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Abstract

Objectives—This study sought to understand whether genetic variation at the Neuropeptide Y
(NVPY) locus governs secretion and stress responses in vivo as well as AV/PY gene expression in
sympathochromaffin cells.

Background—The NPY is a potent pressor peptide co-released with catecholamines during
stress by sympathetic axons. Genome-wide linkage on NPY secretion identified a LOD (logarithm
of the odds ratio) peak spanning the A/PY locus on chromosome 7p15.

Methods—Our approach began with genomics (linkage and polymorphism determination),
extended into MPY genetic control of heritable stress traits in twin pairs, established
transcriptional mechanisms in transfected chromaffin cells, and concluded with observations on
blood pressure (BP) in the population.

Results—Systematic polymorphism tabulation at AVPY (by re-sequencing across the locus:
promoter, 4 exons, exon/intron borders, and untranslated regions; on 2n = 160 chromosomes of
diverse biogeographic ancestries) identified 16 variants, of which 5 were common. We then
studied healthy twin/sibling pairs (n = 399 individuals), typing 6 polymorphisms spanning the
locus. Haplotype and single nucleotide polymorphism analyses indicated that proximal promoter

© 2012 by the American College of Cardiology Foundation

Reprint requests and correspondence: Dr. Daniel T. O’Connor or Dr. Caroline M. Nievergelt, Departments of Medicine and
Psychiatry, University of California at San Diego School of Medicine, 9500 Gilman Drive, La Jolla, California 92093-0838.
doconnor@ucsd.edu OR cnievergelt@ucsd.edu..

APPENDIX

For supplementary text, figures, and tables, please see the online version of this article.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al. Page 2

variant V-880A (2-bp TG/—, Ins/Del, rs3037354) minor/A allele was associated with several
heritable (h?) stress traits: higher NPY secretion (h? = 73 + 4%) as well as greater BP response to
environmental (cold) stress, and higher basal systemic vascular resistance. Association of V-880A
and plasma NPY was replicated in an independent sample of 361 healthy young men, with
consistent allelic effects; genetic variation at NPY also associated with plasma NPY in another
independent series of 2,212 individuals derived from Australia twin pairs. Effects of allele —880A
to increase NPY expression were directionally coordinate in vivo (on human traits) and in cells
(transfected NMPY promoter/luciferase reporter activity). Promoter —880A interrupts a novel
glucocorticoid response element motif, an effect confirmed in chromaffin cells by site-directed
mutagenesis on the transfected promoter, with differential glucocorticoid stimulation of the motif
as well as alterations in electrophoretic mobility shifts. The same —880A allele also conferred risk
for hypertension and accounted for approximately 4.5/approximately 2.1 mm Hg systolic BP/
diastolic BP in a population sample from BP extremes.

Conclusions—We conclude that common genetic variation at the A/PY locus, especially in
proximal promoter V-880A, disrupts glucocorticoid signaling to influence A/PY transcription and
secretion, raising systemic vascular resistance and early heritable responses to environmental
stress, eventuating in elevated resting BP in the population. The results point to new molecular
strategies for probing autonomic control of the human circulation and ultimately susceptibility to
and pathogenesis of cardiovascular and neuropsychiatric disease states.
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Neuropeptide Y (NPY), a 36-amino acid peptide neurotransmitter, is produced/secreted by
noradrenergic neurons (both central and autonomic) as well as chromaffin cells (1). The
peptide has diverse functions, including roles in immune response (2); regulation of food
consumption (3); and control of heart rate, vasoconstriction, coronary blood flow, and
ventricular function (4). The NPY also augments vasoconstrictor effects of noradrenergic
neurons. Like epinephrine and norepinephrine, the release of NPY to the circulation occurs
during sympathetic activation after environmental stress (5). Compared with the more rapid
secretion and duration of catecholamine action, NPY is released by more intense and
prolonged sympathetic activation, thus marking more severe stress (6). Increased NPY
signaling due to elevated NPY expression in the hypothalamus might contribute to
development of obesity and its related traits, Type Il diabetes, and cardiovascular disease
(3). The NPY is also involved in regulatory loops between the immune and adrenal systems
in pathophysiological conditions wherein interleukin-1-beta secretion is activated, as in
sepsis, rheumatoid arthritis, stress, or hypertension (7,8). Moreover, NPY increases the
proportion of energy stored as fat and blocks nociceptive signals to the brain (9).

The effect of stress on blood pressure (BP) is thus of increasing importance. Although
hypertension is not a simple consequence of stress, repeated stressors might eventuate in
systemic hypertension (10). Patients with hypertension often exhibit increased sympathetic
activity (11,12), and people with sympathetic overactivity tend to develop hypertension
(13,14). In a rodent genetic model of stress (Rat Genome Database, Bioinformatics Research
Center, Milwaukee, Wisconsin), the Ajpy locus lies within the confidence interval for
linkage to circulating corticosterone, the rodent glucocorticoid (Stresp4). In light of the
emerging biology of NPY, we undertook the present study, with genomic and computational
tools to probe how heredity shapes human functional responses in the sympathetic
neuroeffector junction, with NPY as a likely focal point in the pathogenesis of
cardiovascular or neuropsychiatric disease.

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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Here we began with genomics (linkage and re-sequencing for polymorphism determination)
and proceeded to phenotyping of heritable proximal traits in twin pairs. Functional studies of
NPY promoter polymorphism are evolving (15), and thus we established a novel
transcriptional mechanism in transfected cells, concluding with extension of the findings
into disease in the population.

Methods

Subjects and clinical characterization

Subjects were volunteers from southern California (San Diego area), and each subject gave
informed, written consent; the protocol was approved by the institutional review board.
Recruitment procedures, definitions, and confirmation of subject diagnoses are according to
previous reports. Genomic deoxyribonucleic acid of each individual was prepared from
leukocytes in ethylenediaminetetraacetic acid—anticoagulated blood, with PureGene
extraction columns (Gentra Biosystems, Minneapolis, Minnesota).

Polymorphism determination

See Online Methods. Characteristics of the resequenced subjects are given in Online Table
1. Details of amplicons and polymerase chain reaction primers for polymorphism
determination and genotyping are given in Online Tables 2 to 4.

UCSD twin and sibling pairs

From 235 nuclear families, 399 individuals from twin and sibling (sib) pairs were recruited
to conduct the following study. Zygosity was confirmed by extensive micro-satellite and
single nucleotide polymorphism (SNP) genotyping, as described (16). Twins ranged in age
from 15 to 84 years; 10% were hypertensive. All of the twins in these allelic/haplotype
association studies were self-identified as of European (white) ancestry, to guard against the
potentially artifactual effects of population stratification.

NPY replication in young American men
See Online Methods.

NPY replication in Australian twins
See Online Methods.

Primary care population derived from extremes of BP distribution

From a database of over 53,000 people in southern California, we ascertained 1,121
European-ancestry individuals, of both sexes, from the highest and lowest 5th percentiles of
a primary care population (17) in BP distribution. Evaluation included physical examination,
blood chemistries, hemogram, and extensive medical history questionnaire. Characteristics
of the hypertensive and normotensive groups are shown as Online Table 5.

Molecular genetics
See Online Methods.

Systematic polymorphism determination at the NPY locus
See Online Methods.

Genotyping of NPY variants
See Online Methods.

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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Genotyping of NPY promoter variant V—880A
See Online Methods.

Human twin pair phenotyping
See Online Methods.

Biochemical
For plasma NPY measurement, see Online Methods .

Physiological (in vivo)
See Online Methods.

Cardiac and vascular function at rest
See Online Methods.

Environmental (cold) stress test
See Online Methods.

Computation
See Online Methods.

Statistical analyses

Estimates are stated as mean = 1 SEM. Two-way analysis of variance or multivariable
general linear modeling was performed in SPSS (version 17.0, SPSS, Chicago, Illinois) to
evaluate the significance of single variants or interaction of variants during in vivo
association studies as well as in vitro haplotype-specific MPY promoter/reporter
transfections. For twin pair analyses, descriptive (genotype-specific mean + SEM) and
inferential (chi square, p value) statistics were computed across all of the twins, with
generalized estimating equations in SPSS, to account for correlated trait values within each
twinship, with an exchangeable correlation matrix (18). Additional permutation tests (19) on
3 x 2 contingency tables (diploid genotype vs. BP status), implemented with the Fisher exact
test, were used to confirm genotype effects on the dichotomous BP trait. In addition to
additive models, after inspection of clustering of the descriptive statistics (mean £ SEM),
heterozygotes and minor/major allele homozygotes were grouped together as needed, to test
dominant/recessive models. Meta-analysis was carried out with the command META,
testing fixed effect (i.e., genotype) models in STATA (version 12, StataCorp, College
Station, Texas), after individual study regression analysis in SPSS (version 17, SPSS),
incorporating individual study data to derive significance as well as pooled genotype effect
size (beta, or slope/allele) and its SE.

Genome-wide linkage analysis
See Online Methods.

Data transformation
See Online Methods.

Heritability of phenotype expression in vivo
See Online Methods.

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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Haplotypes and linkage disequilibrium
See Online Methods.

Marker-on-trait association
See Online Methods.

Promoter motif analyses
See Online Methods.

NPY promoter/luciferase reporter activity assays

See Online Methods. A schematic of A/PY promoter/luciferase reporter constructions is
given in Online Figure 1.

Effect of glucocorticoid and PAX6 on NPY promoter/ luciferase reporter activity
See Online Methods.

Electrophoretic mobility shift assays

See Online Methods. Oligonucleotides for electrophoretic mobility shift assay (EMSA) are
given in Online Figure 6.

Results

Autonomic trait heritability in twin pairs

Basal/resting plasma concentration of NPY was under substantial genetic control, with
heritability (h?) = 0.73 + 0.04 (p = 3.1E-26) (Table 1). Heritability was also significant for
resting systolic blood pressure (SBP) (h? = 0.45 + 0.06, p < 0.001), diastolic blood pressure
(DBP) (h%2=0.51 + 0.06, p < 0.001), heart rate (h? = 0.31 + 0.07, p < 0.001), cardiac index
(C1) (h2=0.71 £ 0.04, p < 0.001), systemic vascular resistance index (SVRI) (h? = 0.55 +
0.06, p < 0.001), and stroke volume index (h? = 0.66 + 0.05, p < 0.001). During
environmental (cold) stress, heritability was also established for SBP change (h? = 0.65 *
0.05, p < 0.001) as well as DBP change (h? = 0.54 + 0.06, p < 0.001).

Genome-wide linkage for NPY secretion in twin and sib pairs

Multi point sib-pair linkage analysis of plasma NPY concentration revealed a peak
logarithm of the odds score of 4.27 at 34 cmol/l on chromosome 7p15; of note, the NPY
locus itself is within the linked region (Fig. 1A), suggesting that AVPY itself might be a cis-
QTL for NPY expression and secretion.

Systematic polymorphism determination across the NPY locus

In 80 individuals of 4 diverse biogeographic ancestries, we identified 14 SNPs, one 2-base
insertion/deletion (Ins/Del), and 1 single-base Ins/Del, in 6 amplicons spanning a 3,219-base
pair (bp) footprint over the approximately 8-kbp locus plus proximal promoter (Fig. 1B,
Online Table 7). Of these, 5 polymorphisms are common (at minor allele frequency [MAF]
>20%); in the proximal promoter, there is 1 common SNP (rs16147, C-399T, MAF =
47.6%) and 1 common 2-base Ins/Del (rs3037354, V-880A Ins/Del TG/—, MAF = 19.3%).
We identified 2 non-synonymous SNPs: 1 in the signal peptide (rs16139; T1071C, Leu7Pro;
MAF: 1.9%), and the other in exon-4 (T7493C, Met95Thr; 0.6%). Each of the 2 common
polymorphisms in the MPY promoter (V-880A and C—399T) potentially interrupts
transcription factor binding motifs (Fig. 1C).

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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Pair-wise linkage disequilibrium

To visualize patterns of SNP associations, pair-wise correlations among the 5 common SNPs
(MAF >20%) were quantified as linkage disequilibrium (LD) parameter D’ by Haploview
(20) across the AMPY locus. A single block of LD was maintained across much of locus (D’
>0.8) in both whites and Asians, whereas in blacks and Hispanics, the 2 promoter SNPs also
remain in 1 block (Online Fig. 2).

NPY genetic variation and stress responses in twin and sib pairs
Here we studied stress/BP phenotypes in a sample of twin/sib pairs of European ancestry.

NPY haplotypes and heritable plasma NPY and BP changes to stress in twins

Given the relatively high degree of LD across the gene (Online Fig. 2), we began with
haplotypes to span the locus, with 5 common polymorphisms (rs3037354, rs16147, rs16140,
rs5573, and rs5574, MAF >20%) and 1 SNP in the signal peptide (rs16139 Leu7Pro, MAF =
2%), each in Hardy-Weinberg equilibrium (Online Tables 8 and 9), thus encompassing
structural/ functional domains across the gene (promoter, exons, introns). In the twin/sib
pairs, NPY displayed 3 common haplotypes (Online Table 10), among which the second-
most common—ATGTGC—was associated with plasma NPY concentration as well as BP
change during cold stress (Fig. 2A). Occurrence of haplotype ATGTGC elevated plasma
NPY from 76.3 + 1.97 pmol/l to 91.1 £+ 5.42 pmol/l (by approximately 19%, p = 0.01),
whereas ADBP increased from 10.0 £ 0.7 mm Hg to 14.7 + 1.9 mm Hg (by approximately
47%, p = 0.016) (Fig. 2A).

NPY promoter polymorphism V—880A: effects on heritable biochemical and physiological
“intermediate” traits in twins

In the twin/sib sample, the promoter Ins/Del polymorphism within the APY haplotype block
displayed the peak effect on traits: V-880A was associated with plasma NPY as well as BP
change during the cold stress test (change in DBP) (Fig. 2B, Table 1). The A/A
homozygotes displayed mean NPY of 100.1 + 7.8 pmol/l, whereas V carriers (V/A or V/V)
were diminished, at 71.8 + 2.8 pmol/l (chi-square = 12.26, p = 0.00046). The A/A
homozygotes displayed a cold-stress DBP increment of 14.6 + 1.7 mm Hg, whereas V
carriers (V/A or V/V) exhibited a change in DBP of 9.8 £ 0.8 mm Hg (chi-square = 7.22, p =
0.0072).

Delta—880A exhibited reciprocal effects on basal hemodynamics: V/V homozygotes
displayed the lowest SVRI (SVR/body surface area) values, at 798.7 + 18.8 dynes/s/ cm®°/
m? ; whereas A/A homozygotes had the highest SVRI values, at 879.0 + 31.3 dynes/s/cm®/
m?, thus increasing resistance by approximately 10.1% (Fig. 2C). By contrast, V/V
homozygotes displayed the highest CI values, at 2.77 + 0.05 I/min/m?; while A/A
homozygotes had the lowest Cl values, at of 2.51 + 0.06 I/min/m, thus decreasing CI by
approximately 9.4%. In each case (SVRI and Cl), heterozygotes displayed intermediate
values, suggesting an additive effect of V-880A 880A on these traits. From the distribution
of p values of tests of V-880A on these correlated twin traits, we estimated (see Methods)
that a p value of 0.05 corresponded to a False Discovery Rate of 0.067.

Replication of NPY promoter polymorphism V —880A effect on plasma NPY

In 361 healthy young males of the Marine Resilience Study, resting plasma NPY was
significantly associated with V-880A genotype: betaapp + SE = 7.86 + 2.47, Padd = 1.55 x
1073; betapom = SE = 12.14 + 3.164, Adom = 1.47 x 1074 (Table 2). Metaanalysis
combining the twin/sib pairs and Marine Resilience Study samples in an additive model
indicated allelic effects consistent in magnitude (beta) and direction (sign on slope) across

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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groups; the overall slope of the meta-analysis regression (beta) = 7.492 with SE (of beta) =
1.769, p < 0.0001.

In a second replication, 2,212 Australian twins phenotyped for plasma NPY and subjected to
genome-wide association, Ins—880Del was not typed, but nearby variant rs16139 (Exon-1,
Leu7Pro) was available (hence, this was not an exact replication). By regression, T-allele
beta = 0.226, SE (of beta) = 0.094; the result was significant at p = 0.016, and the directional
effect of the T-allele was the same in Australia as in the haplotype bearing the T-allele in the
San Diego studies (ATGTGC) (Fig. 2A). A separate test of Leu7Pro in the San Diego
subjects confirmed its effect on plasma NPY (p = 0.034), with the same directional effect on
the NPY trait (T>C).

NPY promoter motifs: computational disruption by common variants V—-880A
(glucocorticoid response element motif) and C-399T (PAX6 motif)

The V-880A (2-bp, TG/—, Ins/Del; rs3037354) variant lies in a region relatively conserved
across species (especially in primates) with a partial match (8/12 bp) for a consensus
glucocorticoid response element (GRE) motif and the insertion displaying a superior match
(Figs. 1C and 3A).

C-399T (rs16147) also lies in a region relatively conserved across species, particularly in
primates, with a partial match (9/14 bp) for a consensus PAX6 (PAired boX gene 6) motif,
with the C-allele displaying a superior match (Fig. 1C, Online Fig. 3). The chimp sequence
suggests that the T (less frequent)- allele is ancestral in humans. Association of C-399T
(rs16147) with responses to stress or emotional challenge (15) as well as early onset
atherosclerosis (21) have been reported, and C-399T lies within our NPY block of LD
(Online Fig. 2) as well as our trait-associated haplotypes (Fig. 2A). However, we found no
functional effects of C-399T (Online Figs. 3 and 4). A recent functional study found that the
—399T (but not C-399) allele of an oligonucleotide shifted mobility during EMSA (22); that
study employed nuclear protein extracts from postmortem human brain rather than a
chromaffin cell line.

NPY promoter variation: coordinate directional functions in transfected cells and in vivo

(twins)

In promoter/luciferase reporter plasmids transfected into PC12 cells, we studied the 2
common variants (V-880A and C-399T), giving rise to 4 combinations (haplotypes), here
created by site-directed mutagenesis: V-C, A-C, V-T, and A-T. Luciferase reporter basal
(unstimulated) activity differed substantially across all 4 combinations (Online Fig. 5). A-T
displayed the highest expression, with V-T the lowest (haplotype effect p < 0.001). Two-way
analysis of variance for effects of the 2 SNP positions indicated a substantial effect for V
—880A (p <0.001), although no effect for C-399T. On either haplotypic background, the
—880A allele increased gene expression significantly (p < 0.001): by approximately 16.2%
on C-399 background and approximately 41.7% on —399T background, and the effects of
the — 880A allele on NPY expression were directionally coordinate in transfected cells and
in vivo (Online Fig. 6).

GRE at V—880A in the NPY promoter: characterization

NPY PROMOTER MOTIFS: COMPUTATIONAL DISRUPTION OF GRE MOTIF BY
COMMON VARIANT V—-880A—The V-880A (2-bp, TG/—, Ins/Del) variant lies in a
region relatively conserved across species (especially in primates) with a partial match (8/12
bp) for a consensus GRE motif and the insertion displaying a superior match (Fig. 3A, left).
The human ancestral allele is likely the V (TG) version (i.e., the most frequent human

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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allele), on the basis of the chimp sequence, although the A (—) version is recurrent in
another primate, the orangutan.

PROMOTER V—880A: EXOGENOUS GLUCOCORTICOID AGONIST
(DEXAMETHASONE) ON REPORTER ACTIVITY—Dexamethasone decreased
transfected NMPY promoter activity (p = 0.002) (Fig. 3A, right) but only in the presence of
the V allele at —880A: by 37% (p = 0.019) on V-C and 20% (p = 0.05) on V-T haplotypes.
There was little or no effect of dexamethasone on haplotypes bearing the —880 A-allele (A-
C or A-T haplotypes).

PROMOTER V—880A: EMSA AND ANTI-GLUCOCORTICOID RECEPTOR
SUPER-SHIFT—During EMSA, the labeled -880 insertion (V, TG Ins) variant was more
effectively shifted by chromaffin cell nuclear proteins than the deletion (—, A) allele. One
shifted band (see arrow in Fig. 3B) was completely displaced by the unlabeled
oligonucleotides and approximately 90% diminished when an anti-glucocorticoid receptor
(GR) antibody was added, suggesting specific recognition of the insertion allele by GR (Fig.
3B).

NPY GENETIC VARIATION IN SUBJECTS WITH THE MOST EXTREME BP
VALUES IN THE POPULATION—Here we studied BP trait-extreme individuals of
European ancestry, to enhance statistical power (23,24). As in the twin/sib pairs, we probed
the 5 common polymorphisms (rs3037354, rs16147, rs16140, rs5573, and rs5574, MAF
>20%) and 1 SNP in the signal peptide (rs16139 Leu7Pro, MAF = 2%), each in Hardy-
Weinberg equilibrium (Online Table 11), to span the structural/functional domains across
the gene (promoter, exons, introns) in this case/control study.

HAPLOTYPE ASSOCIATION WITH BP—In the white BP-extreme population, NPY
also displayed 3 common haplotypes (Online Table 12)—similarly as in twin/sib pairs—
among which the second-most common, ATGTGC, was associated with the quantitative BP
traits (SBP and DBP in mm Hg) as well as the dichotomous trait (higher and lower BP) (Fig.
4A). Occurrence of haplotype ATGTGC elevated SBP from 127.4 £ 1.0 mm Hg to 132.1 +
1.2 mm Hg (increasing 3.7%, p = 0.003), whereas DBP increased from 76.7 £ 0.7 mm Hg to
79.3 = 0.8 mm Hg (increasing 3.45%, p = 0.016) (Fig. 4A, left panel). Haplotype analysis on
subjects dichotomized into 2 BP groups (higher vs. lower BP) indicated that individuals
carrying common haplotype ATGTGC had a tendency to be hypertensive, with Fisher exact
test p = 0.01 (Fig. 4A, right panel). The most common haplotype (VCCTAT) did not display
an effect on either the dichotomized or quantitative BP traits.

PROMOTER V —880A AND BP—Single SNP-based allele tests showed that promoter
variant V-880A (TG/—, Ins/Del) yielded the maximal association with BP. Ina A
dominant/V recessive model, both SBP (p = 0.004) and DBP (p = 0.044) were increased in
A carriers (AA or A/V genotype) (Fig. 4B, left panel), and such individuals also were at
increased risk for hypertension, with Fisher exact test p = 0.029 (Fig. 4B, right panel).

Discussion

NPY and stress: overview

The NPY is a sympathetic co-transmitter co-stored with norepinephrine in large dense-core
vesicles, which when co-released triggers vaso-constriction via its Y1 receptor (25).
Compared with norepinephrine, NPY is preferentially released by intense or prolonged
sympathetic activation and therefore is a marker of even more severe stress (26). Long-term
elevations of NPY might exhibit both detrimental and beneficial consequences, such as

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 9

resilience to and recovery from post-traumatic stress disorder or dampening the fear
response, allowing individuals to perform better under extreme stress (27).

In this study, we began with genome-side linkage showing that variation at the AMPY locus
itself determines NPY secretion. Then systematic polymorphism determination at the gene,
coupled to heritable trait phenotyping in twin pairs, suggested a role for promoter Ins/Del
polymorphism V-880A in NPY secretion and autonomic traits, with replication in
independent groups. Molecular biology documented that V-880A disrupted a GRE. Finally,
we found that (V-880A) associated with BP in the population.

Heritable control of NPY secretion by the NPY gene in twins, with replication

The NPY release is substantially under substantial genetic control (h? = 73 + 4%) (Table 1),
and a c/s-quantitative trait loci on chromosome 7p15 was identified with multipoint linkage
analysis in twin and sib pairs (Fig. 1A). Subsequently, we found that common promoter
variant —880A associated with elevated NPY secretion (Fig. 2B); this marker-on-trait
association is consistent with findings of Zhou et al. (15) in which subjects with NPY
haplotypes bearing allele —=880A display higher plasma NPY, whereas haplotypes bearing
allele V-880 associated with lower plasma NPY. Indeed, we were able to replicate the
finding of APY genetic determination on NPY secretion in vivo in 2 independent samples,
with effects consistent in direction and magnitude, by meta-analysis (Table 2).

NPY gene and stress traits in twins

We found that the —880A allele is associated with not only NPY secretion and pressor
response to environmental (cold) stress (which in longitudinal studies associated with later
elevations in resting BP [28]) (Fig. 2B) but also basal hemodynamic status (systemic
vascular resistance and Cl) in a healthy twin sample (Fig. 2C), progressing to elevated basal
SBP/DBP in population sample (Fig. 4B).

Glucocorticoids, NPY gene expression, and BP

Here we found that the insertion (V) version of MPY promoter variant V-880A created a
partial match (8/12 bp) for a GRE motif (Fig. 3A, left), and the V element responded
functionally to glucocorticoid (Fig. 3A, right) by binding the GR (Fig. 3B). Previous
promoter studies indicated that the V-880A variant lies within a region containing a
negative regulatory element, because elimination of the region between —1078/-796 bp
resulted in approximately 2-fold increased transcription (29). We studied A/PY transcription
in PC12 (rat pheochromocytoma) cells and found that promoter activity decreased after
glucocorticoid (Fig. 3A, right). This decline is consistent with previous findings that
treatment with dexamethasone reduced A/PY messenger ribonucleic acid accumulation in
cultured human pheochromocytoma cells (30). Targeted ablation of the GR in the nervous
system of transgenic mice results in a significant increase of NPY expression (31). Cortisol
reduced and the glucocorticoid antagonist metyrapone increased NPY expression in fish
brain (32). In an anatomically defined study, dexamethasone increased adrenal capsular
NPY, with reversal by simultaneous administration of ACTH; in the medulla, however,
dexamethasone decreased NPY content (33).

NPY and BP regulation

Exogenous NPY exerts either hypertensive (peripheral) or hypotensive (central) effects,
depending on the site of its administration. When administered centrally, the peptide
displays sympatholytic, hypotensive, and anxiolytic effects (34,35). In contrast, acute
administration of NPY into the systemic circulation increases BP (36). In humans and
animals, NPY secretion increases in response to cold exposure, tissue injury and ischemia,

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.
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hemorrhagic shock, and treadmill exercise, particularly when combined with hypoxia (37).
Elevated NPY secretion is found in a variety of conditions with sympathetic hyperactivity
such as hypertension, congestive heart, and renal failure (26). Moreover, at even lower than
vasoconstrictor concentration, NPY stimulates vascular smooth muscle cell proliferation
(38).

Here we found that haplotypes across the ANPY locus associated with not only pressor
responses (Fig. 2A) but also basal SBP and DBP as well as hypertension status (Fig. 4A),
and the peak effect occurred for promoter variant V-880A (Figs. 2B and 4B), at which the
A allele was associated with higher BP.

Study strengths

We used the classical twin design in the search for trait-associated polymorphisms (39),
beginning with genome-wide sib pair linkage (Fig. 1A). Multiple autonomic phenotypes
were measured in the twins, permitting estimation of trait heritability as well as definition of
effects of particular genetic variants at A/PY on such heritable “intermediate phenotypes”
(Table 1); dual documentation of heritability and association lends internal consistency to
the approach. Rather than using HapMap “tagging” SNPs, we systematically scanned the
NPY locus for common or unusual variants in functional gene regions (exons, untranslated
regions, and promoter). This approach allowed us to associate variants in potentially active
regions with physiological traits in vivo and then pursue the functional consequences of such
variants in reporter assays in cella (Figs. 2 to 4). Finally, we were able to replicate our
effects on NPY secretion in vivo with an additional 2 independent cohorts (Table 2).

Study limitations

Although we conducted systematic polymorphism determination in 4 diverse ethnic groups,
our studies on autonomic physiology and disease were conducted only in subjects of
European ancestry, because allelic association studies can be susceptible to artifactual
conclusions resulting from even inapparent population admixture (40); studies of additional
ethnic or population groups will be required to evaluate whether our A/PY results are of
more general importance in the overall population. False positive (type 1) statistical errors
might occur during genetic associations, because the effects of multiple genetic variants
might be evaluated on traits. We guarded against such errors in several ways: we began with
genome-wide linkage, and then proceeded to haplotype analysis, achieving genetic effects
first on NPY secretion with genome-wide stringency (Fig. 1A) and then on population BP
(Fig. 4A) without multiple testing. Moreover, we extended our effects to 3 independent
subject groups; the same NMPY promoter allele associated with higher basal population BP
also associated with “intermediate phenotypes” for hypertension in independent groups:
elevated NPY secretion, exaggerated BP response during stress, higher systemic vascular
resistance and lower Cl, each of which might be “intermediate” phenotypes for development
of high BP in the population (Figs. 2A and 2B).

Conclusions and Perspectives

Common genetic variation at the APY locus, particularly at promoter V-880A, alters
glucocorticoid responses and so influences NPY expression as well as systemic vascular
resistance, later the early heritable response to environmental stress, and ultimately resting
BP in the population. Although causal inferences in this proposed chain of events are not yet
established, we illustrate a proposed pathway (schematized in Fig. 5) that integrates our
conceptual approach with application to the NPY system; this pathway yields testable
predictions for future experimental verification. These results point to new molecular
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strategies for probing autonomic control of the circulation and ultimately the susceptibility
to and pathogenesis of cardiovascular and neuropsychiatric disease states.
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Figure 1. Human NPY Genetic Diversity and NPY Expression

(A) Neuropeptide Y (NPY) secretion: c/s-quantitative trait loci (QTL) by sibling (sib)-pair
linkage. In a linkage study of plasma NPY concentration in sib pairs with 730 microsatellite
markers, chromosome 7p15 displayed a peak logarithm of the odds (LOD) = 4.27 at 34
cmol/l, with the MPY gene as a positional candidate locus beneath the main peak. (B)
Polymorphism discovery across the human APY locus: re-sequencing strategy. There are 4
exons at the AMPY locus. Five polymerase chain reaction amplicons spanned the promoter
and coding regions. Human/mouse homology (VISTA Tools for Comparative Genomics) is
shown for evolutionarily conserved regions, suggestive of functional importance. Red bars
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in the single nucleotide polymorphism (SNP) discovery panel denote polymorphisms with
minor allele frequency (MAF) >20%. (C) Domains and motifs in the APY promoter.
Functional domains in the core/proximal promoter (such as the TATA box, and G/C-rich
regions) were invariant in 80 people (2n = 160 chromosomes) subjected to systematic
polymorphism determination by re-sequencing. Two very common polymorphisms (MAF
>20%) occur in the proximal promoter: Ins—880Del and C-399T. The —880 Ins/Del variant
lies in a GRE transcriptional control motif (—892/-878), whereas C-399T lies in a
recognition motif for PAX6 (—402/-393). Del = deletion; Ins = insertion; NCBI = National
Center for Biotechnology; SOLAR = Sequential Oligogenic Linkage Analysis Routines.
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B Association of NPY promoter polymorphism V-880A
with plasma NPY and ADBP in cold stress test
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Figure 2. Association of NPY Genetic Variation With Stress Phenotypes in the Twins and

Siblings

(A) NPY common haplotype ATGTGC with plasma NPY concentration and blood pressure
(BP) response to stress. (B) MPY promoter polymorphism V-880A with plasma NPY as
well as change in diastolic blood pressure (DBP) during environmental (cold) stress. The
deletion allele was associated with higher plasma NPY and change in DBP during the cold
stress test. The genetic model was A-allele recessive, on the basis of inspection of the
marker-on-trait results. (C) V-880A with basal hemodynamic traits: systemic vascular
resistance index (SVRI) or cardiac index (CI). The CI was calculated as cardiac output
normalized by body surface area (BSA), and SVRI was calculated as systemic vascular
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resistance (SVR) normalized by BSA. The effects on the 2 traits are reciprocal. GEE =
generalized estimating equation; ORF = open reading frame.
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A NPY promoter common variant V-880A (Ins/Del, TG/--):
Disruption of a glucocorticoid response element (GRE) motif

Glucocorticoid effect on NPY promoter
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Figure 3. NPY Promoter V-880A Polymorphism: GRE Motif

(A) The Neuropeptide Y (AMPY) promoter variant V-880A at the glucocorticoid response
element (GRE) motif. Left panel: NPY promoter V-880A polymorphism: interspecies
conservation, and consensus motifs match for GRE. Sequence alignments were done by
Clustal-W, whereas motifs from TRANSFAC were explored at Chip-Mapper and JASPAR
(see Methods). Right panel: Functional response: effect of exogenous glucocorticoid
(dexamethasone) on A/PY promoter activity in PC12 cells. Char-coal/dextran-stripped fetal
bovine serum was used as the growth medium, to remove any residual glucocorticoid from
serum. Dexamethasone (Dex) (or vehicle) was added 6 h after transfection. Cells were
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harvested at 24 h after transfection. (B) Electrophoretic mobility shift assay (EMSA)
interaction of V-880A and the synthetic GRE with chromaffin cell nuclear proteins. The
biotin-labeled insertion (V) allele exhibits increased binding to nuclear proteins, as
compared with the deletion (A) version. The binding signal for 1 band (arrow) was
completely abolished by the unlabeled oligonucleotide and inhibited approximately 90% by
an antibody directed against the glucocorticoid receptor (GR). ANOVA = analysis of
variance.
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A NPY haplotype ATGTGC on BP in the population
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Figure 4. Association of NPY Genetic Variation With BP in the Population

(A) NPY common haplotype ATGTGC with hypertension. Left: ATGTGC with systolic
blood pressure (SBP) and DBP. Individuals who carry this haplotype display both higher
SBP and DBP than those without it. Right: ATGTGC with BP status. Absence of this
haplotype is associated with normal BP, whereas presence is associated with hypertension (p
=0.01). (B) NPY common promoter polymorphism V-880A with hypertension. Left: V
—880A.: effect on SBP and DBP. Subjects carrying the deletion variant display higher SBP
and DBP than insertion homozygotes. Right: V-880A with BP status. The deletion version

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 21

is associated with hypertension (p = 0.029). HT = hypertensives; NT = normotensives; other
abbreviations as in Figures 2 and 3.
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Time

Human NPY promoter genetic variant V-880A:
Schema for effects on autonomic and disease traits

Event: Experimental setting: Application to NPY:
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Figure 5. Schema

NPY genetic variation: consequences for autonomic physiology and cardiovascular disease.
The schematic presents a hypothetical framework integrating the overall rationale and
experimental results, and suggests future questions for exploration. Abbreviations as in
Figures 2 and 3.

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.

Mechanism



Page 23

Zhang et al.

"Xapul 30UBISISal JBJNOSEA OIWAISAS = [HAS 'Xapul SWNJOA 8Y011S = |AS ‘ainssaid
poojq 21]01sAS = dgS ‘A apndadoinaN = AdN ANE ur) eate aoeuns Apoq 01 pazifewou (YAS 10 OD) anjeA dlweuApowsay = ,Xapul,, ‘a1el 1eay = YH ‘ainssaid poojq 21j0IseIp = dgq ‘Xapul JeIpJed = |

'500>d
x

‘s|apout o11auafi aAmppe Yum ‘(stoul]l] ‘oBedatyDd ‘SSdS) SSdS Ul uonenbs Bunewnss
pazijeauab Aqg ‘(sqis) sBuljqis pue suimy ul paindwiod a1am sansIIeIs aAndLIasaq 'saunnoy sisAjeuy abexui o1usbobi|Q [enuanbas yum ‘suimi ul sjusuodwiod soueLIBA WOL) PaJeWIISS Sem Amé AingensH

£CL000  yTxopT  0TFEE  TTFPOT 0V FSL 9007450 BH ww ‘'dga-enea
98,0  §TF09T SzFTST STFevT  L91F09C  gp0Fs90 BH ww ‘dgs-eeq
(1591 Jossa.d pj0d) SSANS [eIUSWIUOIIAUT
9,50  90FT6E  v0FGs6e  v0Fgee «L1I8T  gp0F990 AUUIW/W IAS
«6800  e1e706/8 TcFESy8 88TFL86L «¢F0LL 900Fs50 2W/gWO/S/SAUAD ‘IHAS
7000 900715z S00FOLZ S00FiLT  LOPIISC  po0FTLO 2wy ‘19
«€000  grrev9  60F¥89  O0TFS0L LS0FEE  so0F1e0 uIwysteaq “gH
2000  E€TF8T. 80F8TL 60792 «C¢VITL 9007150 BH ww ‘dga
859°0 9TFeeT  TTFeel  ¢TFeel  0030C  gppxgpo BH ww ‘dgs
(Bunsal) s1wreuApowsay/jediboloisAyd
LTIV ogrErzeTr eeFev.  80eF0zL  »9CFOC  pooFes0 I/1owd ‘AdN ewse|d
[ealwayoolg
aneAad (8 v/v (LT V/A  (98T) A/A aneAd  NTS F uBsiN yeu 1 /Asoba1eD

(66€ = u) adAous projdid V088-A

(8€€ = u) sum 1 Ut ;H wea L

SQIS PUE SUIM L Ul SHEJ L DIWOUOINY 3|QeISH UO S}09T 7S/ E0ESIV 088—A JUBLIBA JSI0WOId AN
T olqeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.



Page 24

Zhang et al.

"8J8||e uonasp dg-z
= — 9]9|[e uomasul (dq) Jred sseq-z = 91 ‘wsiydiowAjod apnosjanu a1fuls = dNS ‘uonesjusouod A apndadoinaN ewsejd = AdNd ‘ApniS adualjIsay sulle|N = SHIA ‘(313]1e uanbauy ssa| ‘-) T 9j9|e = TV

‘1apow (AdN) e uo (dAjouab “a'1) 199443 paxiy & Yum ‘(sexal ‘uoess abs]|0D ‘d100eels) V1v.1S
Ul pUBLIWOD W/ 1 3N 8Y} UIM pajen|eAs a1am sdnoJb ssolde G/ E0ES] 40 198443 "e1aq Jo 3S F ‘(313]18/ad0|s) Blaq Se passaidxa azIs 198440 UM ‘uo1ssaifial seaul] Aq palsa) a1am S|apow Jeaul] sAINPPY

1000°0> 9L'T 6v'L SAPPY  AdNd 092 — o1/~ sisAeue-e1el ¥SELE0ES!
SST00°0 e 98, SAIPPY  AdNd  T9E  %0'9C o1/- SauLlelN SHIN ¥GELE0ES!

9000 ¥5'T 0T'L SANPPY  AdNd  66€  %T'6C o1/~ squs/sum L. ¥5€L£0€s!
aneAad  eRgJo3s  (aplv/edols) eleg PO MedL U TV baid  ZalpIV/T BRIV dnolo  dNSI AdN

4] U0 dNS J0 10913

U0N8129S AdN UO JUBLIEA J310WO0Id AN UBWINH © JO SISAjeuy/-R1a|A

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

JAm Coll Cardiol. Author manuscript; available in PMC 2013 June 20.



