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Abstract
Aims—Testing a relatively small genomic region with a few hundred SNPs provides limited
information. Genome-wide association studies (GWAS) provide an opportunity to overcome the
limitation of candidate gene association studies. Here, we report the results of a GWAS for the
responses to an NSAID analgesic.

Materials & methods—European Americans (60 females and 52 males) undergoing oral surgery
were genotyped with Affymetrix 500K SNP assay. Additional SNP genotyping was performed from
the gene in linkage disequilibrium with the candidate SNP revealed by the GWAS.

Results—GWAS revealed a candidate SNP (rs2562456) associated with analgesic onset, which is
in linkage disequilibrium with a gene encoding a zinc finger protein. Additional SNP genotyping of
ZNF429 confirmed the association with analgesic onset in humans (p = 1.8 × 10−10, degrees of
freedom = 103, F = 28.3). We also found candidate loci for the maximum post-operative pain rating
(rs17122021, p = 6.9 × 10−7) and post-operative pain onset time (rs6693882, p = 2.1 × 10−6), however,
correcting for multiple comparisons did not sustain these genetic associations.

Conclusion—GWAS for acute clinical pain followed by additional SNP genotyping of a
neighboring gene suggests that genetic variations in or near the loci encoding DNA binding proteins
play a role in the individual variations in responses to analgesic drugs.
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Many serious diseases such as cancer, heart disease, AIDS and arthritis are often associated
with unrelieved pain, despite major advances in the understanding of molecular mechanisms
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involved in pain and considerable pharmaceutical research and development in analgesia [1].
There are still few analgesic drug classes, all of which have safety problems, and as a
consequence, pain related conditions frequently lack effective therapy and a wide variety of
drugs are often used off-label for chronic pain in the absence of evidence of safety or efficacy
for a pain indication [1]. Understanding the genetic basis of human variations in pain is critical
for elucidating the molecular basis of pain sensitivity, variable responses to analgesic drugs
and, eventually, to improved treatment of pain. The complexity of pain biology and the size
of the human genome, combined with variable study designs, sample heterogeneity, small
sample sizes, and phenotypic complexity, however, has resulted in inconsistent findings.

Individual variance in pain sensitivity and responses to analgesic drugs arise from a complex
network of multiple gene polymorphisms and environmental factors. The contribution of each
gene is likely to have a subtle effect on multiple mechanisms, making its signal difficult to
detect. The relief of pain remains a largely unmet medical need with high prevalence of poorly
controlled pain in various diseases and at the end of life. Understanding the role of genetics in
pain and analgesic drug responses is critical to individualizing pain management, which can
increase analgesic efficacy while reducing adverse drug reactions.

The discovery of genetic loci responsible for the individual variation in pain or responses to
analgesics has proven challenging. Candidate gene association studies have identified a few
genetic variations for pain but rarely have these associations been replicated by independent
investigators [2–7]. Even if a polymorphism in a coding region does not result in an amino
acid change, or if it is not in a coding sequence, it can still affect gene function by altering the
stability, splicing or localization of the mRNA [8]. Noncoding RNAs are suggested to
constitute a critical hidden layer of gene regulation in complex organisms [9]. Furthermore,
current knowledge of human biology and the genome limits the list of candidate genes to
investigate. Evaluating millions of SNPs across the whole genome can identify novel genes
implicated in a complex phenotype like pain or responses to analgesic drugs. Genome-wide
association studies (GWAS) can provide this information and overcome the limitation of
candidate gene association studies as demonstrated for obesity [10], diabetes [11], rheumatoid
arthritis [12], and behavioral traits [13].

Multiple copies of 1–50 kbp regions exist in the genome and are characterized as copynumber
variation (CNV). This DNA variation involves segments that are smaller than those recognized
microscopically, but larger than those that are readily detected by conventional sequence
analysis. Hundreds of submicroscopic CNVs have been described in the human genome [14,
15]. Since many of the genetic differences between humans and other primates are a result of
large duplications and deletions, it is reasonable to expect that differences in gene copy number
(CN) could be a significant source of genetic variation between humans. Recent studies report
that CNVs affect myocardial infarction and chemokine production [16–18]. Advanced
technologies that enable us to perform whole-genome scan permits evaluation of both the
qualitative aspect of genetic variation (SNP) and quantitative variation (CNV) and GWAS have
been rapidly expanded in many complex traits.

Materials & methods
Subjects

The study was approved by the Institutional Review Board of the National Institute of Dental
and Craniofacial Research (NIH, MD, USA) and informed consent was obtained from all
subjects. Among 221 patients of mixed ethnic population undergoing oral surgery, only
European Americans (60 females and 52 males), with ages ranging from 17 to 35 years, were
analyzed in this study to minimize population stratification and potential bias caused by age
differences. It is usually not recommended that bony impacted third molars be removed when
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patients are out of this age range. Patients underwent standardized surgery by the same oral
surgeon removing third molar teeth that included at least one bony impacted mandibular third
molar. After receiving premedication with intravenous midazolam (4.9 ± 0.2 mg) and local
anesthesia with 2% lidocaine (250.6 ± 43.0 mg) with epinephrine 1:100,000, a mucoperiosteal
flap was raised and retracted, bone removed, and the teeth were sectioned as needed to facilitate
extraction of the impacted lower third molars.

Genotyping
For GWAS, genomic DNA extracted from white blood cells with the Puregene™ DNA
isolation kit (Gentra Systems Inc., MN, USA) was hybridized to SNP chips following
manufacturer’s instruction (Affymetrix, CA, USA). Quality control procedures including call
rates and the Hardy–Weinberg Equilibrium test were performed as suggested [19], and 255,785
SNPs that passed quality control filters were analyzed with dependent variables. Briefly,
quality control procedures excluded 99,330 SNPs with call rates greater than 0.85, as well as
26,437 SNPs not in Hardy–Weinberg equilibrium (p < 0.001) in the control sample, yielding
374,975 SNPs available for analysis. The primary analytic modality involved computation of
likelihood ratios (degrees of freedom [df] = 1) for the best possible genotypic split (e.g.,
recessive or dominant models) for each SNP, with the constraint that a minimum of ten subjects
populate each split group (thereby excluding monomorphic and very rare SNPs), yielding
255,785 SNP splits. For GWAS statistical analyses, we used the recursive partitioning
approach based on F-statistics, using Interactive Tree Analysis of Helix Tree 6.2.0 software
(Golden Helix, MT, USA). The detailed description for the approach is available in the
Appendix.

Next, we sought to extend the GWAS finding by conducting common SNP associations in the
candidate gene region based on linkage disequilibrium (LD) of the HapMap data. The gene
encoding zinc finger protein 429 (ZNF429) is in an LD with the SNP suggested from GWAS
analysis. Genotyping was performed with Assays-by-Design SNP Genotyping Products
(Applied Biosystems, CA, USA). A total of 5 ng of DNA was mixed in a well containing 2.5
µl of Taqman® universal master mix (Applied Biosystems) 0.25 µl of genotyping assay mix
and 2.25 µl of DNAse free water. PCR was performed under the following conditions: 95°C,
10 min followed by 40 cycles of 92°C, 15 s and 60°C, 1 min in a Perkin–Elmer™ 9700
thermocycler (Perkin–Elmer Inc., MA, USA). Following PCR, fluorescence of each well was
measured using the ABI Prism 7900 Sequence Detection System (Applied Biosystems).
Genotype discrimination was performed using Taqman Sequence Detector version 2.0
software. Samples that failed to amplify were not included in the final analysis.

Clinical pain measurement
Clinically induced pain was recorded with a paper and pencil form of a 100 mm visual analog
scale (VAS). After the extraction of the impacted third molars, pain was recorded every 20
min by VAS until subjects requested analgesic medication as the local anesthesia was
eliminated and post-operative pain onset occurred. Ketorolac tromethamine (Toradol) was
administered intravenously at the recommended dose (30 mg) and pain was recorded by VAS
again at 15 min intervals for 180 min. When subjects requested analgesic medication as the
local anesthesia dissipated (mean = 125 min; 95% confidence interval [CI]: 117–132 min) and
post-operative pain (VAS, mean = 58.4 mm; 95% CI: 54.9–61.9) onset occurred. The
maximum post-operative pain rating, post-operative pain onset time and the analgesic onset
time after ketorolac administration were used as measures of clinical pain and the onset of
nonsteroidal anti-inflammatory drug (NSAID) analgesia.
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Data analysis
A total of 11 SNPs from the ZNF429 in an LD with the most statistically significant SNP in
Helix Tree results were analyzed. To resolve phase unknown genotypes and estimate
population frequencies in unrelated individuals we employed PHASE method, a probability
based Bayesian algorithm. To quantify LD (allelic association between marker and genes),
widely used D′ and r2 were calculated. A value of zero implies independence, whereas 1.0
means complete co-transfer. Haploblocks based on CI method were generated by Haploview
version 3.11 with identical genomic region of HapMap.

For the CNV analysis, Partek GS version 6.2 (Partek, MO, USA) was used to compare CNs
between slow analgesic onset (≥ 30 min, n = 7) and rapid analgesic onset (≤ 5 min, n = 33)
patients. According to the manufacturer’s recommendation for generating baselines for CN
analysis (n > 25), rapid analgesic onset group was defined as 5 min or less. Slow analgesic
onset was defined conversely as 5% of the patients with the slowest reported onset of analgesia.

Results
Genome-wide association study analysis revealed a significant association (p < 3.3 × 10−8, p-
value threshold was conservatively calculated for 500,000 SNPs × 3 tests from Bonferroni
multiple test correction) with analgesic onset after ketorolac administration with Helix Tree
analysis (FIGURE 1A). This revealed that a SNP (rs2562456, p = 2.3 × 10−10) of an unknown
gene LOC400680, which is not annotated in current National Center for Biotechnology
Information (NCBI) assembly, is significantly associated with analgesic onset at the false-
discovery rate (FDR) of 1.18 × 10−4. Haploview analysis combining with the HapMap
identified that this SNP is in an LD with SNPs in ZNF429 (FIGURE 1B). Additional 11 SNPs
of ZNF429 region (TABLE 1, NT_011295.10) including four tag SNPs suggested by HapMap
data were genotyped. It revealed that the D′ among these 11 SNPs are 1.0 (TABLE 2) and four
SNPs are significantly associated with analgesic onset (rs2650825, rs1879234, rs2562408,
rs2562466). Homozygous minor allele subjects of these SNPs show approximately four-times
slower analgesic onset (n = 9, mean = 36.2 min; 95% CI: 13.3–59.2) compared with major
homozygous (n = 61, mean = 9.4 min; 95% CI: 7.8–11.0) and heterozygotes (n = 34, mean =
9.0 min; 95% CI: 6.9–11.1) with analysis-of-variance, p = 1.8 × 10−10, df = 103, F = 28.3
(FIGURE 1C). Strong effects on analgesic onset (p = 3.5 × 10−8 to p = 2.7 × 10−7) in three
different novel regions across the human genome were also detected, though Bonferroni
multiple test corrections denied the significant associations for these borderline SNPs:
rs7295290 (p = 3.5 × 10−8 at FDR = 4.51 × 10−3, rs10014562 (p = 2.6 × 10−7 at FDR = 2.93
× 10−2) and rs17011183 (p = 2.7 × 10−7 at FDR = 2.48 × 10−2) (FIGURE 1A).

Comparison of CN across the whole genome revealed that patients with slow analgesic onset
(≥30 min, n = 7, CN mean = 3.78; 95% CI: 2.3–5.3) have higher CNs than those with rapid
analgesic onset (≤5 min, n = 33, CN mean = 2.06; 95% CI: 1.9–2.2) at SNP rs17011183 (p =
4.5 × 10−6, df = 38, F = 41.4), at the same SNP showed strong association above, but this effect
was not significant with multiple test correction.

We also found candidate loci for the maximum post-operative pain rating (rs17122021, p =
6.9 × 10−7) and post-operative pain onset time (rs6693882, p = 2.1 × 10−6), however, correcting
for multiple comparisons did not sustain these genetic associations.

Discussion
Even after the multiple test corrections, the SNP (rs2562456) located in chromosome 19
showed a significant association with the onset time of analgesia after ketorolac administration.
The annotation of the genomic region around this SNP is not available yet, though it is included
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in the unknown gene LOC400680; the potential function of this hypothetical gene is not known
at present. However, the additionally genotyped 11 SNPs neighboring around this region
showed high LD values across approximately 19 kbp (data not shown). According to HapMap,
this high LD extends up to 88 kbp size of a single haploblock (from rs8107940 to rs2681384,
based on 95% CI) including a gene relevant to DNA binding protein: ZNF429. This gene spans
approximately 32.3 kbp in the human genome with five exons and the size of mRNA is
approximately 1.9 kbp. More than 20 SNPs whose heterozygosity is greater than 0.2, have been
reported across the entire gene. Zinc finger proteins control the processes that modulate the
frequency, rate or extent of DNA dependent transcription by binding to DNA. Except for this
general function as a zinc finger protein, specific biological function of ZNF429 in analgesic
drug metabolism and pain pathways has not been reported yet.

Further investigation of ZNF429 including the role of frequent SNPs in this gene revealed that
genetic polymorphisms in this region are strongly associated with NSAID analgesia. We could
screen SNPs from introns only because few numbers of SNPs with low minor allele frequency
have been reported so far in ZNF429. It is not surprising to confirm that ZNF429 is in a strong
LD as HapMap data already suggest in Caucasians. However, the GWAS missed the
associations of ZNF429 SNPs with analgesic onset because we filtered out SNPs with less than
ten subjects as the minimum number for one group. The number of minor homozygotes of
ZNF429 was nine. It is clearly demonstrated that dense genotyping around the candidate region
can reduce the risk of missing important associations.

We later analyzed analgesic drug efficacy and found that the slower analgesic onset
homozygotes tend to report less analgesic effectiveness (p = 0.017, 77% pain reduction, 95%
CI: 62–92%) compared with heterozygotes (89% pain reduction, 95% CI: 84–94%) and major
homozygotes (90% pain reduction, 95% CI: 87–93%). Even though the statistical significance
did not sustain with multiple test correction and virtually all subjects reported significant pain
reduction (t-test, p = 1.75 × 10−12, VAS, mean = 23.7 mm; 95% CI: 20.3–27.2), it is noticeable
that slower analgesic onset patients may also have less benefit from the analgesic drugs in
terms of efficacy.

Considering overly conservative Bonferroni correction, a modified Bayesian formula with
recent estimates of the total number of human genes as 20,000 has been suggested and results
in a p-value threshold of approximately 4.2 × 10−7 [19]. This approach introduces three
additional SNPs as candidate regions for association with analgesic onset. One of these is in
chromosome 4 but this region is not annotated yet. The remaining two are:

• rs7295290 located in a gene encoding ankyrin repeat domain 13A in chromosome 12.
Ankyrin repeats mediate protein–protein interaction in very diverse families of
proteins.

• rs17011183 located in a gene encoding WDF family member 4 (WDFY4) in
chromosome 10, whose functions is thought to be related to transporter activity. This
was formerly known as chromosome 10 open reading frame 64 (C10orf64).

Even though we found marginal associations between these additional genetic variations and
analgesic onset after ketorolac administration, it is still not clear how these genes or genetic
variations influence analgesic responses. Genomic regions around those SNPs were not further
investigated in this study because they did not overcome the Bonferroni multiple test
corrections. However, this marginal but strong association deserves future investigation in
analgesic drug responses. Overall, further investigation is needed initially to characterize the
function of those genes both in animals and humans.

We did not find statistically significant association between CNVs across human genome and
NSAID analgesia. SNP rs17011183 in the WDFY4 gene showed a marginal association
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between analgesic onset and its CNV. Considering the marginal association between analgesic
onset and the genotypes of this SNP (FIGURE 1A, p = 2.7 × 10−7), genomic region of the
WDFY4 gene including rs17011183 may contribute both qualitatively and quantitatively to
analgesic drug responses.

Unlike NSAID analgesic onset, only weak associations were found in maximum post-operative
pain rating and post-operative pain onset time but those associations were not significant with
multiple test corrections. Post-operative pain is also influenced by psychological and
environmental factors. It is more likely that genetic factors exert only subtle effects in more
complex phenotypes. Our results imply that pharmacogenomics of analgesic responses may
be a more feasible target for genetics of pain studies. Considering these weak associations for
acute inflammatory pain in the well-characterized oral surgery model [20–23], finding loci
responsible for multifactorial chronic pain may be very challenging. Even for a clearly heritable
trait such as height, the first genetic locus reported only explains 0.3% of individual differences
[24].

Whereas our results implicate a significant role of genetic factors in the responses to analgesic
drugs, this study is not free from some limitation. Most of all, the sample size is relatively small
for a GWAS since the sample size required is increased by the large number of hypotheses that
are tested. Because we genotyped 500K SNPs from collected samples retrospectively, the
sample size was not based on power analysis. We did not have required baseline data for power
analysis either since GWAS related to analgesic drug efficacy has never been reported, to the
best of our knowledge. Our result should be considered as preliminary because of this
limitation, though our results can be used in power analysis for the future GWAS of analgesic
drug responses with a larger scale of various ethnic populations. It should be also considered
that current genotyping platforms represent only about two-thirds of all known common genetic
variations throughout the human genome [25]. These limitations may increase the risk of false
discovery. Furthermore, our results are limited to European American population only and
cannot be generalized to other ethnic populations since pain responses including analgesic
efficacy and genetic variations are very different among ethnic populations [26–29]. As with
other genetic association studies, replications with larger sample sizes with various ethnic
backgrounds by independent investigators are critical to confirm novel findings. Since the
genetic association studies can only identify statistical relationships, studies are needed to
characterize the underlying mechanisms. When the candidate genetic loci lack annotation,
extensive additional work is needed in both animals and humans.

Even though the sample size is relatively small for a GWAS, the genome-wide significant
result of this study appears robust. This study suggests that genetic variations in or near the
loci encoding DNA binding proteins play a role in the individual variations in responses to
analgesic drugs. These observations also suggest that inter-individual variability in analgesic
drug response may be induced by variations in genes that modulate transcription in addition
to genes that directly affect pharmacodynamics or pharmacokinetics.

Conclusion
A GWAS of acute clinical pain followed by additional SNP genotyping of neighboring gene
suggests that genetic variations in or near the loci encoding DNA binding proteins play a role
in the individual variations in responses to analgesic drugs.

Future perspective
Even with the relatively small sample size, this study provides evidence that whole-genome
scale SNP genotyping is a valuable tool for hypothesis generating when searching for novel
candidate genomic regions responsible for pain and analgesia in humans. It is necessary to
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confirm these associations with independent subjects in a bigger sample size as well as with
functional genomic studies.

Executive summary

Genome-wide association study (GWAS) of analgesic drug response
• GWAS found one significant SNP associated with analgesic onset.
• Three other SNPs of strong association were found but denied by Bonferroni

multiple test correction.

Multilayer study
• Using HapMap data, additional SNPs were genotyped in a gene with linkage

disequilibrium.
• This multilayer design successfully found a candidate gene, ZNF429.

ZNF429
• ZNF429 is a zinc finger protein that can influence the expression of various types

of genes.
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Appendix
The p-value, which is labeled ‘p =’ in a tree node display, can be calculated as follows.

Suppose there are n observations to be split into k subgroups with D unique values of the
continuous or ordinal predictor (not counting a possible missing value). Let F0 be the sum of
squared deviations from the mean over all responses and Fk be the sum over all segments of
the squared deviations from the mean responses of each respective segment. Then F-statistic
can be defined as:

The p-value can be obtained from performing an F-test with k-1 and n-k degrees of freedom.
The optimal set of segments is found with the smallest p-value and such sets are constructed
by recursive partitioning.
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Figure 1. Multilayer genetic association study
(A) Plot of statistical significance (−log10P) values of genotyped SNPs across the whole
genome for analgesic onset time after ketorolac administration. Reference line indicates
threshold for genome wide significance (p = 4.2 × 10−7). Horizontal axis represent reference
SNPs for the chromosomal location. (B) A single haploblock from HapMap containing
significant associated SNPs and ZNF429. (C) Associations between four ZNF429 SNPs and
analgesic onset (p = 1.8 × 10−10, degrees of freedom = 103, F = 28.3, mean ± standard error).
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Kim et al. Page 11

Table 1
SNPs genotyped from ZNF429.

SNP SNP ID Location on NCBI assembly Nucleotide variation Rarer allele frequency

1 rs1984771 21,483,637 A/G 0.17

2 rs2650825 21,491,065 A/G 0.25

3 rs1520071 21,493,880 G/T 0.17

4 rs2650757 21,495,385 A/G 0.17

5 rs2681365 21,495,804 A/G 0.17

6 rs1879234 21,496,319 G/T 0.25

7 rs11085455 21,496,885 C/T 0.17

8 rs2173724 21,500,997 A/G 0.17

9 rs2133816 21,501,221 C/T 0.17

10 rs2562408 21,501,721 C/G 0.25

11 rs2562466 21,506,044 C/T 0.25

NCBI: National Center for Biotechnology Information.
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