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Abstract
Dynorphin peptides and the kappa opioid receptor play important roles in the rewarding properties
of cocaine, heroin and alcohol. We tested polymorphisms of the prodynorphin gene (PDYN) for
association with cocaine dependence and cocaine/alcohol codependence. We genotyped six SNPs,
located in the promoter region, exon 4 coding and 3′ untranslated region (UTR), in 106 Caucasians
and 204 African Americans who were cocaine dependent, cocaine/alcohol codependent or
controls. In Caucasians, we found point-wise significant associations of 3′UTR SNPs (rs910080,
rs910079, and rs2235749) with cocaine dependence and cocaine/alcohol codependence. These
SNPs are in high linkage disequilibrium, comprising a haplotype block. The haplotype CCT was
significantly experiment-wise associated with cocaine dependence and with combined cocaine
dependence and cocaine/alcohol codependence (FDR, q=0.04 and 0.03, respectively). We
investigated allele-specific gene expression of PDYN, using SNP rs910079 as a reporter, in
postmortem human brains from eight heterozygous subjects, using SNaPshot assay. There was
significantly lower expression for C allele (rs910079), with ratios ranging from 0.48 to 0.78,
indicating lower expression of the CCT haplotype of PDYN in both the caudate and nucleus
accumbens. Analysis of total PDYN expression in 43 postmortem brains also showed significantly
lower levels of preprodynorphin mRNA in subjects having the risk CCT haplotype. This study
provides evidence that a 3′UTR PDYN haplotype, implicated in vulnerability to develop cocaine
addiction and/or cocaine/alcohol codependence, is related to lower mRNA expression of the
PDYN gene in human dorsal and ventral striatum.
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INTRODUCTION
Dynorphin and the kappa opioid receptor (KOPr) are localized in several areas of the
dopaminergic nigrostriatal and mesolimbic-mesocortical systems, and play a modulatory
role in opioid, cocaine and other rewarding stimuli, presumably through modulation of basal
and drug-induced dopaminergic tone (Kreek et al, 2002). Dynorphin peptides decrease basal
and drug-induced dopamine levels in several areas of the dopaminergic nigrostriatal and
mesolimbic–mesocortical system. The KOPr-dynorphin system may therefore be considered
to be a part of the counter-modulatory mechanisms of the brain following direct or indirect
drug-induced dopaminergic stimulation (Kreek et al, 2005).

The human prodynorphin gene (PDYN) is located at chromosome 20pter-p12.2 and spans
15.3 Kb (Genbank accession number NM_024411). The gene consists of four exons. Exon 1
and exon 2 contain the 5′-untranslated region, exon 3 encodes a signal peptide, and exon 4
encodes dynorphin peptides, including α-neoendorphin, β-neoendorphin, dynorphin A and
dynorphin B. Dynorphin peptides and prodynorphin mRNA are particularly abundant in the
nucleus accumbens, caudate, amygdala, hippocampus, and hypothalamus (Mansour et al,
1994; Hurd, 1996; Akil et al, 1998).

In the human striatum, high expression of the prodynorphin gene was found in GABAergic
medium spiny neurons which are organized in two compartments, patches and matrix
(Gerfen, 1984). The compartments have separate output pathways: dynorphinergic patch
projections terminate in the substantia nigra compacta, whereas the substantia nigra
reticulata and internal globus receive dynorphinergic terminals from the matrix (Gerfen,
1992). In addition, projection neurons in the striatum can be divided into two subtypes –
striatonigral neurons, with projections to the substantia nigra and the globus pallidus interna,
and striatopallidal neurons with projections only to the globus pallidus externa (Steiner and
Gerfen, 1998). Striatonigral neurons (the direct pathway) express dynorphin and the D1
dopamine receptor, whereas striatopallidal neurons (indirect pathway) express enkephalin
and the D2 dopamine receptor. These two pathways regulate basal ganglia output to the
thalamus, which in turn projects back to the cerebral cortex (e.g., Parent and Hazrati, 1995).

Cocaine administration elevates prodynorphin mRNA levels predominantly in rodent
caudate putamen following a single injection, self-administration, and acute or chronic
“binge” administration (Sivam, 1989; Hurd et al, 1992; Spangler et al, 1993; Daunais et al,
1993; Daunais and McGinty, 1994; Yuferov et al, 2001). Pretreatment with KOPr agonists
decreases the psychostimulant and conditioned rewarding effects of cocaine in rats, and
decreases the rate of intravenous cocaine self-administration (Glick et al, 1995; Schenk et al,
1999; Zhang et al, 2004). Administration of the selective KOPr antagonist nor-BNI did not
influence ongoing cocaine self-administration in rodents or primates (Glick et al, 1995;
Negus et al, 1997), but decreased the acquisition of cocaine self-administration behavior in
rodents (Kuzmin et al, 1998).

The promoter region of the human PDYN gene contains a 68-base pair nucleotide tandem
repeat polymorphism (rs35286281), located 1250 bp upstream of exon 1 (Horikawa et al,
1983). This polymorphism, which contains a putative AP-1 transcription complex (c-Fos/c-
Jun) binding site, is found in 1 to 4 copies. An in vitro study, using a minimal PDYN
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promoter in a reporter gene expression assay, showed that constructs containing three or
four copies of the repeat produced approximately 1.5 greater levels of forskolin-induced (but
not basal) transcriptional activity compared to constructs with one or two copies of the
repeat (Zimprich et al, 2000). Several studies have examined an association of this
polymorphism with drug dependence with conflicting results. One study showed that
Hispanic individuals with three or four copies of the repeat have a lower risk for
development of cocaine dependence (Chen et al, 2002). However, two subsequent studies
using more stringent diagnostic criteria showed increased risk for cocaine dependence and
cocaine/alcohol codependence in African Americans with three or four repeats (Dahl et al,
2005; Williams et al, 2007). These studies demonstrated only a nominal significant
association of this polymorphism with drug dependence, with no experiment-wise
significance.

Recently, a comprehensive study of PDYN polymorphisms in association with alcohol
dependence in a group of 1860 European Americans from 219 alcoholic families was
reported (Xuei et al, 2006). In this study, eighteen SNPs (single nucleotide polymorphisms)
were genotyped across PDYN from 4 kb upstream of the transcriptional initiation site to 3 kb
downstream of the 3′ end. None of the SNPs in the coding region altered the amino acid
sequence. Multiple PDYN SNPs located in the promoter and in exon 4 were found to be
significantly associated with alcohol dependence. A haplotype block of six SNPs in the
3′UTR was also significantly associated with alcohol dependence. There is no information
on the functionality of those polymorphisms.

It has been suggested that inherited variations affecting gene expression may play an
important role in susceptibility to complex disorders, including drug addiction and
alcoholism (Knight, 2005; Sadee and Dai, 2005; Le-Niculescu et al, 2007). A number of
studies have been performed to elucidate the patterns of genetic variations affecting gene
expression in relation to phenotypic variation and disease (Bray et al, 2003; Buckland, 2004;
Morley et al, 2004; Pastinen et al, 2005; Wang et al, 2008).

In this study, we tested PDYN polymorphisms for association with vulnerability to develop
cocaine dependence and cocaine/alcohol codependence. Objectives of the present study
were: (1) to define genotype and allelic frequencies of six known SNPs, located in the
PDYN promoter and exon 4, for study of association with cocaine dependence and cocaine/
alcohol codependence in two ethnic groups, African Americans and Caucasians; (2) to
investigate differential expression of PDYN mRNA in an allele-specific manner in
postmortem brain tissues, and (3) to elucidate the effect of the genotype pattern on the total
PDYN mRNA levels.

MATERIALS AND METHODS
Study Subjects and Assessments

The 310 subjects were selected from consecutively recruited non-related subjects entering a
study on the genetics of addiction conducted at the Laboratory of the Biology of Addictive
Diseases at The Rockefeller University. Subjects were recruited in New York City between
July 26, 2000 and May 25, 2005. Demography and drug category of study subjects is
presented in Table 1A. All subjects gave written informed consent for studies of genetics
approved by The Rockefeller University Hospital Institutional Review Board. All subjects
were assessed with regard to medical and psychiatric history. The subjects completed a
family history questionnaire in which they self-identified their ethnic/cultural backgrounds
for three generations. Participants were excluded from this study if they had parents,
grandparents and/or great grandparents of different ancestry (defined as mixed or other
ancestry).
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Diagnoses were made using Diagnostic and Statistical Manual of Mental Disorders (DSM-
IV) criteria for cocaine or alcohol dependence set by the American Psychiatric Association,
as determined by SCID (Structured Clinical Interview for DSM-IV), and the Addiction
Severity Index (ASI) (McLellan et al, 1992). No subjects met dependence or abuse criteria
for opiates. Control group subjects were excluded for each of the following criteria: 1)
current abuse of alcohol, at least one instance of drinking to intoxication during the previous
30 days; 2) history of alcohol drinking to intoxication or any use of opiates, cocaine,
amphetamines, or other illicit drugs more than twice a week, for more than six consecutive
months; 3) cannabis use for more than 12 days in the prior 30 days or past use for more than
twice a week for more than four years.

Postmortem brain samples
Brains were obtained within 29 hours of demise from 40 individuals as part of the
Manhattan HIV Brain Bank study (The Mount Sinai Medical Center, New York, NY). This
program operates under local IRB-approved ethical guidelines, and individuals or their
primary next-of-kin give consent for collection and use of brain tissues for medical research
and furthering medical knowledge. The facility from which these brains were obtained
characterized each brain to the full extent possible. A minimum of 50 sections from each
brain were examined by a Board-certified neuropathologist (Susan Morgello). Specimens
from subjects with protracted agonal state, as manifested by extensive anoxic-ischemic
damage on histological evaluation, were excluded from this study.

Coronal sections were stored at −80°C. For this study, dissection of the nucleus accumbens
and head of caudate was performed under the supervision of a Board-certified
neuropathologist. In addition to these 40 samples, three brains were obtained through the
Mount Sinai autopsy service, as part of the activities of the IRB-approved Alzheimer’s
Disease Research Center (Dr. Daniel Perl, supervising neuropathologist).

Caudate and nucleus accumbens samples were derived from 43 unrelated individuals of
mixed ethnicities (13 Caucasians, 12 African Americans, 16 Hispanics, 2 Asians). Twenty-
five were HIV seropositive and 18 were HIV negative (Table 1B). A more detailed
demographic description of the brain samples, inclusive of ethnicity, age, postmortem
interval and HIV status of subjects, can be found in Supplementary Table S4.

DNA and RNA preparation
A small piece (40–60 mg) of each brain sample was homogenized either in DNA lysis buffer
(Easy-DNA™ Kit, Invitrogen, Carlsbad, CA, USA) for isolation of genomic DNA or RLT
buffer (RNeasy® Mini Kit, QIAGEN, Valencia, CA, USA) for isolation of total RNA
according to the manufacturers’ protocols. RNA samples were treated with RNase-Free
DNase (TURBO DNA-free™, Ambion, Austin,TX, USA). Genomic DNA for the case-
control association study was extracted from peripheral blood lymphocytes and prepared
using buffy-coat lymphocyte isolation from whole blood followed by salt-precipitation DNA
extraction.

Brain pH and RNA integrity
The pH measurements of the brain specimens were made using 270–370 mg tissue samples
from the occipital cortex homogenized in 10x volume of unbuffered deionized H2O (Milli-Q
Synthesis System, Millipore, Billerica, MA, USA). The homogenates were centrifuged at
5000 rpm for 5 min at 4°C and equilibrated to room temperature. The pH was measured with
pH 211 meter (Hanna Instruments, Woonsocket, RI, USA) calibrated with two standard
buffer solutions of pH 4.01 and 7.01. The RNA integrity number and concentration were
determined using Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany).
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PCR, sequencing and genotyping
The location of the six common PDYN SNPs examined are shown in Fig. 1A, and are listed
in Table 2. Three sets of forward and reverse primers for amplification and sequencing of
part of the PDYN promoter region and exon 4, including 3′UTR, are shown in
Supplementary Table S1. Oligonucleotide primers were designed using the program Oligo
4.0 (National Biosciences Inc., Plymouth, MN, USA) and synthesized by Gene Link
(Hawthorne, NY, USA). Standard PCR was performed using Platinum® Taq PCRx DNA
Polymerase Kit (Invitrogen) and DNA extracted from peripheral blood lymphocytes.
Amplified PCR DNA fragments were purified using the QIAquick PCR Purification Kit
(QIAGEN), and subsequently sequenced in both orientations using the ABI BigDye
Terminator Cycle Sequencing Kit and ABI Prizm 3700 DNA Analyzer (Applied
Biosystems, Foster City, CA). The resulting electropherograms were analyzed using
Seqman™ DNAStar software (DNAStar, Madison, WI, USA).

Allele-specific gene expression assay
Measurements of allele-specific mRNA expression in brain tissues were carried out using
SNaPshot® Multiplex Kit (Applied Biosystems), essentially as described (Zhang et al,
2005; Bray and Donovan, 2006). This method involves two steps. The first step is the PCR
amplification of the region including the exonic SNP rs910079 in genomic DNA or cDNA.
The second step involves a single-base extension of a primer adjacent to rs910079 in the
presence of fluorescently-labeled nucleotides in PCR products generated with cDNA and
genomic DNA, and analysis of extended primers on a DNA sequence analyzer ABI 3730.
This quantitative method for measurements of relative allelic expression was applied to
subjects who are heterozygous for rs910079.

cDNA was generated from 1 μg total RNA extracted from brain tissues in 20 μl reaction
mixes containing 1 μl (200 U) SuperScript III™ reverse transcriptase (Invitrogen), 1 μl of 50
μM oligo(dT)20 primer, 1 μl of 10 mM dNTP mix, 1 μl (12 pg) of PDYN mRNA-specific
primer (5′-CTTTCTGGTTTTATTT-TGAGACA -3′, located 1120 bp downstream of the
termination codon), 4 μl of 5x first-strand buffer (Invitrogen), 1 μl of RNaseOUT (40 U/μl)
at 50°C for 45 min.

PCR fragments (154 bp) were generated by amplification of both the cDNA and genomic
DNA containing the SNP rs910079 using the forward primer 5′-
ACCCTGGACAGTGCCTAACT-3′, and the reverse primer 5′-
GAGGGAACTGGTCCACATTT-3′ with the following thermal profile: 1 cycle for 3 min at
95°C; 35 cycles at 95°C/30 s, at 51°C/30 s, 72°C/30s), and 1 cycle at 72°C for 7 min. To
remove dNTPs and primers used for amplification, PCR products were analyzed on 1.5%
agarose gel, and DNA fragments of expected size were cut out from the gel, and purified
using QIAquick Gel Extraction Kit (QIAGEN).

Primer extension assays were carried out using SNaPshot® Multiplex Kit (Applied
Biosystems), and the extension forward primer 5′-CTTACAGAAGGGAGTGAAAACC-3′
for rs910079 (Fig. 1A, Table 2) for both genomic and cDNA with the following thermal
profile: 25 cycles at 96°C/10s, 50°C/5 s, 60°C/10 s. Unincorporated dNTP were removed by
incubation with 1.0 U of antarctic alkaline phosphatase (New England Biolabs, Ipswich,
MA, USA) at 37°C for 40 min. The primer extension products were resolved by capillary
electrophoresis using an ABI 3730 DNA Analyzer and quantified using the Gene Mapper
3.0 software (Applied Biosystems). Peak area ratios were calculated to measure the relative
amount of the fragments containing the two alleles.

Because of differences in fluorescence yields and efficiency of terminator nucleotide
incorporation, peak area ratios of genomic DNA differed from the theoretical ratio of 1.0.
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The measured ratios for cDNA were therefore normalized by dividing each measured ratio
by the mean of measured genomic DNA ratios. For each subject, allelic ratios of PDYN
cDNA were determined in triplicate from three independent syntheses of cDNA, providing
nine measurements.

Solution hybridization ribonuclease protection–trichloroacetic acid precipitation assay
PDYN mRNA levels in the caudate and nucleus accumbens were measured by the solution
hybridization RNase protection assay, essentially as described (Branch et al, 1992; Yuferov
et al, 2001). The template for in vitro synthesis of the antisense cRNA and sense RNA
transcript was a 737 bp fragment of cDNA containing 200 bp of exon 4 and 537 bp of the 3′
UTR (bases 788–1525, GenBank Accession number NM_024411), cloned into the pSP65
plasmid vector (Promega, Madison, WI, USA) in both orientations. The antisense 33P-
labeled hybridization probe was synthesized with SP6 RNA polymerase, [α-33P] GTP
(3000Ci/mmole, Perkin Elmer, Boston, MA) and components of the Riboprobe® System-
SP6 (Promega). A stock of dilutions of the sense transcripts of known concentration was
used as calibration standards. The antisense 33P-labeled cRNA probe was hybridized in
duplicate to a set of calibration standards (from 0.625 pg to 80 pg) and with duplicate RNA
brain samples in 10 mM Tris HCl (pH 7.4), 10 mM EDTA, 0.3 M NaCl and 0.5% sodium
dodecyl sulfate at 75°C for 16 h. Following hybridization, samples were treated with RNase
A (40 μg/ml) and RNase T1 (2 μg/ml) in 0.3 M NaCl, 5 mM EDTA, 10 mM Tris-HCl (pH
7.5) at 30°C for 1 h. 33P-labeled cRNA-mRNA hybrids were then precipitated in 5% TCA,
0.75% sodium pyrophosphate and 0.02% bovine serum albumin and collected on 934AH
Whatman filters using a cell harvester (Brandel, Gaithersburg, MD, USA). After washing
the filter with 5% TCA, the radiolabeled protected RNA hybrids were counted by liquid
scintillation. The cpm (counts per minute) values were transformed to pg quantities of
mRNA using linear regression from the calibration curve.

The procedure for determining the concentration of total RNA in brain extracts was similar
to that described above, except that duplicate dilutions of each brain tissue RNA extract
were hybridized to the 33P-labeled antisense 18S ribosomal RNA probe and dilutions of a
brain total RNA of known concentration, from 1.25 ng to 80 ng, were used to generate a
standard curve. The content of PDYN mRNA in samples tested was expressed as pg of
mRNA per μg total RNA.

Statistical analysis
Haploview 4.1 (Barrett et al, 2005) was used to generate LD plots of six variants and
haplotype blocks using the Gabriel method (Gabriel et al, 2002). The haplotype case control
association results were also obtained using Haploview 4.1. The program PLINK 1.03
(http://pngu.mgh.harvard.edu/purcell/plink/, Purcell et al, 2007) was used to verify the
results of Haploview haplotype association tests. We started haplotype-based association
analysis with three 3′UTR SNPs which are in high LD. To test the hypothesis that SNP
rs1997794 may have a cis-regulatory function, we analyzed this SNP with the 3′UTR SNPs.

The Pearson chi-square test was applied to assess the significance of the genotypic and
allelic association of each variant, using SAS 9.1 (http://www.sas.com). To correct for
multiple testing, the program QVALUE 1.0 (Storey, 2002; Storey and Tibshirani, 2003;
Storey et al, 2004) was applied to all association tests to calculate the false discovery rate
(FDR) (i.e., genotypic, allelic and haplotype) across the ethnic groups studied. A q-value <
5% was considered experiment-wise significant.
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RESULTS
PDYN SNP genotyping and association results

We genotyped six PDYN polymorphisms in 204 African Americans and 106 Caucasians
(Table 1A). Minor allelic frequencies of the six variants in controls are shown in Table 2.
No significant deviation from Hardy-Weinberg equilibrium was found in the control group
of either ethnicity. There is a significant difference in allelic distribution between ethnicities
in control subjects (Pearson Chi-square test, degree of freedom=1, p<0.0001 for SNPs1–6).

Next, we tested the six PDYN variants for association with cocaine dependence and cocaine/
alcohol codependence. These variants are located in the PDYN promoter, -301A/G
(rs1997794), and in the coding region of exon 4 (rs6045819) and the exon 4-3′UTR
(rs10485703, rs910080, rs910079, and rs2235749) (Fig. 1A, Table 2). We found significant
point-wise association of five variants (rs6045819, rs10485703, rs910080, rs910079, and
rs2235749) with cocaine dependence or cocaine/alcohol codependence in Caucasians, but
not in African Americans. Table 3 summarizes the results of the tests for association by
genotypes and alleles in Caucasians. Complete results in Caucasian and African American
groups are shown in Supplementary Tables S2 and S3, respectively.

The SNP rs6045819 genotype showed a point-wise association with cocaine dependence and
the combined cocaine dependence and cocaine/alcohol codependence (p=0.044 and
p=0.022, respectively), and experiment-wise association (q=0.048) with the combined
dependencies (Table 3). At the allelic level, there was a significant association of this SNP
with the combined dependencies (point-wise p=0.038, OR=2.53, 95% CI=1.03–6.23). Using
genotype and allelic association tests, we found also an experiment-wise significant
association of the variant rs10485703 with cocaine dependence (q=0.048, OR=3.27, 95%
CI=1.05–10.17). The most significant association with cocaine dependence and cocaine/
alcohol codependence was found in the analysis of genotype and allelic frequencies of the
SNPs in 3′UTR, rs910080, rs910079, and rs2235749 (Table 3). Due to nearly complete
linkage disequilibrium, association tests of these three SNPs showed similar results.

There were experiment-wise significant associations of genotypes and alleles of rs910079,
and rs2235749 variants with all case groups (q=0.029–0.048, OR=2.44-2.29). Experiment-
wise associations for both genotypes and alleles of rs910080 was found in the cocaine
dependent and combined dependencies groups (p= 0.034–0.042). There was no significant
difference in the distribution of rs1997794 (−301A/G) in the PDYN promoter between the
control and the cocaine or cocaine/alcohol codependent groups in either Caucasians or
African Americans (Supplementary Tables S2 and S3).

Haplotype analysis
We have examined LD structure of the 14 Kb PDYN region containing six variants, using
the Haploview program. The variants rs910080, rs910079, and rs2235749 in the 3′UTR
were in complete LD in the Caucasian control group (D′=1.0, r2= 1.0), and in high LD in the
African American control group (D′=1.0, r2=0.89–1.0), comprising a single haplotype block
(Fig. 1B). The relative frequencies of the CCT and TTC haplotypes differ between
Caucasian and African American control groups, suggesting that there is an ethnic
difference in the PDYN haplotype structure (Table 4).

Haplotype analysis of these variants revealed significant association of the haplotype with
cocaine dependence and cocaine/alcohol codependence. There were point-wise associations
of the haplotype CCT with cocaine dependence and cocaine/alcohol codependence
(p=0.0144 and p=0.0444, respectively) (Table 4). The most significant association of this
haplotype was found with the combined dependencies (experiment-wise q=0.0335,
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OR=2.32, CI=1.25–4.29). The frequency of the complementary haplotype block TTC was
higher in controls (point-wise p=0.0039, OR=0.41, CI=0.22–0.78). These results suggest
that CCT is a risk haplotype whereas TTC is a protective haplotype in the development of
cocaine dependence and cocaine/alcohol codependence.

The variant rs1997794 (SNP1) in the PDYN promoter region did not belong to the haplotype
block in the 3′UTR. However, this SNP showed a strong correlation with SNPs 4, 5 and 6 in
3′UTR in the Caucasian controls (D′=0.94, r2= 0.50), but not in African American controls
(D′=0.17–0.31, r2= 0.01–0.02) (Fig. 1B, Supplement Table S6). Of note, similar LD values
for these SNPs in both ethnic groups were reported in the HapMap database (Supplementary
Table S6). The frequencies of the four SNP haplotypes containing the 3′UTR SNPs
(rs910080, rs910079, and rs2235749) and the promoter SNP1 (rs1997794) differ between
the Caucasian and African American control groups (Table 5). Indeed, in Caucasians, the
haplotype ATTC was more frequent in control subjects compared to cases (q=0.0415,
OR=0.48 95% CI=0.27–0.84), and GCCT was more frequent in cases, although it was not
significant (q=0.0634). This was not found in African Americans. In association tests, we
used the program PLINK 1.03 to verify the results of Haploview haplotype association tests.
The results from both programs are remarkably similar as can be seen in Tables 4 and 5.

Analysis of the PDYN promoter sequence for putative transcription factor binding sites
using the Transcription Element Search System (TESS,
http://www.cbil.upenn.edu/cgi-bin/tess/tess) showed that the minor G-allele of rs1997794
eliminates a putative binding site TGTGTCA for the AP-1 transcription complex, and may
be involved in regulation of gene expression.

Two SNPs were not included in haplotype analyses because neither rs6045819 nor
rs10485703 are in high LD with the 3′UTR SNPs (r2 =0.20–0.25) or the 5′UTR SNP
rs1997794 (r2 =0.10–0.14) (Supplementary Table S6). Further, our analyses showed low LD
between the VNTR (68-bp tandem repeats, Fig 1A) in the PDYN promoter and SNPs in
3′UTR in both control populations, Caucasian (D′=0.29, r2= 0.04) and African American (D
′=0.21, r2= 0.03). Since there is a recent paper from our laboratory which examined
association of VNTR with cocaine addiction (Williams et al, 2007), we did not consider the
VNTR for further analyses.

Allele-specific PDYN gene expression analysis in postmortem brain tissues
To investigate a potential functional (cis-acting) role of the risk-haplotype for development
of cocaine dependence and cocaine/alcohol codependence, we assessed SNP rs910079 for
allele-specific gene expression using the SNaPshot assay. This quantitative method of allele
discrimination can only be applied to mRNA from individuals who are heterozygous for the
SNP under study. In this assay, the expression level of one allele is compared to the
expression level of the other allele in the same sample. For testing cis-acting SNPs in the
PDYN gene, DNA and RNA were isolated from the caudate and nucleus accumbens of
postmortem brain from 43 unrelated subjects (Table 1B and Supplementary Table S4). To
characterize the quality of the brain tissues and the integrity of isolated total RNA, we
measured pH of the tissue extracts, and analyzed RNA integrity (RIN). Brain tissue pH and
RIN for each specimen are presented in Supplementary Table S4. Thirty-three tissue
specimens out of 40 had pH values in the range of 6.5–7.4, and seven specimens were in the
range of 6.03–6.42. Also, 36 RNA samples out of 43 had RIN values in the range of 6.5–9.5,
and seven samples had RIN in the range of 5.0–6.3.

All brain DNA samples were genotyped for the variants 1–6 (Table 2). For SNPs 4, 5 and 6
(rs910080, rs910079, and rs2235749); seven individuals had the CC-CC-TT, 15 individuals
had the TT-TT-CC, and 19 subjects had the TC-TC-CT genotype pattern (Supplementary
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Table S4). Two subjects had a TT-TC-CT genotype pattern. Because these SNPs are in high
linkage disequilibrium, we used SNP 5 (rs910079, Fig. 1A), located in the middle of the
haplotype block (Fig. 1B), as a reporter SNP in the allele-specific gene expression assay.

A subset of seven subjects with heterozygous genotype pattern TC-TC-CT and one subject
(no. 553, Supplementary Table S4) with TT-TC-CT genotype were tested in an allele-
specific gene expression assay. Subjects with the TC-TC-CT genotype showed differential
expression of the PDYN rs910079 alleles in both the caudate and nucleus accumbens (Fig 2).
The subject with TT-TC-CT genotype did not show a difference in allelic expression. To
calculate relative expression of the two alleles in each sample, the ratio of cDNA peak areas
was normalized by use of the average genomic allelic ratio. Allelic ratios in genomic DNA
using the forward extension primer yielded an average ratio of 1.0 ± 0.10 S.D. Allelic ratios
in cDNA had the mean ± s.d. ratio of T allele to C allele ranged from 1.59±0.11 to
2.23±0.31 in the caudate, and from 1.29±0.08 to 2.14±0.23 in the nucleus accumbens. Peak
area ratios of genomic DNA and cDNA of the caudate and nucleus accumbens samples for
each individual are shown in Supplementary Table S5. The average allelic T/C ratio in
heterozygous samples was 65% of T variant and 35% of C variant of PDYN mRNA. These
results provided evidence for higher expression of the T variant of PDYN, which is more
common in Caucasians, and lower gene expression of the minor C allele, respectively.

Effect of the PDYN variants on total preprodynorphin mRNA expression in striatum
The levels of PDYN mRNA in the caudate from 43 postmortem brains measured using a
quantitative solution hybridization RNase protection assay are shown in Supplementary
Table S4. Results of regression analyses of PDYN mRNA levels with brain tissue pH or
integrity of RNA (RIN) are shown in Fig. 3. There was no significant correlation of PDYN
mRNA levels with pH of brains studied (r=0.059) or with RIN (r=0.152).

To explore whether the PDYN variant, which showed allele-specific gene expression,
impacts total gene expression, we grouped mRNA levels in the caudate by genotype pattern
(Fig. 4). Analysis of variance showed significant differences in PDYN mRNA levels
between subjects with different genotype patterns (main effect of genotype, F(2, 40=11.18,
p<0.0002). Subjects having homozygous diplotype CC-CC-TT had lower PDYN mRNA
levels in the caudate than individuals with homozygous diplotype TT-TT-CC (p<0.005,
Newman-Keuls post hoc test). Also, subjects having the heterozygous diplotypes TC-TC-CT
and/or TT-TC-CT had lower PDYN mRNA levels in the caudate than individuals with the
TT-TT-CC diplotype (p<0.002, Newman-Keuls post hoc test). These results indicate that
subjects with the haplotype CCT have lower PDYN expression.

DISCUSSION
Most studies on association of PDYN polymorphisms with cocaine or heroin dependence
have been focused on the 68-bp tandem repeat variation (rs35286281) in the promoter
region (Chen et al, 2002; Dahl et al, 2005; Ray et al, 2005; Williams et al, 2007). However,
those studies demonstrated only nominally significant p-values for associations.

In this study, we genotyped six common PDYN variants in Caucasians and African
Americans, previously shown to be associated with alcohol dependence in Caucasians (Xuei
et al, 2006). In genotype and allelic tests, we found experiment-wise significant association
of three SNPs (rs910080, rs910079, and rs2235749) in the 3′UTR with both cocaine
dependence and cocaine/alcohol codependence and in the combined case group in
Caucasians (Table 3 and Supplementary Table S2), but not in African Americans
(Supplementary Table S3). This study extends our earlier work on association of PDYN
polymorphisms with cocaine dependence (Williams et al, 2007), and supports a previous
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study finding an association of these SNPs with alcohol dependence (Xuei et al, 2006). In
that study, the Edenberg group found a strong association of the same 3′UTR SNP in a very
large cohort of 1860 Caucasians.

Analysis of haplotypes revealed only one block of these three SNPs in both ethnic groups.
There were only two major complementary haplotypes, TTC and CCT. Haplotype TTC was
more frequent in Caucasian control subjects, whereas the haplotype CCT was associated
with a risk for development of cocaine dependence or cocaine/alcohol codependence (Table
4). An earlier study showed that haplotype CCT was also overtransmitted to alcohol-
dependent individuals of Caucasian ancestry (Xuei et al, 2006).

Aside from the 68-bp tandem repeat variants in the PDYN promoter, the functionality of
other PDYN SNPs has not been previously described. To test the hypothesis that the
haplotypes TTC and CCT were associated with alterations in PDYN mRNA levels, we
measured allelic expression of the gene in human postmortem brain tissues from eight
subjects heterozygous for rs910079 using the SNaPshot assay. In this assay, quantitative
measurements of differential mRNA allelic expression are based on a primer-extension
reaction by comparing the relative level of each variant of mRNA transcript in a tissue from
individuals who are heterozygous for an expressed polymorphism (Yan et al, 2002; Bray et
al, 2003; Pastinen et al, 2006). Each allele serves as an internal control against which
expression of the other allele can be measured within each individual mRNA sample. The
advantage of this ex vivo method is that alleles are expressed in their normal physiological
environment (Pastinen and Hudson, 2004).

Our results demonstrate the presence of significant allelic differences in mRNA expression
of PDYN in seven out of eight samples analyzed in both the caudate and nucleus accumbens
regions (Fig. 2, and Supplementary Table S5), with greater expression of the common
rs910079 T allele and lower expression of the C allele. Because only two major
complementary haplotypes (TTC and CCT) were found (Tables 4 and Supplementary Table
S4), the high LD of rs910079 with two other 3′UTR SNPs (rs910080 and rs2235749)
suggests that the CCT haplotype is associated with lower PDYN expression in the striatum.
However, without further experimental data it is not clear which of these SNPs is functional.
It is of interest that individual no. 553 did not show allelic difference in expression possibly
due to having TT in rs910080 locus or having a different haplotype structure compared to
the other seven subjects. The present study provides the first evidence that the SNP
rs910079 in the gene may be a cis-acting polymorphism, related to differential PDYN gene
expression in an allele-specific manner. Importantly, the allelic-gene expression assay was
performed in the caudate and nucleus accumbens, which are principal brain regions in the
rewarding effects of drugs of abuse (Koob and Kreek, 2007).

Moreover, the measurements of the total PDYN mRNA levels in the caudate from 43
postmortem brains demonstrated a strong effect of the TTC and CCT haplotypes. The
subjects with homozygous diplotypes consisting of the “protective” TTC haplotypes had
significantly higher levels of PDYN mRNA compared to the mRNA levels in the subjects
with homozygous diplotypes of “risk” CCT haplotypes (Fig. 3). It is of interest that the
significant relationship observed between the genotypes and total PDYN mRNA levels was
not dependent on ethnicity or other variables of postmortem tissues (Table 1B and
Supplementary Table S4). Gene expression profiles in postmortem tissues may be
influenced by factors such as medical history, medication, immediate antemortem state and
agonal state of subjects as well as postmortem interval (PMI) (Atz et al, 2007). To reduce
these effects in our study, assessments were made on brain tissue pH and quality of RNA
preparations.
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We have measured PDYN mRNA levels in the caudate first because rodent studies in our
laboratory and others showed a robust response in this region to acute and chronic cocaine
administration (e.g. Spangler et al, 1993; Daunais and McGinty, 1994; Yuferov et al, 2001),
and no change was found in the nucleus accumbens. Our laboratory has long hypothesized
that the dorsal striatum (caudate and putamen) is centrally involved in drug addiction. Also,
elevated levels of PDYN mRNA in striatum of former cocaine addicts were reported in an
earlier study (Hurd and Herkenman, 1993). Furthermore, neuroimaging of cocaine-
dependent subjects has shown the largest dopamine changes in dorsal striatum, and the
magnitude of these changes was correlated with self-reports of craving (Volkow et al, 2006).

The discovery of allelic PDYN expression differences raises the question of whether the
3′UTR SNP rs910079 is functional or linked to other functional variants. The 3′UTR of
genes are rich in regulatory elements essential for the regulation of mRNA stability and
degradation, nuclear transport and translation (Mignone et al, 2002). These diverse
regulatory roles are executed via cis-acting elements that interact with a multitude of trans-
acting factors in a given cellular environment, including targeting by microRNAs (Xie et al,
2005; Chen et al, 2006). A recent study of the dopamine D1 receptor (DRD1) provided
evidence that a 3′UTR SNP, associated with nicotine dependence, causes a differential
expression of a reporter gene, suggesting that the SNP is a functional polymorphism
affecting DRD1 expression (Huang et al, 2008). Further studies of the promoter and 3′UTR
regulatory elements in PDYN mRNA are required to elucidate their functional roles.

Among the two variants in the PDYN promoter region analyzed in this study, only the
-301A/G SNP (rs1997794) was in linkage with the cis-acting 3′UTR SNP rs910079 in
Caucasians (Fig. 1). The minor G-allele of rs1997794 eliminates a putative binding site
TGTGTCA for the AP-1 transcription factor. Because the G-allele of this SNP is more
frequently associated with the risk haplotype CCT (Table 5), it may contribute to lower
expression of the PDYN gene in cocaine dependent and cocaine/alcohol codependent
subjects.

Animal studies have shown that dynorphin peptides can attenuate cocaine-induced increases
in extracellular dopamine levels in reward-related areas of the brain (e.g. Claye et al, 1997;
Zhang et al, 2004), reduce the rate of intravenous cocaine self-administration and prevent
the development of cocaine-induced conditioned place preference (Glick et al, 1995; Schenk
et al, 1999; Zhang et al, 2004). It has been suggested that the dynorphin-kappa opioid
receptor system might be part of the counter-modulatory mechanisms of the brain after drug-
induced dopaminergic stimulation, and dysregulation of this system may contribute to
development of cocaine dependence and cocaine/alcohol codependence (Kreek et al, 2002;
Koob and Kreek, 2007).

One limitation of this study is that no analysis of population stratification was performed.
However, 91% of our control groups were described in recent studies from our laboratory
(Nielsen et al, 2008; Levran et al, 2008;Levran et al, in preparation), showing that the two
ethnic groups (Caucasians and African Americans) are quite homogenous and the self-
identified ethnicities for the most part are accurate.

Future association studies in larger cohorts of well-defined ethnicity and phenotypes will be
required to replicate our findings. It is not known whether the observed allele-specific
alterations in PDYN mRNA abundance are linked to corresponding alterations in dynorphin
peptide levels. Additional cis-acting elements in the PDYN gene may exist, particularly, cis-
regulatory elements and epigenetic factors which may be involved in differential gene
expression. A recent study of the keratin 1 gene (KRT1) expression in white blood cells
suggests that allelic expression differences result from the cumulative contribution of

Yuferov et al. Page 11

Neuropsychopharmacology. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



multiple cis-regulatory sequences, interacting with both transcriptional activators and
transcriptional repressors (Tao et al, 2006).

In summary, these results implicate PDYN polymorphisms as one of the genetic factors
affecting susceptibility to develop cocaine dependence or cocaine/alcohol codependence.
We provide additional evidence of association SNPs in the PDYN 3′UTR with cocaine
dependence or cocaine/alcohol codependence in Caucasians. The present study provides the
first evidence that the cis-acting polymorphism (rs910079) in the PDYN 3′UTR may be
involved in alterations of gene expression in an allele-specific manner. Furthermore, we
demonstrate that SNPs and haplotypes associated with risk in vulnerability to develop
cocaine dependence are related to decreased steady-state PDYN mRNA levels in the
striatum.

The identification of PDYN variants that modify or predict levels of dynorphin mRNA in the
brain may lead to better understanding of the role of dynorphins in the development of
cocaine dependence and to improved strategies for prevention and pharmacological
treatment of this disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Genomic structure of the PDYN gene and location of genotyped polymorphisms. SNP
rs910079 was used in the allele-specific gene expression analysis. The black boxes represent
the coding regions. B) Haploview-generated LD patterns of six SNPs and predicted block
structure in Caucasian and African American control subjects. Number in each box
represents D′ value (×100) for each SNP pair. Black boxes represent D′=1 and r2=1. Shades
of grey boxes from dark to light represent decreasing LD values. Results (D′ and r2) of
pairwise linkage disequilibrium analysis for the consecutive SNPs are presented in
Supplementary Table S6.
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Figure 2.
Relative allelic expression of PDYN SNP rs910079 in RNA extracted from two regions in
human postmortem brain of eight heterozygous subjects. Ratios of T to C alleles in each
cDNA sample were normalized by reference to genomic allelic ratios. Data shown are the
mean ± SD, and individual data are shown in Supplementary Table 5S.
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Figure 3.
Regression analyses of PDYN mRNA levels with brain tissue pH (A) or RNA Integrity
Index (RIN) (B). The values of pH and RIN for each specimen are shown in Supplementary
Table S4.
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Figure 4.
Total PDYN mRNA expression in the caudate from postmortem brains grouped by genotype
pattern. mRNA levels were measured by the quantitative solution hybridization RNase
protection assay. Genotype patterns comprise the 3′UTR SNPs (rs910080, rs910079, and
rs2235749, respectively). Analysis of variance showed significant difference in PDYN
mRNA levels between subjects with different genotype patterns (main effect of genotype,
F(2,37)=9.98, p<0.005).
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