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Abstract

Synthetic k-opioid receptor (KOR) agonists induce dysphoric and pro-depressive effects and variations in the

KOR (OPRK1) and prodynorphin (PDYN) genes have been shown to be associated with alcohol dependence. We

genotyped 23 single nucleotide polymorphisms (SNPs) in the PDYN andOPRK1 genes in 816 alcohol-dependent

subjects and investigated their association with : (1) negative craving measured by a subscale of the Inventory of

Drug Taking Situations ; (2) a self-reported history of depression; (3) the intensity of depressive symptoms

measured by the Beck Depression Inventory-II. In addition, 13 of the 23 PDYN and OPRK1 SNPs, which were

previously genotyped in a set of 1248 controls, were used to evaluate association with alcohol dependence. SNP

and haplotype tests of association were performed. Analysis of a haplotype spanning the PDYN gene (rs6045784,

rs910080, rs2235751, rs2281285) revealed significant association with alcohol dependence (p=0.00079) and with

negative craving (p=0.0499). A candidate haplotype containing the PDYN rs2281285-rs1997794 SNPs that was

previously associated with alcohol dependence was also associated with negative craving (p=0.024) and alcohol

dependence (p=0.0008) in this study. A trend for association between depression severity and PDYN variation

was detected. No associations of OPRK1 gene variation with alcohol dependence or other studied phenotypes

were found. These findings support the hypothesis that sequence variation in the PDYN gene contributes to both

alcohol dependence and the induction of negative craving in alcohol-dependent subjects.
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Introduction

Animal studies suggest that dynorphins play a role in

alcohol dependence (Shippenberg et al. 2007; Walker et al.

2011; Wee & Koob, 2010), whereas blockade of k-opioid

receptor (KOR) decreases ethanol self-administration in

ethanol-dependent but not in non-dependent animals

(Walker et al. 2011). This finding implies that the

dynorphin/KOR regulated neurotransmission is persist-

ently activated in dependent animals and, thus, con-

tributes to increased ethanol self-administration. PDYN

mRNA and dynorphins were found to be up-regulated in

the dorsolateral prefrontal cortex of alcohol-dependent

subjects (Bazov et al. 2011). This up-regulation, which

may be influenced by PDYN polymorphisms or epi-

genetic mechanisms, could contribute to impairment

in cognitive control over alcohol drinking behaviour

(Shippenberg et al. 2007; Taqi et al. 2011a, b).

Evidence also demonstrates that the brain dynorphin/

KOR system plays a role in the motivational aspects of

stress by mediating pro-depressive-like states that in-

volve elements of anhedonia, dysphoria and aversion

in humans and laboratory animals (Knoll et al. 2007;

Todtenkopf et al. 2004; Wadenberg, 2003 ; Walsh et al.

2001). Synthetic KOR agonists produce dysphoria in

humans (Pfeiffer et al. 1986; Wadenberg, 2003) and a

wide variety of depressive-like effects in animal models
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(Carlezon et al. 2006; Dinieri et al. 2009; Mague et al.

2003; Todtenkopf et al. 2004; Tomasiewicz et al. 2008).

Stress elevates the expression of dynorphins in animals

(Shirayama et al. 2004), while KOR antagonists block the

effects of stress and produce antidepressant-like effects

(Knoll et al. 2007; Mague et al. 2003; Newton et al. 2002).

Consistently, PDYN mRNA is elevated in the patch

compartment of the striatum of suicide subjects, an effect

presumably attributed to depression (Hurd et al. 1997).

Collectively, these findings suggest that stress-related

activation of KOR by dynorphins can lead to depression-

like syndrome in animal models and depression in

humans.

Clinical research also indicates that negative affect

contributes to relapse along with alcohol craving (Zywiak

et al. 2003, 2006). The complex interplay between craving

and an emotional/behavioural context associated with

alcohol use is conceptualized by a three-pathway psy-

chobiological model (Verheul et al. 1999). According to

this model, the desire for drinking (craving) may present

in the context of tension or negative emotions (negative

or ‘relief’ craving), a desire for the rewarding properties

of alcohol (positive or ‘reward’ craving) or obsessive

thoughts about drinking (obsessive or ‘temptation’

craving ; Verheul et al. 1999). The propensity to use al-

cohol in the context of these situations can be reliably

identified by the Inventory of Drug Taking Situations

(IDTS; Annis et al. 1997; Turner et al. 1997). Data indicate

that negative craving seems to be a more important

determinant for drinking compared to reward craving or

obsessive craving (Victorio-Estrada & Mucha, 1997;

Victorio-Estrada et al. 1996). Thus, negative craving may

be an important marker, predictive of the severity of

alcohol dependence and/or treatment response.

Genetic studies have demonstrated association be-

tween the OPRK1 and PDYN variation and alcohol de-

pendence in humans (Edenberg et al. 2008; Williams et al.

2007; Xuei et al. 2006). Although no associations with

PDYN or OPRK1 single nucleotide polymorphisms

(SNPs) have been reported from genome-wide associ-

ation studies of alcohol dependence (Bierut et al. 2010;

Edenberg et al. 2010; Treutlein et al. 2009), the stringent

corrections for multiple testing that need to be applied in

these studies result in low power to detect small effects of

individual SNPs. Thus, both genes remain strong candi-

dates for alcohol dependence-related phenotypes based

on evidence from candidate gene studies and evidence of

functional importance of the dynorphin/KOR system in

stress and alcohol self-administration in model studies.

However, the role of PDYN and OPRK1 variation in

negative craving or in the presence of co-morbid de-

pression in alcohol-dependent human subjects has not

been investigated. To examine potential overlap in

genetic factors predisposing to negative craving, intensity

of depressive symptoms and/or self-reported history of

depression in alcohol-dependent subjects, we investi-

gated the association of these phenotypes with OPRK1

and PDYN sequence variation. We hypothesized that

variations in OPRK1 and PDYN are associated with in-

creased negative craving (reflected by elevated score of

the negative IDTS scale), increased level of depressive

symptoms [reflected by elevated Beck Depression

Inventory-II (BDI) score], increased frequency of reported

history of depression and increased risk for alcohol de-

pendence. To test this hypothesis, we evaluated the

association of each phenotype with individual SNPs,

haplotypes covering the PDYN and OPRK1 genes and

candidate haplotypes previously reported to be associ-

ated with alcohol or cocaine dependence (Beardsley et al.

2005; Xuei et al. 2006; Yuferov et al. 2009).

Method

Study subjects and data collection

This study was approved by the Institutional Review

Board of Mayo Clinic Rochester. All subjects provided

informed consent and permission to use their infor-

mation for future studies of alcohol dependence and

related phenotypes. A total of 936 alcohol-dependent

cases and 1302 non-alcohol-dependent controls were

genotyped. After quality control procedures, 816 cases

and 1248 controls remained for analysis.

The case group included alcohol-dependent (DSM-IV-

TR) subjects participating in ongoing and completed

studies of clinical and genetic predictors of alcohol de-

pendence, treatment outcomes and related phenotypes

(Boykoff et al. 2010; Karpyak et al. 2009, 2010 ; Kolla et al.

2011; T. D. Schneekloth et al. 2012, unpublished obser-

vations). For this study, available information on the

intensity of negative craving (measured by the negative

subscale of IDTS) as well as a state-dependent measure

of depressive symptomatology (measured by BDI) was

extracted from the research database.

A subset of cases had participated in the Mayo Clinic

Intensive Addictions Program (IAP) and completed the

IDTS and BDI questionnaires as part of treatment-related

assessments. Because the treatment-related assessments

have evolved over time, not all IAP patients were

evaluated with both the IDTS and BDI. Therefore, data

for the negative craving subscale of IDTS were available

for 196 of the 816 cases, while BDI data were available for

292 cases. The negative IDTS scores were approximately

symmetrically distributed, with a mean of 47.94 (S.D.=
20.96). The BDI data were right skewed with the mean

on the border between mild and moderate intensity

of depression (18.74¡11.61). In addition, self-reported

information regarding the presence (n=193, 52.9%) or

absence (n=172, 47.1%) of lifetime history of depression

was available for a subset of 365 cases who participated in

studies aimed at determining the genetic predictors of

severe alcohol withdrawal (Karpyak et al. 2009, 2010).

Control subjects were selected from a group of controls

who had previously participated in a genome-wide
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association study of venous thrombosis carried out at

Mayo Clinic and gave consent for additional research

studies (Heit et al. 2011).

In an effort to replicate the strongest SNP association

detected in the discovery sample, we genotyped one

PDYN SNP in an independent replication sample of 474

alcohol-dependent subjects and 432 controls recruited at

the Ludwigs-Maximilians-University of Munich, Germany.

Detailed information about the discovery and replication

samples is available in Supplementary material.

SNP selection and genotyping

The list of selected PDYN and OPRK1 SNPs is presented

in Table 1. Non-alcoholic controls were genotyped pre-

viously as part of a study of venous thrombosis (Heit et al.

2011). For genotyping of cases, tag SNPs and candidate

SNPs were selected to achieve gene coverage and to rep-

licate previously reported associations. Tag SNPs were

selected to match, whenever possible, the 13 PDYN and

OPRK1 SNPs that had been previously genotyped in the

controls (Heit et al. 2011). Candidate SNPs in PDYN and

OPRK1 were chosen based on previously reported as-

sociations with alcohol, opiate and/or cocaine depen-

dence (Table 1). The selected candidate and tag SNPs

were genotyped in alcohol-dependent subjects to evalu-

ate potential associations with negative craving and

depressive symptomatology. For SNPs that had been

genotyped in the controls, association with alcohol de-

pendence was also investigated.

Genotyping was performed separately in cases and

controls. Twenty-three candidate SNPs were genotyped

in cases using the Illumina BeadXpress platform with

Illumina GoldenGate SNP assay (Illumina Inc., USA).

Thirteen of these PDYN and OPRK1 SNPs were also

previously genotyped with the Illumina 660 genome-

wide SNP array in the controls (Heit et al. 2011). In ad-

dition, 43 ancestry informative markers were genotyped

to verify self-reported race (Supplementary Table S1).

Genotyping details and quality control analysis of

the discovery and replication samples are described in

Supplementary material.

Data analysis and statistics

To avoid confounding effects of population stratification,

subjects with self-reported race other than ‘white, non-

Hispanic’ were excluded from analyses, resulting in 817

cases and 1249 controls. To verify genetic ancestry of the

remaining subjects, 43 ancestry informative markers were

Table 1. Candidate SNPs genotyped in cases and controls

Gene SNP

Major

allele

Minor

allele

MAF

cases

MAF

controls

Genotyped

in controls

Previously reported associations with

alcohol, cocaine or opiate dependence

OPRK1 rs963549^* G A 0.1255 0.1259 Y

rs7817710 C A 0.0808 0.0870 Y

rs997917^ A G 0.2953 0.2847 Y (Xuei et al. 2006 ; Yuferov et al. 2009)

rs6473797^ A G 0.2515 (Xuei et al. 2006 ; Yuferov et al. 2009)

rs6473799* A G 0.2515 0.2460 Y

rs12548098 A G 0.1017 (Xuei et al. 2006 ; Yuferov et al. 2009)

rs7836120^* A G 0.1691 0.1540 Y

rs16918941^* A G 0.0863 0.0794 Y (Xuei et al. 2006 ; Yuferov et al. 2009)

rs6985606^* A G 0.4907 0.4984 Y (Xuei et al. 2006 ; Yuferov et al. 2009)

rs12056414 G A 0.0821 0.0742 Y

PDYN rs6045784^ A G 0.1017 Xuei et al. 2006

rs6132153 A G 0.1628 0.1434 Y

rs2235749 G A 0.2711 (Xuei et al. 2006 ; Yuferov et al. 2009)

rs910080^ A G 0.2644 (Yuferov et al. 2009)

rs10485703 A G 0.1010 Xuei et al. 2006

rs6045819 A G 0.1077 (Xuei et al. 2006 ; Yuferov et al. 2009)

rs6045824 A G 0.1028 0.1066 Y

rs6035222 G A 0.1114 (Xuei et al. 2006)

rs6045868* G A 0.2546 0.2464 Y (Xuei et al. 2006)

rs2235751^* A G 0.2543 0.2392 Y (Xuei et al. 2006)

rs2281285^* A G 0.1726 0.1422 Y (Xuei et al. 2006)

rs1997794 A G 0.3554 (Clarke et al. 2009 ; Xuei et al. 2006)

rs10854244 A T 0.2632 Xuei et al. 2006

SNP, Single nucleotide polymorphism; MAF, minor allele frequency.

^ Tag SNPs selected for gene-level haplotype analysis in cases only to assess for association with negative craving and

depression-related outcomes.

* Tag SNPs selected for gene-level case/control haplotype analysis comparing alcohol-dependent cases with non-alcoholic controls to

assess for association with alcohol dependence.
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analysed using STRUCTURE (Pritchard et al. 2000).

Details are available in Supplementary material. As a

result of this analysis, one case and one control subject

were excluded, leaving 816 cases and 1248 controls for

analysis.

Analyses of genetic association with negative craving

and depression measures

Associations between the 23 SNPs in PDYN and OPRK1

and negative craving in alcohol-dependent subjects were

first evaluated using single SNP association tests. For

each SNP, association with the raw score of the negative

IDTS subscale was evaluated with a linear regression

model, including age and gender as covariates. SNP

genotypes were coded 0, 1 or 2 representing the number

of copies of the minor allele. For the top SNP associations,

permutation analysis (10 000 permutations) was used to

correct for multiple testing of the 23 SNPs. For SNPs that

showed significant association at the 0.05 level, we report

both the uncorrected and corrected p values. All statisti-

cal analyses were performed in R Statistical Software,

version 2.13.0 (R Development Core Team, 2011) unless

otherwise noted.

We also investigated the association of negative

craving with previously reported (candidate) PDYN and

OPRK1 haplotypes as well as haplotypes spanning the

full gene. Xuei et al. (2006) reported the association of

PDYN haplotypes composed of rs2235749 and rs10485703

(Xuei block 1) and rs1883723, rs2281285, and rs1997794

(Xuei block 2) with alcohol dependence, while Yuferov

et al. (2009) reported the association of a haplotype com-

posed of rs2235749, rs910080 and rs910079 with cocaine

dependence. We investigated the potential association of

these candidate haplotypes with negative craving, with

the exclusion of rs1883723 (Xuei block 2) and rs910079

(Yuferov) SNPs, which were not genotyped in our study.

However, we note that rs910079 is in perfect linkage dis-

equilibrium (LD; r2=1.0) with rs910080, and thus our

rs2235749-rs910080 haplotype is equivalent to Yuferov’s

rs2235749–rs910080–rs910079 haplotype.

In addition to candidate haplotypes, we also con-

sidered haplotypes spanning each gene to examine as-

sociation at the gene level. These full-gene haplotypes

do not span the gene in the physical sense, but cover

the genetic variation that is present across each gene

by including tag SNPs based on patterns of LD. Due to

frequency limitations, rather than using all genotyped

SNPs, a smaller set of tag SNPs was selected to cover each

gene. LD in cases was estimated across each gene with

Haploview software (Barrett et al. 2005) and a set of tag

SNPs was identified with Tagger (de Bakker et al. 2005) to

capture the genetic variation across each gene (Fig. 1).

Four tag SNPs were identified for PDYN (rs6045784,

rs910080, rs2235751, rs2281285) and six tag SNPs were

identified for OPRK1 (rs6473797, rs7836120, rs6985606,

rs997917, rs963549, rs1691894). Haplotype association

tests were performed using the score statistic proposed

by Schaid et al. (2002), adjusting for age and gender.

Reported p values for the global haplotype tests are not

corrected for multiple testing ; however, corrections are

reported for haplotype-specific tests.

Single SNP, candidate haplotype and full-gene

haplotype analyses were also performed to investigate

association with severity of depressive symptomatology,

measured by BDI at admission (state-dependent

measure) and lifetime history of depression (trait-related

measure) in alcohol-dependent cases. Adjustments were

made for gender but not age, which was not significantly

associated with BDI scores at admission or lifetime his-

tory of depression. Because the BDI scores were right

skewed, a square root transformation was applied prior

to linear regression analysis. Associations with BDI at

admission were evaluated with linear regression models,

whereas associations with lifetime history of depression

were evaluated with logistic regression models.

Analyses of genetic association with alcohol

dependence

In addition to association analysis with negative craving

and depression, we evaluated association of 13 PDYN
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Fig. 1. Linkage disequilibrium (LD) plots showing r2 values

and haplotype block structure for PDYN single nucleotide

polymorphisms (SNPs) (a) and OPRK1 SNPs (b). LD plots are

based on 23 SNPs genotyped in alcohol-dependent subjects

only (similar results were observed for a subset of SNPs

genotyped in the control subjects). Boxed SNPs denote tag

SNPs chosen with Tagger for the case-only haplotype analysis.

SNPs denoted with an asterisk are tag SNPs chosen with

Tagger for the case–control analysis. SNPs marked in bold

were genotyped in both cases and controls.
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and OPRK1 SNPs with alcohol dependence in a case–

control analysis of 816 alcohol-dependent subjects and

1248 controls. The association of each SNP with alcohol

dependence was evaluated using a logistic regression

model, including age and gender as covariates. Tests of

haplotype association with alcohol dependence were also

performed. Because only 13 of the 23 SNPs genotyped in

alcohol-dependent cases were also genotyped in controls,

analyses of the same haplotypes that were investigated in

the case-only analyses were not possible. Only one SNP

involved in the reported candidate haplotypes from the

studies by Yuferov et al. (2009) and Xuei et al. (2006) was

also genotyped in the controls (rs2281285), eliminating

the possibility to study the association of these haplo-

types with alcohol dependence. Instead, we investigated

the association of alcohol dependence with full-gene

haplotypes constructed using tag SNPs identified with

Tagger (de Bakker et al. 2005) to capture the genetic vari-

ation across each gene. For the case–control analyses,

three tag SNPs were identified for PDYN (rs6045868,

rs2235751, rs2281285) and five tag SNPs were identified

for OPRK1 (rs6473799, rs7836120, rs6985606, rs963549,

rs1691894).

LD patterns were consistent with reports from pre-

vious studies and with data available from HapMap and

were also similar between case and control subjects, with

the exception of rs2281285. This SNP displayed reduced

LD among case subjects, while the LD pattern in controls

matched that of HapMap.

Replication of single SNP association findings

The PDYN rs2281285 SNP was genotyped in 915 sub-

jects recruited from Ludwigs-Maximilians-University in

Munich, Germany using a TaqMan1 SNP Genotyping

Assay (Applied Biosystems, USA) in order to replicate an

association detected in this study. Nine subjects failed

genotyping and data from 474 alcohol-dependent sub-

jects and 432 non-alcoholic controls were analysed.

Logistic regression analysis was conducted in the repli-

cation sample to examine association between alcohol

dependence and rs2281285 as described for the original

Mayo Clinic sample.

Results

Association of PDYN and OPRK1 SNPs with

negative craving

Results of the tests for association between negative

craving and individual PDYN and OPRK1 SNPs are pre-

sented in Table 2. A nominally significant association was

detected with rs2281285 (uncorrected p=0.012, multiple-

testing corrected p=0.14). The estimated effect size was

6.95 (S.E.=2.75), indicating that, for each inherited copy of

the minor G allele, the IDTS negative score was almost

7 points higher on average (Cohen’sD=0.33). There were

no statistically significant associations between negative

craving and individual SNPs in theOPRK1 gene (Table 2).

However, two OPRK1 SNPs (rs12548098 and rs16918941)

and PDYN rs6132153 SNP revealed trends for association

at the p<0.07 level (uncorrected).

Haplotype association test results are shown in Table 3.

A global test of full-gene haplotype association revealed a

significant association of negative craving with variation

in PDYN (p=0.0499) but not OPRK1 (p=0.32). Haplotype-

specific frequencies and corresponding p values are

presented in Supplementary Table S2. We also found

significant evidence of association (global test p=0.024)

between negative craving and the candidate rs2281285-

rs1997794 haplotype (a subset of Xuei block 2). The com-

bination of G–A alleles in this haplotype was estimated

to be a risk haplotype associated with negative craving

(G–A haplotype specific p=0.007 ; maximum statistic

corrected p=0.039). Haplotype-specific frequencies and

corresponding p-values are presented in Supplementary

Table S3. We also found a marginally significant associ-

ation (global test p=0.055) between negative craving

and the other candidate Xuei block 1 haplotype

rs2235749–rs10485703 (Xuei et al. 2006). In this haplotype,

combination of A–A alleles was associated with increased

negative craving (A–A haplotype specific p=0.019,

maximum statistic corrected p=0.054). There was no

evidence of association between negative craving and the

third candidate haplotype consisting of rs2235749 and

rs910080 (equivalent to the rs2235749–rs910080–rs910079

haplotype described to be associated with cocaine de-

pendence by Yuferov et al. 2009).

Association of PDYN and OPRK1 SNPs with BDI score

and depression history

We observed association between PDYN rs6041859 and

BDI score at the 0.05 significance level (uncorrected

p=0.038) but not after correction for multiple testing

(corrected p=0.36). We also observed a trend for as-

sociation of BDI with PDYN candidate haplotype (Xuei

block 2) rs2281285–rs1997794 (p=0.082). Haplotype-

specific frequencies and corresponding p values are

presented in Supplementary Table S2. A global test of

haplotype association also revealed a trend for associ-

ation of BDI score with variation in PDYN (p=0.087)

with risk haplotypes (rs6045784 A–rs910080 A–rs2235751

A–rs2281285 G) consistent with the results for association

with the negative craving subscale of IDTS. Haplotype-

specific frequencies and corresponding p values are pre-

sented in Supplementary Table S3. No association was

observed between BDI scores and OPRK1 (Table 3). Our

data did not provide evidence for association of lifetime

history of depression with any SNP (Table 2) or haplo-

type (Table 3).

Association of PDYN and OPRK1 variations with

alcohol dependence

Results of analyses of association between alcohol de-

pendence and PDYN and OPRK1 SNPs are presented in

PDYN, alcoholism, depression and negative craving 979



Table 3. Association of PDYN and OPRK1 haplotypes with negative craving subscale of IDTS, depressive symptoms at

admission (BDI) and self-reported history of depression

Haplotype

analyses Gene name SNPs included

p-value

IDTS*

(N=196)

p-value

BDI*

(N=292)

p-value history

of depression*

(N=365)

Full-gene PDYN rs6045784, rs910080,

rs2235751, rs2281285

0.0499 0.087 0.95

OPRK1 rs6473797, rs7836120,

rs6985606, rs997917,

rs963549, rs1691894

0.32 0.40 0.22

Candidate

haplotype

PDYN block 1 (Xuei et al. 2006) rs2235749, rs10485703 0.055 0.66 0.96

PDYN block 2 (Xuei et al. 2006) rs2281285, rs1997794 0.024 0.082 0.82

PDYN (Yuferov et al. 2009) rs2235749, rs910080 0.30 0.74 0.52

IDTS, Inventory of Drug Taking Situations ; BDI, Beck Depression Inventory-II ; SNPs, single nucleotide polymorphisms.

* p values are based on the global score test for haplotype association proposed by Schaid et al. (2002) and are not corrected for multiple

testing ; p values<0.05 are presented in bold. Additional results for the statistically significant haplotypes, including specific haplotype

frequencies, are included in Supplementary Tables S2–S4.

Table 2. Association of individual PDYN and OPRK1 SNPs with negative craving subscale of IDTS, depressive symptoms at

admission (BDI) and self-reported history of depression

Gene SNP MAF (cases)

IDTS (N=196) BDI (N=292) History of depression (N=365)

Effect size* p value$ Effect size* p value$ Odds ratio p value$

PDYN rs6045784 0.10 x4.47 0.18 x0.24 0.21 1.06 0.83

rs6132153 0.16 5.49 0.057 x0.02 0.91 1.01 0.95

rs2235749 0.27 2.07 0.40 x0.13 0.33 0.99 0.95

rs910080 0.26 1.53 0.54 x0.14 0.30 1.04 0.84

rs10485703 0.10 x4.95 0.15 x0.28 0.17 1.06 0.83

rs6045819 0.11 x5.28 0.11 x0.39 0.038$$ 1.00 1.0

rs6045824 0.10 x4.76 0.17 x0.39 0.050 1.17 0.57

rs6035222 0.11 x2.90 0.38 x0.34 0.078 1.01 0.96

rs6045868 0.25 1.29 0.60 x0.15 0.27 1.01 0.96

rs2235751 0.25 3.52 0.14 0.01 0.95 0.85 0.36

rs2281285 0.17 6.95 0.012** 0.07 0.63 1.13 0.57

rs1997794 0.36 1.70 0.45 x0.04 0.73 0.94 0.69

rs10854244 0.26 3.89 0.094 0.08 0.53 0.91 0.57

OPRK1 rs963549 0.13 x0.45 0.89 0.10 0.59 0.80 0.34

rs7817710 0.081 0.01 1.0 0.09 0.68 0.70 0.18

rs997917 0.30 x0.50 0.84 x0.02 0.91 0.77 0.13

rs6473797 0.25 x0.26 0.92 x0.03 0.80 0.74 0.092

rs6473799 0.25 x0.26 0.92 x0.03 0.80 0.74 0.092

rs12548098 0.10 x6.90 0.068 0.38 0.066 0.70 0.17

rs7836120 0.17 x2.71 0.39 0.16 0.36 0.85 0.45

rs16918941 0.086 x7.42 0.064 0.28 0.20 0.58 0.055

rs6985606 0.49 x2.22 0.30 x0.09 0.49 0.81 0.20

rs12056414 0.082 5.06 0.24 x0.03 0.88 1.27 0.40

IDTS, Inventory of Drug Taking Situations ; BDI, Beck Depression Inventory-II ; MAF, minor allele frequency.

p values <0.05 are presented in bold.

* For IDTS and BDI, the reported effect size is the estimated coefficient for the minor allele effect from the regression model.

$ Presented p values are not corrected for multiple testing except as noted below.

**Corrected p value=0.14.

$$Corrected p value=0.36.
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Table 4. Consistent with the association findings for

negative craving, PDYN rs2281285 SNP was also found

to be associated with alcohol dependence (uncorrected

p=0.0083, corrected p=0.076). The estimated odds ratio

(OR) for association of rs2281285 with alcohol depen-

dence was 1.30 [95% confidence intervals (CI) 1.07–1.58],

indicating a higher risk of dependence associated with

the minor G allele.

Consistent with results found for negative craving,

gene-level haplotype associations with alcohol depen-

dence were statistically significant for PDYN (rs6045868–

rs2235751–rs2281285 haplotype, p=0.0008), but not

for OPRK1 (rs6473799–rs7836120–rs6985606–rs963549–

rs1691894 haplotype, p=0.86). Haplotype-specific fre-

quencies and corresponding p values are presented

in Supplementary Table S4. As explained in Method,

only 13 of the 23 SNPs genotyped in alcohol-dependent

cases were also genotyped in controls and these

SNPs did not include the previously reported candidate

haplotypes. Therefore, we were not able to test for as-

sociation of alcohol dependence with these haplotypes.

Replication of association of rs2281285 with

alcohol dependence

The rs2281285 G allele frequency in the replication

sample was 0.161 in cases (as compared to 0.173 in

the discovery sample) and 0.148 in controls (as compared

to 0.142 in the discovery sample). In the replication

sample, the estimated OR for the effect of the variant

rs2281285 G allele was OR=1.18 (95% CI 0.90–1.54) as

compared to OR=1.30 (95% CI=1.07–1.58) in the dis-

covery sample. Association with alcohol dependence was

not statistically significant in the replication sample

(p=0.22).

Discussion

This study investigated the association of variability in

PDYN and OPRK1 genes with negative craving, alcohol

dependence, depression history and intensity of de-

pressive symptoms. Examination of a haplotype reflect-

ing the variation within the PDYN gene, consisting of

rs6045868, rs2235751 and rs2281285, provided evidence

for association of the PDYN gene with alcohol depen-

dence (p=0.00079). Similarly, we found a statistically

significant association of the PDYN gene haplotype con-

sisting of rs6045784, rs910080, rs2235751 and rs2281285

with negative craving (p=0.0499). To the best of our

knowledge, this is the first report supporting association

of the PDYN gene with negative craving. Haplotype

analysis also revealed a trend for association of the same

PDYN gene haplotype with the intensity of depressive

symptoms measured by BDI. No association between a

history of co-morbid depression and PDYNwas observed

in our sample.

We also found a significant association between

negative craving and the candidate PDYN rs2281285-

rs1997794 haplotype (p=0.024), which is a subset of a

haplotype that was previously reported to be associated

with alcohol dependence (Xuei et al. 2006). Only one of

three SNPs (rs2281285) involved in the previously re-

ported candidate haplotypes (Xuei block 1, Xuei block 2

and Yuferov) was also genotyped in our control subjects,

precluding analysis of the association of those haplotypes

with alcohol dependence. Within the alcohol-dependent

sample, the same haplotype rs2281285 G–rs1997794

A that was associated with increased negative craving

(elevated negative scale of IDTS) also exhibited a trend

for association with increased intensity of depressive

symptoms (elevated BDI score, p=0.082), which is con-

sistent with the original hypothesis. We also identified

consistent associations of individual SNPs with alcohol

dependence and negative craving as well as a trend for

association with state-dependent intensity of depressive

symptoms within alcohol-dependent cases. Specifically,

we detected association between alcohol dependence and

the rs2281285 SNP (uncorrected p=0.0083; corrected

p=0.076). Association with this SNP has not been pre-

viously described, but association with a haplotype that

includes this SNP has been reported (Xuei et al. 2006).

We also identified a nominal association between the

negative craving subscale of the IDTS and rs2281285

(uncorrected p=0.012, corrected p=0.14). Although this

result does not hold up after correction for multiple test-

ing, the finding that the same SNP is associated with both

alcohol dependence and the negative subscale of IDTS

strengthens the results.

Table 4. Analyses of association between PDYN and OPRK1

SNPs and alcohol dependence

Gene SNP

MAF

cases

MAF

controls

Odds

ratio p-value*

PDYN rs6132153 0.16 0.14 1.22 0.047#

rs6045824 0.10 0.11 0.93 0.55

rs6045868 0.25 0.25 1.06 0.46

rs2235751 0.25 0.24 1.12 0.19

rs2281285 0.17 0.14 1.30 0.0083**

OPRK1 rs963549 0.13 0.13 0.96 0.67

rs7817710 0.081 0.087 0.90 0.39

rs997917 0.30 0.28 1.04 0.61

rs6473799 0.25 0.25 1.03 0.75

rs7836120 0.17 0.15 1.13 0.22

rs16918941 0.086 0.079 1.12 0.39

rs6985606 0.49 0.50 0.96 0.54

rs12056414 0.082 0.074 1.10 0.44

SNP, Single nucleotide polymorphism; MAF, minor allele

frequency.

Age and gender were included as covariates in the models.

p values <0.05 are presented in bold.

* Presented p values are not corrected for multiple testing except

as noted below.

#Corrected p value=0.36.

**Corrected p value=0.076.
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The rs2281285 SNP is located in intron B of

PDYN – 769 bp downstream of exon 2/intron B border

(Nikoshkov et al. 2005). This area may be involved in the

regulation of transcription initiation from multiple sites,

giving rise to one of PDYN transcripts, FL2-PDYN

mRNA. Two dominant transcripts, the canonical FL1-

PDYN and FL2-PDYN mRNAs, allow translation of the

full-length PDYN protein that is further processed to

dynorphin peptides (Nikoshkov et al. 2005). FL1- and

FL2-PDYN mRNAs display different brain region-

specific distributions, which suggests that their expres-

sion is controlled by different promoters. Whereas FL1

transcript shows high expression in limbic-related struc-

tures, FL2 transcript is expressed in hypothalamus and

claustrum (Nikoshkov et al. 2005). Allelic variability in

this location may contribute to differential regulation of

these two transcripts. The low risk rs2281285 A allele

resides within the TAAAT sequence that represents

DNA-binding element for several homeobox transcrip-

tion factors of the POU family, whereas the high risk

rs2281285 G allele destroys this sequence. The members

of the POU family of transcription factors are known to

regulate growth hormone and prolactin genes and are

involved in the specification of the lactotrope, somato-

trope and thyrotrope phenotypes in the pituitary (http://

www.uniprot.org/uniprot/P28069) and hypothalamus

(Yamanaka et al. 2010). PDYN mRNA and dynorphins

are present at high levels in the pituitary gland and

hypothalamus (Roman et al. 2006; Schafer et al. 1994;

Wylot et al. 2008). Dynorphins expressed in these tissues

could have an important role in hormonal stress re-

sponses relevant for alcohol dependence (Bilkei-Gorzo

et al. 2008). In this scenario, additional levels of PDYN

regulation involving genetic polymorphisms of the

POU factors and/or their cellular content may be

envisaged.

We did not replicate the association between alcohol

dependence and rs2281285 SNP in the German sample,

which may be attributed to several factors. The discovery

sample included 816 cases and 1248 controls, while the

replication sample included 474 cases and 432 controls,

providing less power to identify an association. The OR

estimate in the replication sample of OR=1.18 (95% CI

0.90–1.54) is consistent in magnitude and direction with

the OR in the discovery sample (OR=1.30, 95% CI

1.07–1.58). The frequency of rs2281285 G allele in the

control groups in the discovery and replication samples

were very similar, whereas the rs2281285 G allele fre-

quency for cases within the replication sample was lower

compared to the discovery sample. This may be due to

differences between case subjects enrolled at Mayo and in

Munich in terms of severity of alcohol dependence or

presence of certain co-morbidities. For instance, in a

subset (n=365) of alcohol-dependent subjects from

the discovery sample with available information, 53%

reported a history of depression as compared to 32% of

alcohol-dependent subjects in the replication sample.

Although the differences were not statistically significant,

in both samples, the minor allele was more frequent in

subjects with a lifetime history of depression than their

non-depressed, alcohol-dependent counterparts (Mayo

0.178 vs. 0.167; German 0.183 vs. 0.164). This suggests that

the association observed between rs2281285 and alcohol

dependence may reflect a subtype of alcohol dependence

with co-morbid depression, which may be related to

the association with negative craving. However, the data

set available for this study was not sufficiently large

to examine subtype associations. Nevertheless, these

post hoc comparisons provide interesting hypotheses for

further research.

Contrary to our results for the PDYN gene, we detected

no evidence for associations of OPRK1 haplotypes with

negative craving, alcohol dependence or depression-

related phenotypes. We were also not able to replicate an

association between OPRK1 rs1691891 SNP and alcohol

dependence and did not test for association of OPRK1

rs12548098 SNP, as it was not genotyped in controls.

Although we found a trend for association of negative

craving with two OPRK1 SNPs (rs16918941 p=0.064,

rs12548098 p=0.068) that were previously reported to be

associated with alcohol dependence (Xuei et al. 2006),

these findings are not statistically significant after cor-

rection for multiple testing.

Our findings should be considered in the context of the

following limitations.

Genotyping was performed separately in cases and

controls, which may potentially bias study results due

to differential genotyping errors. However, our quality

control analysis indicates low levels of genotyping

failures and errors, which makes such a bias unlikely.

On the other hand, use of ‘ samples of convenience ’

limited our ability to comprehensively investigate as-

sociation of the phenotypes of interest with candidate

genetic variations. It also precluded assessment of con-

trol subjects for presence of heavy drinking, alcohol

abuse, substance dependence or psychotic disorders to

verify that control subjects were in fact disease free.

However, the use of unselected controls representing

the general population rather than selected, disease-

free controls is a cost-efficient strategy for genetic

association studies (Manolio, 2009). Although effect

estimates may be attenuated and power may be re-

duced due to the inclusion of control subjects who

are not disease free (Wellcome Trust Case Control

Consortium, 2007), we used medical records to exclude

subjects with a documented history of alcohol depen-

dence to minimize this loss of power. Furthermore,

the use of convenience controls limited our ability to

consider the potential confounding effects of co-morbid

substance dependence (e.g. nicotine) on associations

with alcohol dependence and hindered determination

of causality. Future studies should examine the role of

PDYN and OPRK1 in other psychiatric co-morbidities

in a sample from a well-defined population to better
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understand the association and to investigate potential

pleiotropic effects.

In addition, the data set available for this study con-

tained information for each phenotype of interest (nega-

tive craving, depression history, BDI) only in a limited

number of subjects, precluding subgroup analyses or

the assessment of potential associations among these

phenotypes. Moreover, the self-reported history of de-

pression used in this study may not be the most appro-

priate phenotype for genetic association analysis due to

reasons including, but not limited to, recall bias and lack

of consistency in diagnostic approaches in each case.

Based on these considerations and given the trend for

associations revealed in this study, a more comprehen-

sive investigation of the associations between PDYN and

OPRK1 and depression history should be considered

in a rigorously phenotyped sample of alcohol-dependent

subjects.

In conclusion, we have demonstrated an association of

the PDYN gene variation with alcohol dependence and

negative craving at the gene and haplotype levels. The

role of individual variations, including rs2281285, re-

quires further investigation. We did not find evidence of

association of the OPRK1 gene with alcohol dependence

or negative craving. In this study, the association between

studied genetic variations and severity of depressive

symptoms or self-reported history of depression was not

statistically significant. Further research is necessary

to validate these findings, determine genetic markers as-

sociated with alcohol dependence and negative cravings

and investigate molecular mechanisms behind the ob-

served associations.
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