test). The rs1108580 genotype was not significantly associated with mRNA
levels in brain (p=0.6) nor lung tissues (p=0.3), possibly owing to small effect size (brain),
large variability and low sample number.

Expression was not significantly associated with rs1611115 genotype in brain tissue (p=0.6),
as expected from the absence of a discernible effect of rs1611115 on allelic mMRNA
expression. In livers, there was no significant difference between the expression in CT and
TT (p=0.2), so these genotypes were combined. A two-tailed t-test showed a significant
effect of rs1611115 genotype on total DBH mRNA expression in liver tissue (p=0.0001)
(Figure 3B). The minor T allele was associated with decreased DBH expression. The Ct
difference between the means was 1.1, reflecting a 2-fold change in expression between the
groups. Similarly, a significant effect of rs1611115 genotype on DBH expression was
observed in the lung (p=0.02) with the T allele again associated with nearly 2-fold lower
DBH expression (Figure 3D).

Since both rs1611115 and rs1108580 affected DBH mRNA expression in liver, we
examined the combined effect on overall expression. A stepwise linear regression indicated
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that demographics (race, age and gender) had no significant effect on expression (Online
Table V), and they were excluded as covariates. With increasing number of minor alleles per
tissue, DBH mRNA levels decreased stepwise from 1-4 minor alleles, (Figure 3C)
(ANOVA p=0.01), indicating that the joint effect of the two variants may be relevant for
DBH associated phenotypes.

of DBH mRNA levels in the liver with phenotypes in inbred mouse strains

To determine whether DBH expression levels were associated with differences in
sympathetic tone, we queried the Jackson Laboratory database which provides mMRNA
expression data in macrophages, brain, and liver, and a range of phenotypes. Dbh mRNA
was detectable in all tissue types, and the query was not limited to sympathetic phenotypes.
Expression of hepatic Dbh mRNA was associated with several phenotypes at p<0.001
(Online Table V1), whereas no results were observed at p<0.001 for Dbh expression in
macrophages or brain. Inverse correlations included measures related to increased body size,
weight, and length, whereas positive correlations involved lean mass. Hepatic Dbh mRNA
was positively correlated with increased food and water intake and triglycerides. Higher Dbh
expression was also associated with increased R wave electrocardiogram amplitude, a
putative marker of increased cardiovascular risk in humans.

Myocardial contractility and sympathetic control measured by cardiac pre-ejection period

(PEP)

As an index of myocardial contractility and sympathetic control we measured cardiac PEP
under stress conditions in 130 human subjects. There was no significant genotype effect in
females (p=0.77) while PEP values were also significantly higher than males under non-
stress conditions (Online Figure I11). In males, a t-test demonstrated a significant difference
in stress PEP between subjects homozygous for the major allele of rs1611115 and carriers of
at least one copy of the minor allele (p<0.05, effect size d = 0.54). CC males show
significantly higher myocardial contractility during the stress condition as compared to male
T carriers. No significant association was observed with rs1108580.

Clinical association studies with human phenotypes and diseases

To explore phenotypic associations in human subjects, we performed a phenome-wide
association study (PheWAS) with rs1611115 and rs1108580. These analyses include de-
identified electronic health record (EHR) data. 3840 We used clinical and genotype
information on 3,035 subjects from the Geisinger Clinic MyCode biorepository 4! and a
replication sample of 4,027 from the Marshfield Personalized Medicine Research Project
(PMRP).

The Geisinger study—Of the 482 phenotypes tested in the Geisinger dataset, single SNP
analysis using an additive model revealed four associations with rs1108580 and three with
rs1611115 at a cutoff of p<0.01 (Online Table VII). Notably, the minor allele of both SNPs,
rs1611115-T (p=0.0002, OR=0.43, 95% CI=0.28-0.66) and rs1108580-A (p=0.007,
OR=0.67, 95% CI=0.50-0.90) was associated with reduced risk of angina pectoris (code
413.9). Additionally, rs1611115-T was associated with risk for diabetes (p=0.002, OR=1.9,
95% CI=1.3-2.9). The most significant association for SNP rs1108580-A was with
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intervertebral disc disorders (p=3.1E-05) with a negative direction of effect. This may be
related to clinical observations in which patients with congenital DBH deficiency have
hyperflexible joints. In the dominant model, rs1611115-T was associated with reduced risk
of angina pectoris, for the same diagnosis code (413.9), and in the same direction as in the
additive model (p=0.001, OR=0.44, 95% C1=0.26-0.73). Also using a dominant model,
rs1611115-T emerged as a risk factor for asthma with a large estimated effect size (p=0.007,
OR=3.1, 95% Cl=1.4-7.2).

Considering the molecular genetics results, we tested for statistical interactions between
rs1611115 and rs1108580. Seven phenotypes had a likelihood ratio test (LRT) with p<0.01
(Table 2). The combined effects of both SNPs were associated with reduced risk of
myocardial infarction (code 410.1) (LRT p=0.001). At a lower level of significance
(p=0.01), a potential risk effect with chronic ischemic heart disease (code 414.9) was
apparent. Additional risk effects were observed for metabolic syndrome and hypoglycemia,
and a potentially protective effect for obesity (Table 2).

The Marshfield study—To replicate these findings, all ICD-9 codes within any ICD-9
category that showed an association p<0.01 in the initial PheWAS analysis were also tested
in the Marshfield EHR (92 phenotypes). We considered replication across EHR data within
an ICD-9 category, even if the exact ICD-9 code is not implicated. While the two SNPs did
not replicate with the same direction of effect for the main effect models (additive,
dominant, and recessive), use of the two-SNP interaction model yielded similar results, with
reduced risk for myocardial infarction (code 410.9) (p=0.0033), showing strong protective
effect with 13 cases and 4,015 controls. We also found a protective effect with angina
pectoris (code 413.9) (p=0.038) in 309 cases and 3,719 controls.

The Jackson Heart Study (JHS)—To specifically replicate cardiovascular associations
and increase cohort diversity, we used data from the JHS. Among the 2,378 JHS
participants, 62 incident Mls and 91 total CHD events were observed. Association of
rs1611115 and rs1108580 with incident Ml and CHD was tested by Cox Proportional
Hazards (survival) analysis. Neither SNP alone was significantly associated with Ml
(rs1611115 p=0.11, rs1108580 p=0.077); however when considered together, there was a
significant association between the SNPs and MI (p=0.039). When considered together, both
SNPs were also significantly associated with CHD (p=0.033). Like the PheWAS analysis,
the minor allele of both SNPs was protective, yielding a relative risk of 0.73 (95% CI 0.54—
0.99) for each additional copy of a minor allele at either SNP with a cumulative relative risk
for four copies of 0.28. Available data did not allow analysis of the relationship of these
variants with either incident or prevalent angina.

DISCUSSION

This study identifies two regulatory DBH variants, rs1611115 and rs1108580, which
robustly reduce DBH mRNA expression in two sympathetically innervated organs, the liver
and the lung. In adrenals and brain the effect was undetectable (rs1611115) or less
pronounced (rs1108580). We propose the hypothesis that rs1611115 and rs1108580 have
tissue-specific effects at sympathetic nerve terminals, rather than altering stress response via
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the HPA axis. This hypothesis is supported by results from three clinical association studies,
revealing effects on sympathetic phenotypes, including protection against MI.

Strong evidence indicates that rs1108580 affects circulating DBH levels 30 and rs1611115
genotype accounts for 35-52% of interindividual variability. 11: 14-16 The profound effect of
these SNPs on circulating DBH levels is supported by their large effect on mRNA
expression in liver and lung. We extrapolate from these results that genetic effects likely
occur in all sympathetically innervated organs and thereby affect serum DBH.

A recent GWAS confirmed highly significant associations of circulating DBH levels with
rs1611115 and rs1076150 34 (LD with rs1108580 of R2= 0.87, D’=0.96). However,
enhancer region rs1076150 cannot fully account for the observed hepatic AEI ratios in our
study, the most proximate phenotype for assessing the impact of regulatory variants.
Although rs1108580 and rs1076150 are in high LD, one sample with two-fold AEI ratio was
homozygous for rs1076150 and two samples lacking AEI were heterozygous for rs1076150
—arguing against a role of rs1076150. Therefore, we propose that rs1108580 is the likely
functional variant acting on mRNA processing, with rs1076150 serving as a surrogate
marker because of LD with rs1108580. Similarly, a GWAS reported significant association
between a surrogate in high LD with rs1611115 (rs2519143, Table 1; see also 42), and DBH
expression in the liver (p=2.31x10718), 43 consistent with robust effects of rs1611115 on
hepatic DBH mRNA expression.

The substantial level of DBH mRNA in the liver, and to a lesser extent in the lung, suggests
that DBH mRNA is transported from sympathetic ganglia to nerve terminals in the target
organ. Initial experiments in human celiac ganglia innervating the liver revealed a high level
of DBH mRNA expression (data not shown), while others have demonstrated the presence
of DBH mRNA in distal axons of sympathetic neuron cultures (N. Gervasi et al., 2012, 10t
Int. Catecholamine Symposium, abstract). DBH mRNA transport in some tissues does not
preclude protein migration, apparently the main mode in brain where we found low DBH
MRNA levels outside the LC.

Selective effects of DBH variants on sympathetically innervated organs suggests that local
release (together with norepinephrine) may have more phenotypic impact than circulating
levels, with hepatic DBH mRNA expression serving as a possible indicator of paracrine
effects across sympathetically innervated organs. The liver rapidly metabolizes
norepinephrine upon local release and during passage, so that circulating norepinephrine
only partially accounts for local exposure. 44 Subjects with rs1611115-C, associated with
increased hepatic DBH mRNA in our study, had faster glomerular filtration rate decline,
indicating decreased renal function, while the T allele was protective.1® Extrapolation to
heart or kidney requires further study, but we hypothesize that rs1611115 affects phenotypes
in these tissues via a paracrine mechanism. Further, our results reveal a DBH genotype
effect on myocardial contractility, measured as PEP, a reflection of sympathetic tone. The
minor allele of rs1611115 significantly reduces contractility in males under stress. It remains
unclear why this effect is not observed in females. The PEP values did not change
significantly with stress in the females, who differed substantially from baseline PEP values
in males as well. Therefore, any genotype effects are likely not detectable in females under
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the test conditions. These results do not directly resolve the question whether the effect in
males resulted from local or circulating sympathetic input, which will require additional
studies.

Our results resolve a long-standing debate on the process by which the minor allele of
rs1611115 is associated with strongly reduced circulating DBH activity. They also account
for previous failures to resolve the promoter activity of rs1611115 in reporter gene assays in
cell lines, out of context of the appropriate tissue environment. The majority of these
experiments have been performed in PC12 rat pheochromocytoma cells1”-19: 34 showing
effects in vitro, contrary to our results in human adrenals lacking any rs1611115 effect.
Reporter gene assays do not reproduce the in vivo conditions and can yield false positive
results. Tissue-specific differences are frequently observed with regulatory variants, as
observed with CETP#5 and CYP3A4.6 Transcription factors can serve to suppress or
enhance expression depending on context, with the DBH promoter/enhancer regions
potentially containing several variants with distinct effects between tissues.

Our study established a non-detectable (rs1611115) or small (rs1108580) effect of these
SNPs on mRNA in brain tissue. We also did not observe associations with CNS diseases
(see “PheWAS” in Supplemental Material for phenotypes analyzed); however these results
must be considered in the context of numerous positive findings from previous clinical
association studies. It is possible that even small changes could affect noradrenergic function
in the CNS. While norepinephrine and dopamine do not penetrate the blood-brain-barrier,
circulating hormones have indirect effects on the CNS through the pineal gland or the
pituitary, which are outside the barrier. They may also act at peripheral sites directly
connected to the CNS, such as the vagus nerve, as its activity is regulated by peripheral
catecholamines and has profound effects on the LC. 47 48

In view of the single and combined effects of rs1611115 and rs1108580 on human tissues
receiving sympathetic innervation, we have surveyed associations of DBH genotype with
phenotypes in mice and humans. We present here evidence for the involvement of DBH in a
range of peripheral sympathetic phenotypes, including metabolic disorders, cardiovascular
disease, and asthma.

Effect of Dbh mRNA Levels in mouse liver on phenotypes

We found an association between Dbh mRNA expression in the liver and body size,
metabolic processes, and cardiovascular phenotypes. While such broad phenotypic
associations are expected from the multifaceted role of norepinephrine throughout the body,
the association of increased hepatic Dbh mRNA levels with R wave amplitude, a prognostic
indicator of myocardial hypertrophy, was of particular interest. Negative correlation of
hepatic Dbh mRNA on body mass indicates a strong impact on metabolic activity. Although
opposite effects were observed in the mouse model compared to the PheWAS, this may be a
difference between localized adiposity and general fat distribution.
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Effect of DBH genotype on clinical phenotypes

A PheWAS approach was employed to survey multiple phenotypes that could be affected by
DBH variants. The adrenergic response to sympathetic activation in the liver is an increase
in glycogenolysis, the breakdown of glycogen to glucose. Therefore, the association of
rs1611115-T with type Il diabetes risk is noteworthy. Also, Dbh knockout mice exhibit
resistance to changes in glucose levels in an insulin tolerance test 4° and beta blockers have
been associated with increased risk of type 11 diabetes.>? With decreased levels of DBH and
less norepinephrine, rs1611115-T is a plausible risk factor for asthma, and should be
investigated for responsiveness to adrenergic asthma medication, such as albuterol.

Consistent associations were observed with cardiovascular phenotypes. Angina pectoris was
the most significantly associated phenotype with both rs1611115-T and rs1108580-A. Again
along expectations for a reduced sympathetic tone, the minor alleles of both DBH variants
were protective, paralleling the effect of beta blocker therapy.

Stipulating an interaction between rs1611115 and rs1108580 revealed a possible strong
protective effect of the minor alleles against myocardial infarction in the Geisinger study, a
result that was replicated in the Marshfield study. We speculate that the combined effect of
two or more minor variants in these SNPs is needed to reach a threshold effect and thereby
reveal this protective effect. In agreement with these results, rs1611115 and rs1108580
conveyed a protective effect against coronary heart disease attributable to an increasing
number of minor alleles, while each SNP alone was not significant in the Jackson Heart
Study of African Americans.

Limitations of the Study

While our results strongly support the finding that rs1611115 and rs1108580 affect
expression of DBH mRNA specifically in liver and lung, but not adrenals and brain,
extrapolation to cellular function and clinical phenotypes is exploratory at this point. On the
basis of high congruence between allelic mRNA expression in the liver and profound
genetic effects on circulating DBH levels that arise for all organs, and from the associated
clinical phenotypes, it is reasonable to propose genetic effects involve all peripheral
sympathetic neurons and their target organs. However, peripheral sympathetic ganglia may
display different regulatory control. It appears that DBH mRNA and protein transport to
nerve terminals differs between tissues, while the Human Protein Atlas shows medium to
high protein staining in liver, testis, lung, stomach, colon, adrenals, and brain. Therefore, our
proposal that the genetic variants in DBH act locally in a neurotransmitter or paracrine mode
requires further study, but it does open new avenues for resolving clinically relevant
phenotypes that often correlate poorly with circulating DBH and norepinephrine, possibly
serving only as surrogate markers of robust local effects. Specifically, stress related
processes involving the HPA axis may not be under genetic influence by DBH variants that
have little effect on the adrenals.

Further confounding factors include the distinct biological effects of norepinephrine and
dopamine that vary inversely with DBH genotype. However, most of the phenotypes
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observed in Dbh™~ mice are attributed to a lack of norepinephrine rather than increased
dopamine, as DOPS rescue restores norepinephrine without affecting dopamine levels. 51

We are aware of the multiple hypothesis testing burden incurred from the number of
phenotypes in the PheWAS analyses. However we reason Bonferroni correction is too
stringent here. First, unlike a GWAS using an unbiased set of SNPs, we performed this
PheWAS using two well characterized SNPs with established effects in target tissues.
Further, as many of the diagnoses used in the PheWAS are correlated, not all outcomes are
independent, reducing the number of independent variables. The clinical results require
additional association testing and experimental work for full validation. These studies are
observational and not designed a priori to test the specific associations observed here, with a
relatively small number of cases. Despite the requirement for additional studies, our results
highlight the potential of assessing sympathetic tone through DBH variants in
pathophysiology and therapy of sympathetic dysregulation.
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Novelty and Significance
What Is Known?

»  Dopamine beta-hydroxylase (DBH) converts dopamine to norepinephrine in
many tissues and is released from sympathetic nerve terminals upon stimulation.

e Genetic DBH variants account for a significant portion of variability in plasma
DBH levels and have been associated with multiple diseases, but the underlying
mechanisms remain uncertain.

What New Information Does This Article Contribute?

»  Two single nucleotide polymorphisms (SNPs), rs1611115 and rs110850, are
strongly associated with decreased DBH expression and must be considered
jointly in association studies.

»  These effects of these variants was observed in sympathetically innervated
organs such as the liver and lung, but not in brain or adrenal glands, suggesting
that the DBH variants act locally in target organs.

*  When considered together, the two DBH SNPs were associated with protection
against myocardial infarction.

Dopamine beta-hydroxylase mediates the sole pathway generating the neurotransmitter
and hormone norepinephrine, critical to numerous body functions. Genetic variation of
DBH has been under intense study revealing strong effects on DBH blood levels; yet,
causative relationships and related phenotypes have remained enigmatic. We identify two
frequent variants affecting mRNA expression with localized regulatory activity in
sympathetically innervated organs such as liver and lung, rather than in adrenals and
brain, tissues that are typically considered in DBH pathophysiology. We extended these
studies in human genome-wide association studies, and identified an association between
the two combined DBH variants and protection against myocardial infarction. These
results implicate DBH effects in target organs such as lung (asthma), liver (diabetes), and
kidneys (glomerular filtration), and the potential for developing a predictive clinical
biomarker test and individualized drug therapies.
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Figure 1.
A. Comparison of DBH mRNA expression across tissues including locus coeruleus (LC),

adrenal (AD) and small bowel (SB) using a Tagman assay targeting the exon 11-12
boundary, standardized to GAPDH. Each group contains 6-8 individual samples of each
tissue type. B. DBH mRNA expression targeting the exon 2-3 boundary, standardized with
PGK1 using qRT-PCR for 16 LC, and 41 liver samples. In both cases, the qRT-PCR cycle
thresholds are standardized to the house keeping gene; a higher Ct denotes lower expression.
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Figure 2.

Locus coeruleus

Adrenal

Allelic DBH mRNA expression ratios measured at marker rs1108580 (black) and rs77905
(grey) in liver (A) and locus coeruleus and adrenal gland (B). The values are plotted as a
ratio of major over minor allele for rs1108580; all AEI ratios for rs110580 were >1. As
rs77905 is not in LD with rs1108580, AEI ratios ranged from >1 to <1 with near equal
distribution in either direction; for comparison, these ratios are shown as absolute values in
only one direction (>1). Livers heterozygous for rs1611115 are indicated with <+. The
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horizontal line demarks the threshold for significant AEI (1.3). Each bar is the mean AEI
measurement from one subject.
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Figure 3. DBH mRNA levels grouped by genotype
The data represent the mean (n=2, average standard deviation of 0.27) of gRT-PCR cycle

thresholds standardized to PGK1 mRNA as the house keeping gene. There was a significant
difference between groups (p=0.03) and between AA and GG genotypes for rs1108580
(*p=0.005) in liver (A), and a significant effect of rs1611115 in liver (**p=0.0001) (B), and
lung (p=0.02) (D). A one-way ANOVA showed an overall significant difference between
the groups (p=0.01) when liver expression was grouped by number of minor alleles of
rs1108580 and rs1611115 (C).
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