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Abstract

Candidate gene studies have revealed limited genetic bases for opioid analgesic response
variability. Genome-wide association studies (GWAS) facilitate impartial queries of common
genetic variants, allowing identification of novel genetic contributions to drug effect. lllumina
single nucleotide polymorphism (SNP) arrays were used to investigate SNP associations with total
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morphine requirement as a quantitative trait locus and with postoperative pain in a retrospective
population of opioid-naive children age 4 — 18 y who had undergone day surgery tonsillectomy
and adenoidectomy. In an independent replication cohort, significant GWAS-identified SNPs were
assayed using Tagman probes. Among 617 comprehensively phenotyped children, the 277
subjects of European Caucasian (EC) ancestry demonstrated nominal association between
morphine dose and a series of novel SNPs (top rs795484, p=1.01x107% and rs1277441,
p=2.77x107) at the TAOK3 locus. Age, body mass index, and physical status were included
covariates. Morphine requirement averaged 132.4 mcg/kg (SD 40.9). Each minor allele at
rs795484 (G>A) contributed +17.6 mcg/kg (95% Cl1=10.7-24.4) to dose. Effect direction and
magnitude were replicated in an independent cohort of 75 EC children (p<0.05). No association
with morphine dose was detected in African Americans (AA) (n=241). Postoperative pain scores >
7/10 were associated with rs795484 (G>A) in the EC cohort (OR=2.35, 95% CI=1.56-3.52,
p<0.00005) and this association replicated in AA children (OR=1.76, 95% Cl=1.14-2.71, p<0.01).
Variants in TAOK3 encoding the serine/threonine-protein kinase, TAO3, are associated with
increased morphine requirement in children of EC ancestry and with increased acute postoperative
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pain in both EC and AA subjects.
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1. Introduction

Despite its extensive history as an effective postoperative analgesic [21], morphine sulfate
exhibits inconsistent relationships between dosage and analgesic efficacy in both adults [3,5]
and children [19,30,31]. Indeed, clinical response variability to morphine may be greater
than that seen with other opioids [10]. Genetic and environmental factors contribute to inter-
individual variability on multiple levels, from pain processing and perception to specific
alterations in opioid pharmacokinetics and pharmacodynamics, and interactions among all
factors are highly complex [14,35,41,60,62]. Genetic research on opioid analgesic response
has focused on select single nucleotide polymorphisms (SNPs) in candidate genes encoding
proteins associated with known opioid pharmacokinetics and pharmacodynamics and those
associated with alternate pain-related pathways [32,40,46]. Several studies have
demonstrated differing analgesic responses associated with candidate gene SNPs, notably
increased postoperative morphine requirements in adults homozygous for p opioid receptor
(MOR) variants encoded by OPRM1 A118G [11,12], but the findings do not carry across all
patient populations [14,26]. To date, no major candidate gene or select combination of
genetic variants has substantially explained the heritable component of opioid response
variability, which may comprise 12-60% of overall inter-individual variance [2]. Current
candidate gene approaches give clear evidence of the polygenic nature of postoperative pain
and opioid analgesic requirement [14,42], but continue to limit findings to known pain
pathway elements.

GWAS (genome-wide association study) methodology and, increasingly, whole exome or
whole genome sequencing, facilitate exploration of disease risk [43] and drug effects [16]
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beyond known mechanisms and candidate genes, furthering “hypothesis-generating,” as
compared to “hypothesis-driven” research [65]. Recent pharmacogenomic research using
this approach has revealed and/or prioritized important genetic determinants of drug
response, such as SNPs at the vitamin K epoxide reductase complex subunit 1 (VKORCL1),
cytochrome P450 2C9 (CYP2C9) and cytochrome P450 4F2(CYPA4F2) loci which
individually explain 10-30% of warfarin maintenance dose variability [7,13,63]. In the quest
to understand and improve predictability of drug response in adult surgical populations,
researchers have just begun to apply GWAS methodology to anesthetic-relevant phenotypes
such as postoperative nausea/vomiting [27] and/analgesia associated with ketorolac [33] and
fentanyl [49]. GWAS has not yet been used to examine polygenic liability associated with
morphine response disparities in pediatric populations, however. Using a GWAS approach
in retrospective cohorts of opioid-naive children, we sought to identify and replicate the
most significant SNPs associated with total morphine dose requirements for pediatric day
surgery tonsillectomy and adenoidectomy (T & A). Secondary outcomes included
identification of the most significant SNPs associated with high (=7/10) and low (<3/10)
maximum postoperative pain scores.

2. Materials and Methods

2.1. Human subjects protection

This retrospective study was approved by the Children's Hospital of Philadelphia (CHOP)
Institutional Review Board with waiver of consent. Final study subjects, genotyped at the
Center for Applied Genomics (CAG), previously had been consented and enrolled in the
Institutional Review Board-approved Study of the Genetic Causes of Complex Pediatric
Disorders.

2.2. Case ascertainment

We queried our Anesthesia Information Management System (AIMS) data warehouse
(CompuRecord, Phillips Medical Systems, Andover, MA) to identify day surgery T&A
cases between 11/1/2001 and 12/18/2009 (discovery cohort) and again between 12/19/2009
and 11/10/2011 (replication cohort) in which morphine was used as the sole intravenous
analgesic. Figure 1 outlines subject selection. Primary inclusion criteria: 1) scheduled for
T&A with same day discharge from CHOP surgical facilities; 2) male or female, age 4 - 18
y, all races and ethnicities; 3) documented intraoperative intravenous morphine
administration. Primary exclusion criteria: 1) patients with moderate to severe obstructive
sleep apnea (OSA) who were scheduled for admission following T&A,; 2) patients who had
T&A revision or combination surgery with another painful procedure; 3) patients who
received alternate intraoperative opioids (fentanyl, hydromorphone, remifentanil), ketamine,
flumazenil, or naloxone and those who had surgical site local anesthetic infiltration.
Abstracted data for each subject included medical record number, birth date, date of surgery,
procedure, day surgery status, sex, weight, and intraoperative morphine dose (in mg).

Querying the CAG database by medical record number, we identified those subjects who
had biobanked DNA specimens. We then conducted a comprehensive manual review of the
scanned patient chart using Chartmaxx (MedPlus, Mason, OH). Patient age, gender,
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American Society of Anesthesiologists physical status, procedure, intraoperative morphine,
and absence of exclusionary medications were confirmed on the scanned version of the
patient record (Compurecord and Sunrise Clinical Manager, Chicago, IL) and in the recently
implemented electronic version of Epic Care Clinical System (Epic, Verona, WI). Surgical
indications were classified as tonsillar and adenoidal hypertrophy, sleep disordered
breathing (SDB), and/or recurrent infection. A review of available polysomnograms done
within a year prior to surgery (n=33) confirmed that we had selected out cases with severe
OSA, and the known potential for 50% reductions in morphine dose requirement. [8]
Discovery cohort subjects with SDB had at most moderate OSA with a median apnea
hypopnea index of 4.1 events per hour, interquartile range (IQR)=2.46-9.7; a median SpO,
nadir of 90%, IQR=84-92, and a median total sleep time with SpO, < 90% of 0 and a
maximum of 2.6%. Routine preoperative documentation included assessment of pain and all
medications taken within the previous week. No subject had pain on admission and none had
taken opioids. Weight and height on the day of surgery were recorded. Whenever heights
within 3 mo of surgery were unavailable, height on day of surgery was extrapolated from the
most proximate clinic visit measurement (n=12) based on continued percentile height using
the 5/30/2000 Centers for Disease Control Growth Charts, Stature-for-Age Percentiles: Boys
210 20y and Girls 2 to 20 y. (www.cdc.gov/growthcharts/data/set1clinical/cj411022.pdf and
cj41C021.pdf) Reported race and ethnicity were noted. Preoperative oral medications
including acetaminophen (10-15 mg/kg, maximum 650 mg) and midazolam (0.5 mg/kg,
maximum 10 mg) and anesthetic technique including intravenous (thiopental or propofol)
versus mask induction were recorded. Sevoflurane in oxygen/nitrous oxide inhalation
induction followed by maintenance with either sevoflurane or desflurane in an oxygen/air
mixture was favored. Specific administration of propofol, morphine sulfate (averaging
50-100 mcg/kg), ondansetron (50-100 mcg/kg, maximum 4 mg) and dexamethasone (0.5
mg/kg, maximum 10 mg) were verified. Surgical technique employed standard
electrocautery with the following average maximal power settings as abstracted from 50
random discovery cohort charts: adenoid hemostasis, 33 watts (range 20-40); tonsil removal,
18 watts (range 15-20); and tonsil hemostasis, 20 watts (range 15-30.) Postanesthesia Care
Unit (PACU) documentation included: pain scale (The Children's Hospital of Eastern
Ontario Pain Scale (CHEOPS); modified Wong-Baker FACES; Face, Legs, Activity, Cry
and Consolability (FLACC); or 10 point numerical) [22,47,65] and scores (at 15 min
intervals up to discharge); postoperative intravenous morphine administration (25-50
mcg/kg every 5-10 min to 100-200 mcg/kg in the PACU); time of oxycodone (or codeine,
n=8) administration following PACU admission; exclusionary opioids (fentanyl,
hydromorphone or meperidine); time to discharge and unanticipated hospital admission.
Children who were admitted or who received postoperative intravenous opioid other than
morphine were excluded. All data were entered on case report forms and then transcribed to
a password-protected Excel spreadsheet (Microsoft, Redmond, WA). Because CHEOPS
scores range from 4 to 13, they were normalized to a 0-10 scale. Maximum and minimum
postoperative pain scores (0-10), body mass index (BMI) in kg/m?2, and postoperative and
total (intraoperative plus postoperative) morphine in mcg/kg were calculated.
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2.3. SNP genotyping

DNA had been collected from whole blood (n=873) or saliva (n=5) and all samples were
genotyped at CAG. Among the 293 unrelated European Caucasian (EC) participants in the
discovery cohort, 136 samples were genotyped on the lllumina HumanHap550 SNP array
(IMlumina, San Diego, CA, USA); and 157 samples were genotyped on the Illumina
Human610-Quad version 1 SNP array, overlapping in 535,752 common SNPs. Genotyping
signals were processed and genotype calls generated by using Illumina’s standard data
normalization procedures and canonical genotype, as previously described [20]. SNP
genotyping information was similarly obtained from 251 African American (AA) discovery
cohort participants. Subject ancestry was verified by the use of multidimensional scaling
implemented in PLINK and entered into the datasets [54]. Using Hapmap subjects as
references, samples with mixed European and African ancestries were classified as AA
subjects or excluded from analysis if not clustering with either the EC or AA group. For the
76 subjects in the EC replication cohort, Tagman SNP genotyping assay (Life Technologies,
Carlsbad, CA, USA) was performed for SNPs rs795484 and rs1277441 (assay identification
numbers C__1427766_10 and C__ 7524604 _10, respectively) according to the
manufacturer's standard protocol. One EC replication cohort sample failed SNP genotyping.
Cryptic related samples were detected and one from each pair was removed based on whole
genome identity-by-descent (IBD) scores > 0.25. Only SNP markers common to both 550k
and 610Kk chips were used for analysis. We further removed 5173 SNPs for missing rate >
5%, 456 SNPs for deviating from Hardy-Weinberg equilibrium (Hardy-Weinberg test p <
0.0001), and 20497 SNPS for minor allele frequency < 0.01, leaving 509904 SNPs for
association testing. Additional quality control statistics for the top 6 TAOK3 SNPs in the EC
discovery cohort showed similar minor allele frequencies (p=NS) and SNP missingness
(p=NS) between the HumanHap550 (n=130) and Human610 Quad (n=147) arrays,
discounting the possibility that the association between TAOK3 SNPs and total morphine
dose could be due to batch effect between the two genotyping platforms.

2.4. Phenotype measurements

Phenotypes were chosen to be clinically relevant and unequivocal. The primary outcome,
total (intraoperative plus postoperative) morphine in mcg/kg absolute body weight titrated
within one to two drug half-lives [5,30,31], is studied as a quantitative trait locus. This
outcome/phenotype features a robust clinical endpoint that reduces varying individual pain
scores to a specific functional level, namely, comfort sufficient to go home. Secondary
outcomes addressed normalized maximal pain scores and were divided into two binary
traits; low maximum pain (<3/10), where recovery room personnel would be unlikely to
administer further intravenous analgesics, and high maximum pain (=7/10), where staff
administer additional intravenous analgesics by protocol. While there is no consensus cut-
off for severe pain in children [66], we chose a high maximal pain score threshold of > 7
(equivalent to a visual analog score of 70) for a secondary outcome, to be consistent with the
definition of severe pain in adult pain research [3].
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2.5. Association analysis

Regression analyses were used to examine whether outcomes were dependent on age,
gender, BMI, surgical indication (stratified by a primary diagnosis of hypertrophy/SDB
versus recurrent infection), physical status, analgesic exposure (+/- preoperative
acetaminophen, time to postoperative oxycodone administration) or anesthetic technique
(+/- propofol exposure.) Characteristics of significance were included as covariates for
analysis of association between SNP genotypes and outcomes. The GWAS between SNP
genotypes and the traits of interest were conducted using PLINK software version 1.07 [54].
For the primary outcome of total morphine dose, which was approximately normally
distributed, a linear regression model was applied to assess associations between subject
characteristics and SNP genotypes. For the binary traits of high and low maximum pain
scores, chi-squared and Fisher Exact tests were applied to assess the association if no
covariate was included in the analysis and logistic regression models were used to evaluate
the association when covariates were included. To control for genetic structure in our study
population [50,52], separate associations were conducted by race. The largest
subpopulations, those of EC and AA ancestry, were examined for significant associations. A
regional association plot was generated using LocusZoom [53].

2.6. Genotype imputation

Referencing the 1000 Genome Phase | integrated variant set (http://mathgen.stats.ox.ac.uk/
impute/data_download_1000G_phasel _integrated.html), we utilized the IMPUTE2 package
[23,44] to conduct imputation of the TAOKS region. We performed an additional association
analysis on the imputed variants in the TAOK3 region using the missing data likelihood
score test implemented in SNPTEST v2 package [44].

3. Results

3.1. Case ascertainment

Querying 10 years of operative caseload contained within the AIMS data warehouse and
including only those with CAG biobank specimens, the final retrospective discovery and
replication cohorts were established based on the flow chart shown in Figure 1. The
replication cohorts were assembled and studied after the discovery cohort GWAS analyses
were complete. Primary data were abstracted from and verified in ChartMaxx and/or Epic.
Protocol violations, most often found in the narrative sections of scanned electronic records,
included: intravenous fentanyl, remifentanil, flumazenil or ketamine administration; tonsil
bed local anesthetic infiltration; or an additional painful procedure (myringotomy with
tympanostomy tube placement) recorded. Several children with significant co-morbidities,
including severe OSA, had planned admissions though the case had been booked incorrectly
for day surgery. Children with unanticipated admissions were excluded. This group was
heterogeneous in nature with one or more of the following admission reasons: ongoing
supplemental oxygen requirement, episodes of oxyhemoglobin desaturation, mild to
moderate airway obstruction, presence of a nasopharyngeal airway (collectively, respiratory
complications (n = 17)); persistent nausea and vomiting (n = 5); lethargy (n = 3); and
observation after excessive surgical bleeding (n = 5). One child in the replication cohort was
admitted for nausea/vomiting and intractable pain.
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3.2. Demographics and phenotypes

Patient characteristics for the entire discovery and replication cohorts, then separated by
predominant races, are shown in Table 1. The replication group was older by a year
(p<0.001) and had a shift in physical status distribution, with a higher percentage of physical
status 2 and 3 patients (p<0.005). The range of total morphine sulfate administered was
35.2-320.8 mcg/kg across the entire discovery cohort. Total dose was significantly higher in
EC than in AA children by an average of 13.7 mcg/kg (p<0.00005). Combining full
phenotype EC and AA discovery and replication cohorts (n=663), and regressing total
morphine dose requirement on race and BMI, the Beta coefficient for race was -9.14
(p<0.005) and that for BMI was -2.56 (p<10-16). High maximum pain was not different
between AA and EC children. However, more AA than EC children in the discovery cohort
had <3/10 maximum pain (26.7 versus 15.7%, p<0.005) with a similar trend in the smaller
replication cohort.

3.3. Covariate determination

Regression analysis revealed age, BMI, and physical status to be the significant GWAS
covariates for total morphine dose in all children. (Table 2) The regression adjusted R?
values for these combined factors were 0.091 for EC subjects and 0.129 for AA children.
For high maximal pain, age was the only relevant covariate and only in the EC population
(R=6.78x103, p<0.05). Total morphine dose data were consistently distributed along sex-
specific regression lines throughout the study age range. There were no aberrancies for those
> 12y of age, suggesting that no dose changes were associated specifically with puberty.
Importantly, regression analysis did not identify sex, oral analgesic (+/- preoperative
acetaminophen, or time to postoperative oxycodone), anesthetic technique (+/- propofol) or
surgical indication (stratified by SDB +/- hypertrophy, n=314, and by infection +/-
hypertrophy, n=122) as significant covariates in EC subjects. However, average total
morphine for children presenting with recurrent infection trended higher than that for
children with a primary diagnosis of SDB (137.3 mcg/kg versus 126.1 mcg/kg,
respectively.) In the 16 subjects study-wide who had polysomnograms in advance of surgery
demonstrating SpO, nadirs < 85%, the average total morphine was 127.7 mcg/kg. With
regard to acetaminophen: in the combined cohorts, a total of 30 subjects received no
preoperative acetaminophen and required an average morphine sulfate dose of 124.9
mcg/kg. Anesthetic variation by presence (n = 282) or absence (n = 335) of bolus propofol,
with its potential for persistent sedation and prevention of nausea and vomiting, did not
affect outcomes (for total morphine dose, 8=0.527, p=NS in EC; 8=0.866, p=NS in AA
subjects.) Intraoperative morphine averaged 88.2 mcg/kg (SD 26.9, range 24.8 - 272.7
mcg/kg) and postoperative morphine averaged 40.0 mcg/kg (SD 34.6, range 0 - 240.2 mcg/
kg), with no significant intercorrelation (Pearson correlation coefficient -0.098). Oxycodone
was most commonly given for prophylactic pain control beyond hospital discharge with
median time of 50 min (IQR=26-79 min) from PACU admission to oral administration.
Comparing the 25 discovery cohort children who received no oral opioids in the PACU to
those who did, postoperative morphine averaged 22.7 versus 40.6 mcg/kg and total
morphine sulfate was 115.9 versus 128.8 mcg/kg, respectively. Maximum postoperative
pain scores (4.1 versus 6.1) were less in these subjects who received no oxycodone. PACU
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stay averaged 2.3 (SD 0.8) h for discovery cohort subjects and 2.0 (SD 0.6) h for those in the
replication cohorts.

3.4. GWAS results for total morphine dose in the EC population

The top SNPs (p<1x10%) associated with total morphine sulfate requirement in EC children
are shown in Table 3. Those residing at the TAOK3 locus on chromosome 12 feature most
prominently in the Manhattan plot (Figure 2). The top SNPs, rs795484 (R=17.6, 95%
Cl1=10.7-24.4; p=1.01x107) and rs1277441 (R=17.0, 95% CI=10.0-23.9; p=2.77x107) are
both intronic and their nominally significant associations, of the same direction and
magnitude, (8=12.0, 95% CI1=-0.87-24.8; one-sided p=0.036; R=11.7, 95% Cl=-1.6-24.9;
one-sided p=0.044) replicated in a subsequent independent cohort also of EC ancestry.
Combining EC discovery and replication cohorts: 8=16.1, 95% C1=10.0-21.1; p=2.96x10"7
for rs795484 and R=15.6, 95% C1=9.5-21.7; p=7.99x10" for rs1277441. Bias-reduced R
estimates using a bootstrap re-sampling technique [61] are 14.0 and 11.6 for these top 2
SNPs, respectively. One associated SNP is located in the coding region of TAOKS, rs428073
(p=9.13x109), resulting in a Serine to Asparagine missense mutation. None of these SNPs
showed association with total morphine dose in the AA population and a meta-analysis of
combined EC and AA discovery cohorts demonstrated signal attenuation: 3=11.1, SE=2.6,
p=1.55x10 for rs 795484 and R=11.2, SE=2.6, p=1.41x10"° for rs 1277441. However, the
intronic TAOK3 SNPs are associated with the secondary outcome of high maximum pain
scores = 7/10 in both the EC and AA discovery cohorts (Table 4). Figure 3 shows the
morphine dose requirement associated with genotype at rs795484 and rs1277441 for the
combined EC discovery and replication cohorts. Mean total morphine doses for rs795484
variants were: 123.5 mcg/kg (SD 38.9) for GG (n=163); 137.3 mcg/kg (SD 41.7) for AG
(n=168); and 153.1 mcg/kg (SD 41.4) for AA (n=37). Means for rs1277441 variants were:
123.8 mcg/kg (SD 39.2) for TT (n=161); 137.0 mcg/kg (SD 41.6) for CT (n=170); and 153.0
mcg/kg (SD 42.0) for CC (n=36). Averaging linked allelic contributions of rs795484 and
rs1277441, each minor variant increased total morphine requirement by 11.4%. Regression
of the residuals (that variance unexplained by the combination of age, BMI, and physical
status) on these top two TAOK3 SNPs yielded an adjusted R2 of 0.0798.

3.5. Locus analysis and imputation results

While TAOK3 fit the best association profile for these SNPs, a regional association plot for
rs795484 (Figure 4) demonstrated 3 genes in linkage disequilibrium with TAOK3, namely v-
set and immunoglobulin domain containing 10 (VS G10), phosphatidylethanolamine binding
protein 1 (PEBP1), and suppressor of defective silencing 3 homolog (SUDS3). We
conducted imputation and though no SNPs showed genome-wide significance, we identified
additional 29 variants that were nominally associated with total morphine sulfate
requirement in EC subjects (E-supplement).

3.6. GWAS analyses for AA population and secondary outcomes

The GWAS results for the top SNPs with p < 5x10 for total morphine requirement in the
AA population are shown in Table 5. Unlike the strongly supported series of SNPs at the
TAOK3 locus in the EC population (Table 3 and Figure 2), no set of SNPs associated with a
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single gene and/or in linkage disequilibrium with one another were identified in subjects of
AA ancestry. The only known candidate gene SNPs reaching the top 500 for any GWAS
analysis were 3 SNPs tagging OPRM1, specifically rs1892359 (3=12.4, SE=3.6;
p=6.65x10%), rs1892356 (R=12.4, SE=3.6; p=6.93%10%), and rs1937622 (R=12.4, SE=3.6;
p=6.93x104) for total morphine as a quantitative trait locus in AA children. Presentation of
full candidate gene findings is beyond the scope of this manuscript and is being published
separately. GWAS analysis for high maximum pain revealed no SNPs reaching p<1x10
significance with supporting SNPs in linkage disequilibrium. However, in the EC cohort
queried for low maximum pain (< 3/10) versus all others, the top 2 SNPs associated with
transmembrane protein 117 (TMEM117) and cell division cycle 5-like (CDC5L) genes at
1076 significance levels: rs1322650 (p=1.21x10°%) and rs736259 (p=5.41x1075).

4. Discussion

4.1. Principal GWAS finding

We performed a GWAS on a retrospective comprehensively phenotyped, opioid-naive
pediatric day surgery population and discovered a nominal association between SNPs related
to the novel gene TAOK3 and morphine requirement in children of EC ancestry. While not
reaching significance at p < 5x108, our collective evidence implicates the TAOK3 locus.
The Manhattan plot (Figure 2) demonstrated multiple supporting SNPs in linkage
disequilibrium with p = 107 - 107 (Table 3). A subsequent independent replication cohort
confirmed both direction and effect size for the top 2 SNPs, rs795484 and rs 1277441.
Imputation at the TAOKS3 region identified 29 additional variants (E-supplement) associated
with morphine requirement [45]. Significantly, minor allele variants showed clear gene dose
effects (Figure 3) and, with regard to the interrelated =7/10 postoperative pain outcome,
minor allele frequencies were enriched in both AA and EC cohorts. (Table 4) Finally, we
show mechanistic plausibility of TAOK3 regulating pain/analgesic pathways.

4.2. Study population and GWAS methodology

GWAS mandates strict phenotypic definitions; management of confounding variables
through population selection, regression analyses, and pertinent covariate inclusion; large
sample sizes to find and measure associations with significance; and replication cohorts to
validate findings. We chose unequivocal phenotypes for which we could accurately retrieve
retrospective data and drew on a common surgical population [55]. With procedure and
preexisting pain proven to influence postoperative pain and analgesic consumption [25], we
studied pain-free, opioid-naive children undergoing a single surgery. As seen in our study,
ethnic background can alter postoperative analgesic requirement, [9,58,72] and because
genetic structure differences can lead to spurious associations, [50,52] we conducted
separate GWAS analyses by race. We found no gender differences and while gender may
affect opioid requirement [4,15,24], morphine-specific differences may be limited to adults
and/or = 4 h drug exposure [48]. Anxiety and psychological distress increase postoperative
pain and analgesic consumption in adults [25], but pain-sensitive temperament [34] plays a
variable role in pediatrics and, for children recovering from T&A, in-hospital total analgesic
dosages are independent of preoperative anxiety [29] leading us to believe that absence of
study subject psychological measures was of minor consequence. Finally, there was no

Pain. Author manuscript; available in PMC 2015 September 01.



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

1duosnuely Joyiny vd-HIN

Cook-Sather et al.

Page 10

correlation between postoperative oxycodone administration and acute morphine
requirement, consistent with primary morphine titration and with delayed effects of oral
oxycodone following pediatric surgery [36].

Regression analyses left age, BMI, and physical status as EC primary outcome GWAS
covariates, together accounting for 9.1% of phenotypic variation. Because morphine dose
was measured in mg/kg, an adjustment for age and growth is fundamentally incorporated
into outcome. Other studies have used height-based adjustments, which in the case of
warfarin contribute to 30% of maintenance dose variability [7]. Choosing standard weight-
based units for morphine administration, we included BMI as a covariate, accounting for
dosing toward ideal body weight. The 2.0 kg/m2 BMI difference between EC and AA
discovery cohort subjects contributed 5 mcg/kg (37%) to the race-related morphine
requirement difference. Children of higher physical status were dosed more conservatively
with an average decrement of 11.6 mcg/kg per physical status category.

4.3. Allelic effect size

Typical for GWAS discoveries the TAOKS3 locus effect size is small and consistent with a
single component of a polygenic quantitative trait [51]. The top two SNPs at TAOK3
explained 8.0% of morphine dose variance, comparable to that portion of variance attributed
to age, BMI, and physical status combined. For postoperative pain in children, the response
to opioid analgesia is undoubtedly polygenic [42], with each locus contributing limited
effect as seen for experimental pain [18]. The gene-dose effect shown in Figure 3 supports
an additive model wherein each minor allele increases morphine requirement by 11.4%. For
minor allele homozygotes, this constitutes ~35 mcg/kg of morphine that could be
administered earlier, thereby reducing postoperative pain and analgesic titration need. The
genetic effect of TAOK3 eclipses known candidate gene-associated contributions in our
study population, but demonstrates similar magnitude to increased postoperative morphine
requirements (22.2% over 24 h and 58.4% over 48 h) in adults homozygous for the OPRM1
A118G minor allele [11,12]. Inheritance pattern, cumulative dose phenotype and agonist-
specific differences are important in comparing effect sizes, however. For example, in a
recessive model, rs 2952768-associated minor variants near methyltransferase like 21A and
cyclic adenosine 3’,5’-monophosphate (CAMP) responsive element binding protein are
associated with a > 250% increase in fentanyl requirement over 24 h [49].

4.4. Potential mechanisms of action

TAOK3, cDNA cloned in 1999, encodes the serine/threonine-protein kinase thousand and
one amino acid protein 3, TAO3 [64]. TAO3 is a member of the large and diverse Ste20
subfamily of mammalian kinases [17]. Located in the cytoplasm and cell membrane, it is
ubiquitously expressed at low levels and highly expressed in the thymus and spleen and in
peripheral blood leukocytes [64,69]. TAO kinases have been shown to acutely function as
mitogen-activated protein kinase kinase kinases (MAP3KSs) regulating the p38 stress-
activated mitogen-activated protein kinase (MAPK) cascade, the c-jun n-terminal/stress-
activated protein kinase cascade (JNK), and the extracellular regulated kinase pathway
ERK1/ERK2 [57,64,70].
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TAO3 may be similar to known pain/analgesic-modulating proteins within serine/threonine
kinase domains such as those in the MAPK cascade [68] and protein kinase C family [71].
Opioid receptors, particularly the MOR, play central roles in morphine-induced analgesia
[38,67], and the established molecular mechanisms of MOR-dependent signaling [1] and
MOR functional selectivity [56] highlight several points at which the molecular
pharmacologies of MOR and TAO3 could intersect. The MOR has > 15 serine/threonine
residues accessible to protein kinases [1,39,56,67], with several essential for normal receptor
function [6,37,59]. Morphine-specific multisite phosphorylation at the 3”>STANT379 motif
of individual MORs [37] and hierarchical phosphorylation of S375-flanking threonines [28]
are emerging as important mechanisms driving differential B-arrestin decoding, endocytic
activity, and ligand-directed signaling. TAO3 variants could alter MOR phosphorylation
patterns, promote MOR desensitization, and yield morphine-resistant phenotypes.
Furthermore, MOR activation affects multiple MAPK pathways each with its own
phosphorylation patterns and potential for TAO3 regulation [1,38,56,67].

Although GWAS methodology does not assure causal variant identification, the known
function of TAO3 and its potential interactions with pain and MOR/agonist-MOR signaling
pathways highlights TAOK3 as a likely new candidate gene. The regional association plot
for rs795484 (Figure 4) demonstrates that VSIG10, PEBP1, and SUDS3) could contribute to
phenotype and that TAOK3 SNP could regulate the transcription of WD repeat and SOCS
box containing 2 (WSB2) and kinase suppressor of ras 2 (KSR2). However, none of their
known functions, which include regulation of oncologic processes and the ubiquitin-
modified proteome, is compelling.

4.5, Study limitations

This retrospective study is subject to selection bias, unknown population heterogeneities,
pain measurement variations, and temporal change. We acknowledge the biases associated
with our inclusion/exclusion criteria and also with the simple generosity of those who
provided blood specimens for unspecified future CAG investigations. However, in
comparison with prospective studies that might bring increased recruitment of subjects with
special interest in pain/analgesia, our retrospective approach may provide more objective
data on pain and morphine administration. Our design favored discovery of morphine
resistant associations: in excluding children who received naloxone, we excluded those
perhaps most sensitive to morphine and, because study subjects had an average of 88.2
mcg/kg intraoperative morphine, we likely ascribed higher doses to some who might have
had adequate pain control with less. Most importantly, to minimize bias, we included all
CAG database cases that survived strict phenotyping and only then conducted GWAS
analyses.

Our study is small by GWAS standards and only capable of screening for loci with larger
genetic effects. GWAS significance based on conventionally corrected p-values is difficult
to achieve in pharmacogenomics [16], and like us, other researchers have used composite
evidence and replicative study designs, such as a consecutive three-stage analysis, to
validate subthreshold pharmacogenomic associations [49]. Discovery effect size may
overestimate effect magnitude, but our comparable replication cohort results and bias-
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reduced R calculations [61] are suggestive of only a minor “winners curse” phenomenon.
With no child having postsurgical pain assessments in the absence of morphine, it is
impossible to determine whether TAOKS3 directly influences pain, morphine analgesia, or
both. Finally, our principal finding is most relevant to children of EC ancestry, and we
reiterate the importance of conducting studies in multiple racial/ethnic cohorts.

4.6. Summary

This first exploratory GWAS in a pediatric day surgery population demonstrates nominal
associations between rs795484 and rs1277441 at the TAOKS locus and total morphine
requirement in EC children. Contributing an 11.4% dose increase per minor allele, the
significance of this locus is further supported by increased minor allele frequency in both

EC and AA subjects with high maximum postoperative pain. Our data are consistent with a
polygenic model of morphine response variability and indicate that, at least within this
population, common variants with larger effect sizes are unlikely to be found. A prospective
study with larger sample sizes and pharmacokinetic profiles will be essential to further
validate these findings, distinguish pharmacokinetic versus pharmacodynamic effects, assure
better testing in each racial cohort, and reveal associations of smaller magnitude. The
molecular pharmacology behind TAOK3 variant-associated effects — specifically, whether
phosphorylation patterns of the MOR and/or other signaling proteins are altered — remains to
be explored.
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l/ - naloxone \l/
- flumazenil
CAG biobank registry 687 with DNA specimens 191 with DNA specimens
l/ 18 protocol violations 6 i

Verification of full
inclusion/exclusion criteria

19 planned admissions 11
18 unanticipated admits 9

632 subjects eligible 165 subjects eligible

|

609 full genotype 12 +call rate < 0.95

genotyping failure 1

Genotyped

Quality assurance l
8 + cryptic relatedness

589 unrelated individuals

Population stratification / \15 non-EC/AA subjects 19 / \

293 of European Caucasian ancestry

251 African-American
l 16 missing covariate data 10 J/ J/ J/

Final study cohorts 277 EC 241 AA 75 EC 70 AA

with full phenotype

Figure 1.
Discovery and replication cohort subject selection. AA=African-American,

AIMS=Anesthesia Information Management System, CAG=Center for Applied Genomics,
EC=European Caucasian ancestry, T&A=tonsillectomy and adenoidectomy.
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Figure 2.
Manhattan plot showing the association between single nucleotide polymorphism (SNP)

genotype and total morphine sulfate dose in the discovery cohort of European Caucasian
ancestry. Chromosome coordinates are indicated on the X axis and negative logarithms of
the P-values are shown on the Y axis. Significant SNPs at the TAOK3 locus on chromosome
12 are indicated by the arrow.
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Figure 3.
Box plots showing the distribution of total morphine dose according to single nucleotide

polymorphism (SNP) genotype in the combined discovery and replication cohorts of
European Caucasian ancestry. The X axes represent each SNP genotype group: GG, AG,
AA for rs 795484, TT, CT, CC for 1277441 with the nucleoside base abbreviations:
A=adenine, C=cytosine, G=guanine, and T=thymine. The Y axes show total morphine dose
required in mcg/kg. The bottom border of each box represents the first quartile of data (total
morphine administered in each SNP genotype group), the top border is the third quartile, and
the thick horizontal segment within each box indicates the median. The end of the lower
whisker and that of the upper whisker represent the lowest datum and the highest datum
within 1.5 interquartile range (IQR) of the lower quartile and 1.5 IQR of the upper quartile
respectively. Open dots beyond the whiskers indicate outliers. Asterisks indicate
significance levels: * p-value <0.05, ** p-value < 0.005, and *** p-value < 1x10 for two-
sided t-tests or linear regressions.
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Figure 4.

Regional association plot for rs795484. SNPs are plotted by chromosomal position in a 400-
kb window against their negative logarithm of P-values for association with total morphine
sulfate dose in the European Caucasian discovery cohort. The color of each SNP reflects its
LD with rs795484. The r2 values were estimated from the Hapmap CEU data.
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