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Abstract
Background: Opioids in step III of the WHO analgesic ladder are the standard 
of care for treating cancer pain. However, a significant minority of patients do 
not benefit from therapy. Genetics might play a role in predisposing patients to a 
good or poor response to opioids. Here, we investigated this issue by conducting 
a genome- wide association study (GWAS).
Methods: We genotyped 2057 European advanced cancer patients treated with 
morphine, buprenorphine, fentanyl and oxycodone. We carried out a whole- 
genome regression model (using REGENIE software) between genotypes and the 
opioid response phenotype, defined as a numerical score measuring patient pain 
intensity.
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1  |  INTRODUCTION

Pain is one of the most distressing symptoms in patients 
with malignant diseases. Therefore, advanced cancer 
patients often require analgesic therapy for pain relief. 
Currently, opioids are the primary analgesics capable 
of effectively managing moderate to severe cancer- 
related pain (Caraceni et  al.,  2012). The World Health 
Organization (WHO) recommends the use of strong opi-
oids from the third step of the WHO analgesic ladder 
(such as morphine, fentanyl, oxycodone and buprenor-
phine) to treat cancer pain. Unfortunately, there is sig-
nificant variability among patients in terms of efficacy 
and side effects of these drugs (Klepstad et  al.,  2005; 
Teunissen et al., 2007).

Genetic factors potentially influence the response to 
opioids. Studies in monozygotic and dizygotic twins have 
shown that genetics may explain a percentage of variance, 
ranging from 12% to 60%, in alfentanil- induced analge-
sia (Angst et  al.,  2012). Many research efforts have ex-
plored the genetic underpinnings of individual diversity 
in opioid responsiveness, focusing on a limited number 
of candidate genes involved in opioid metabolism and 
mechanism of action. However, these studies often lack 

consistency due to the small sample size (as reviewed in 
(Subramaniam et al., 2019)).

For instance, the opioid receptor mu 1 (OPRM1) gene, 
which encodes the primary target of opioids, harbours 
a coding polymorphism (rs1799971) that has been ex-
tensively investigated for its impact on opioid response 
variability (as reviewed in (Yu et al.,  2019)). It has been 
proposed that this variation might affect the affinity of 
opioids for the receptors and, consequently, their effec-
tiveness in relieving pain (Mura et  al.,  2013). However, 
the clinical utility of this polymorphism, especially in 
European patients, remains uncertain (Yu et al., 2019).

The complexity of genetic factors underlying interin-
dividual differences in opioid response is evident when 
considering the multifaceted nature of drug response and 
pain control. Opioid effects are influenced by factors such 
as drug absorption, distribution, and metabolism, recep-
tor efficacy and downstream signalling pathways. Each 
of these aspects of pain control is influenced by multi-
ple genes, each with its allelic variations in the popula-
tion. To comprehensively identify all the genetic factors 
at play, genome- wide analyses (GWAS) might be helpful. 
However, although some GWAS have evaluated opioid 
response genetics, these studies have been performed 

Results: The GWAS identified five non- coding variants on chromosome 20 with 
a p- value <5.0 × 10−8. For all of them, the minor allele was associated with lower 
pain intensity. These variants were intronic to the PCMTD2 gene and were 200 
kbp downstream of OPRL1, the opioid related nociceptin receptor 1. Notably 
according to the eQTLGen database, these variants act as expression quantita-
tive trait loci, modulating the expression mainly of PCMTD2 but also of OPRL1. 
Variants in the same chromosomal region were recently reported to be signifi-
cantly associated with pain intensity in a GWAS conducted in subjects with dif-
ferent chronic pain conditions.
Conclusions: Our results support the role of genetics in the opioid response in 
advanced cancer patients. Further functional analyses are needed to understand 
the biological mechanism underlying the observed association and lead to the 
development of individualized pain treatment plans, ultimately improving the 
quality of life for cancer patients.
Significance Statement: This genome- wide association study on European ad-
vanced cancer patients treated with opioids identifies novel regulatory variants 
on chromosome 20 (near PCMTD2 and OPRL1 genes) associated with pain in-
tensity. These findings enhance our understanding of the genetic basis of opioid 
response, suggesting new potential markers for opioid efficacy. The study is a 
significant advancement in pharmacogenomics, providing a robust dataset and 
new insights into the genetic factors influencing pain intensity, which could lead 
to personalized cancer pain management.
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mainly for opioid use disorders. Additionally, the few 
available GWAS in opioid- treated cancer patients (Galvan 
et  al.,  2011; Nishizawa et  al.,  2022) are based on small 
sample sizes and lack of independent validation.

With the main aim of investigating, at genome- wide 
level, the genetic factors affecting the response to opioids 
of advanced cancer patients, in this study we individu-
ally genotyped more than 2000 European cancer patients 
treated with opioids for pain and carried out the largest 
genome- wide association study on opioid analgesic effi-
cacy to date.

2  |  METHODS

2.1 | Patient series, data collection and 
materials

This study used genotyping data and clinical information 
from 2057 European adult patients with locally advanced 
or metastatic tumours. These data were already available 
and analysed by our group for another phenotype, as re-
ported in (Minnai et al., 2024). Patients received step III 
WHO opioids to treat cancer pain (i.e. buprenorphine, 
fentanyl, morphine and oxycodone). They were part of 
three studies: CERP (Corli et  al.,  2016), an Italian mul-
ticentre, randomized and longitudinal phase IV clinical 
trial; EPOS (Klepstad et  al.,  2011), a European multi-
centric and cross- sectional study; and MOLO (Shkodra 
et al., 2022), an Italian longitudinal study. The Committees 
for Ethics of each recruiting hospital contributing to the 
EPOS and CERP studies and the Ethics Committee of 
the Fondazione IRCCS Istituto Nazionale dei Tumori, 
Milan (Italy), for the MOLO study (INT 153/13) and for 
the genetic study (INT 20/20) approved the protocol of 
this study, which was performed in agreement with the 
tenets of the Declaration of Helsinki. Written informed 
consent was provided by each enrolled patient before bio-
logical sample and data collection to allow researchers to 
use them for opioid pharmacogenomic research purposes. 
Data were treated according to the European General 
Data Protection Regulation.

The following personal and clinical information was 
available: age, sex, country of origin, cancer diagnosis, 
chemotherapy treatments at the time of recruitment, 
opioid taken and the efficacy of opioid treatment. In the 
three studies, clinical information about pain was col-
lected using the short form of the Brief Pain Inventory 
questionnaire (Daut et al., 1983). The pain intensity phe-
notype was measured through a numerical rating scale 
from 0 to 10, with increasing values indicating growing 
pain. Specifically for this study, the response to opioids 
was defined for each patient as the average pain intensity 

reported at all the visits (at baseline and on days 3, 7, 14, 
21 and 28), when available, for the CERP and MOLO co-
horts. Since the EPOS series was a cross- sectional study, 
pain intensity was measured at a single time- point. 
Genomic DNA samples from the EPOS and CERP were 
obtained by Fondazione IRCCS Istituto Nazionale dei 
Tumori, Milan (Italy) from the HUNT biobank of the 
Norwegian University of Science and Technology and 
Istituto di Ricerche Farmacologiche ‘Mario Negri’- IRCCS, 
respectively, for previous studies (Colombo et  al.,  2020; 
Galvan et  al.,  2011; Minnai et  al.,  2024). Blood samples 
from MOLO patients were available at Fondazione IRCCS 
Istituto Nazionale dei Tumori, where DNA was extracted 
using the DNeasy Blood and Tissue Kit (Qiagen) and flu-
orometrically quantified using the Quant- iT PicoGreen 
dsDNA Assay (Thermo Fisher Scientific).

2.2 | Genotyping

Genotyping data were obtained using Axiom Precision 
Medicine Research Arrays on a GeneTitan multi- channel 
instrument (Thermo Fisher Scientific) and Axiom Analysis 
Suite v.5.01.38 (following the ‘Best Practice Workflow’ 
and default quality check (QC) settings, except for the 
average call rate for passing samples ≥97%). After remov-
ing samples for which Axiom QC failed, we extracted the 
genotypes of our patients and converted them into binary 
PLINK format. Per- sample and per- marker QC was car-
ried out using PLINK software v1.921 (Purcell et al., 2007). 
In detail, we filtered out samples with sex inconsistencies, 
missing call rate >5%, and duplicated or related individu-
als (Figure  S1A). Variants in high Hardy–Weinberg dis-
equilibrium (HWD, p- value <1.0 × 10−6), with a missing 
genotype rate >1% and a minor allele frequency (MAF) 
<1% were removed. We also filtered out single nucleotide 
polymorphisms (SNPs) mapping in regions with extended 
linkage disequilibrium (LD) (Price et al., 2008); finally, we 
retained only biallelic and autosomal variants. Principal 
component analysis (PCA) was carried out using PLINK 
2, to remove non- European patients and correct for popu-
lation stratification. The first four PCs of our series were 
plotted together with those of 2504 individuals from five 
different populations selected from the 1000 Genomes 
Project (Delaneau et  al.,  2014) (Africans, Americans, 
East Asians, Europeans, and South- East Asians) and 
non- European patients were removed from the dataset 
(Figure S1B). The TopMED Imputation Server was used 
to impute genotypes to the whole- genome sequence, with 
setting GRCh38/hg38 as the build and TopMED as the ref-
erence panel, and the data were phased with Eagle v2.4 
(Das et al., 2016; Fuchsberger et al., 2015; Loh et al., 2016; 
Taliun et  al.,  2021). Post- imputation filters (MAF <2% 
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and R2 info score ≤0.3 (Verlouw et al., 2021)) were finally 
applied.

2.3 | Multivariable linear regression 
with clinical variables and the normalized 
phenotype

We first tested the normality of the distribution of pain 
intensity values (Shapiro–Wilk test). Then, we carried 
out a multivariable linear regression to test which clinical 
variables among those available (and listed above) were 
significantly associated with the pain intensity phenotype. 
To do this, we used the glm() function in the R environ-
ment. The model formula was as follows:

The normality of the distribution of the residuals of 
this model was then tested. The inverse normal transfor-
mation (INT) formula was as follows:

was used to normalize the residuals (as in (Yang 
et al., 2012)) that, finally, were used in the GWAS.

2.4 | Genome- wide association study and 
heritability calculation

REGENIE software (Mbatchou et  al.,  2021) was used to 
perform the GWAS for pain intensity. The default settings 
of the pipeline (https:// rgcgi thub. github. io/ regen ie/ optio 
ns/ ) were used. In step 1, the non- imputed dataset was 
analysed using the ridge regression with the Leave One 
Chromosome Out method to define genetic predictors to 
be used in the second step, where 7,669,761 imputed ger-
mline variants were tested. The genome- wide significance 
threshold was set at a p- value <5.0 × 10−8. The qqman 
library (Turner,  2014) and the function manhattan() in 
R environment were used to draw the Manhattan plot. 
Additionally, a locus zoom for the top- significant variants 
was drawn using the function locus. Zoom in R environ-
ment (Pruim et al., 2010). The LD square matrix was cal-
culated with PLINK v2 software.

SNP- based heritability was estimated from GWAS 
summary statistics using linkage disequilibrium score 
regression (LDSC) (Bulik- Sullivan et  al.,  2015). In de-
tail, the summary statistics from our INT- pain intensity 
GWAS summary statistics were standardized and alleles 
were aligned and merged with a reference SNP list from 

HapMap3, using the munge_sumstats.py provided by 
LDSC. Then, through the ldsc.py script and specifying 
the flag –h2, we merged our summary statistics with pre- 
computed LD scores, which were calculated on approxi-
mately 500 European samples from 1000 Genome project, 
and the heritability of our phenotypic trait was calculated.

Genetic association results were reported herein fol-
lowing the STREGA guidelines (Little et al., 2009).

2.5 | In silico functional and post- GWAS 
analyses

The identified germline polymorphisms (on chromo-
some 20, associated with pain intensity at p < 1.0 × 10−5) 
were annotated using the SNPnexus tool (Oscanoa 
et  al.,  2020). In addition, we searched for candidate cis- 
regulatory regions (cCREs), according to ENCODE data 
(Abascal et al., 2020) (Registry of cCREs V3, accessed on 
08/05/2024), that matched the positions of the identified 
variants. We also mapped the identified polymorphisms 
to transcription factor binding sites, using the SNP2TFBS 
tool (Kumar et al., 2017) (accessed on 09/05/2024), which 
relies on the JASPAR database of transcription factor bind-
ing sites (Mathelier et  al.,  2014). Functional annotation 
with RegulomeDB 2.2 (Boyle et al., 2012; Dong et al., 2022) 
were also performed (accessed on 21/05/2024). Then, we 
investigated the same polymorphisms for their possible 
regulatory role by searching for them in three public ex-
pression quantitative trait locus (eQTL) databases: GTEx 
(Analysis V8 release, GTEx_Analysis_v8_eQTL_EUR.
tar), eQTLGen (Võsa et  al.,  2021) (accessed on 17 April 
2024) and MetaBrain (de Klein et al., 2023) (accessed on 
17 April 2024).

Colocalization analyses were performed using the 
coloc R package (Giambartolomei et  al.,  2014) with de-
fault priors, integrating our GWAS summary statistics and 
data from the eQTLGen dataset. This analysis tested four 
hypotheses in addition to the null hypothesis: there is no 
association with either trait (H0); there is association with 
pain intensity or expression, only (H1 and H2, respec-
tively); there is association with both traits, but with inde-
pendent causal variants (H3); and there is a shared causal 
variant associated with both traits (i.e. colocalization, H4). 
As commonly assumed (Chen et  al.,  2024), a posterior 
probability ≥0.8 for H4 was considered strong evidence 
of colocalization, while values between 0.5 and 0.8 were 
considered as suggestive of a moderate colocalization. The 
same coloc package was used to construct colocalization 
plots.

Finally, we searched for the top- significant variants, 
identified in our GWAS, in the Open Target Genetics 
portal (Ghoussaini et al., 2021; Mountjoy et al., 2021) to 

Pain intensity∼age+sex+opioid+study+country of origin

+cancer diagnosis+chemotherapy+genotyping batch

qnorm
((

rank
(

x,na. last = ‘‘keep’’
)

− 0.5
)

∕sum( ! is.na(x))
)
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retrieve phenome- wide association study (PheWAS) infor-
mation across UK Biobank phenotypes. We reported only 
traits associated with the searched variants with p- values 
<1.0 × 10−5.

2.6 | Comparison of our GWAS results 
with previously reported associations with 
pain phenotypes

We searched for polymorphisms associated with several 
different pain phenotypes reported in the Human Pain 
Genetics Database (Meloto et  al.,  2018) (HPGDB, ac-
cessed on 31/05/2024) in our GWAS summary statistics. 
In addition, we searched for variants associated with pain- 
related phenotypes in previous studies, such as our previ-
ous GWAS on pain relief in cancer patients treated with 
opioids (Galvan et  al.,  2011), a smaller GWAS on opioid 
analgesic requirements in Asiatic cancer patients treated 
for pain (Nishizawa et  al.,  2022), a joint analysis of 17 
pain- related traits in the UK Biobank (Mocci et al., 2023), a 
study on 24 chronic pain conditions (Zorina- Lichtenwalter 
et al., 2023) and a recent multi- ancestry GWAS of pain in-
tensity in participants in the Million Veterans Program, 
with different types of chronic pain (Toikumo et al., 2024).

3  |  RESULTS

After the quality control and imputation steps, the 
GWAS dataset included the genotypes of 7,588,110 poly-
morphisms and full phenotypic data from 2057 opioid- 
treated cancer patients (Figure S1), whose personal and 
clinical information is shown in Table 1. Patients were 
equally distributed between the two sexes. Among the 
four administered drugs, buprenorphine was the least 
common (5%) whereas approximately the same propor-
tion of patients (~33%) received morphine or fentanyl. 
However, oxycodone was prescribed to 26% of patients. 
Patients had several different types of cancer, with 
gastro- enteric (~18%), lung (~18%) and breast (~14%) 
cancers the most frequent. Two- thirds of patients be-
longed to the EPOS study, 12% were recruited in the 
CERP study and the remaining 21% subjects were en-
rolled in the MOLO study. Approximately half of the 
patient series had Italian origins (46%) and the second 
most frequent nationality was Norwegian (18%). The 
median pain intensity was 3.67 with an interquartile 
range of 3.

With a multivariable linear regression model, we iden-
tified clinical variables (among sex, age, administered 
opioid, chemotherapy, study, genotyping batch, country 

of enrolment and tumour type) that were significantly as-
sociated with the pain intensity phenotype. We observed 
that females had higher pain intensity values than male 
patients. In addition, considering patients in the CERP 

T A B L E  1  Clinical characteristics of patients treated with 
opioids included in the GWAS for the pain intensity phenotype.

Patient characteristic (n = 2057)

Age, years, median (range) 64 (18–91)

Sex, n (%)

Female 1044 (50.8)

Male 1013 (49.2)

Opioid, n (%)

Buprenorphine 109 (5.3)

Fentanyl 694 (33.7)

Morphine 707 (34.4)

Oxycodone 547 (26.6)

Tumour diagnosis, n (%)

Lung 362 (17.6)

Breast 299 (14.5)

Gastro- enteric 366 (17.8)

Pancreas 90 (4.4)

Prostate 207 (10.1)

Urinary traits 142 (6.9)

Head and neck 98 (4.8)

Gynaecological 169 (8.2)

Other or unknown 324 (15.8)

Chemotherapy, n (%)

Yes 656 (31.9)

No 1401 (68.1)

Study

EPOS 1372 (66.7)

CERP 247 (12.0)

MOLO 438 (21.9)

Country of enrolment

Switzerland 83 (4.0)

Germany 127 (6.2)

Denmark 12 (0.6)

Finland 28 (1.4)

Great Britain 204 (10.0)

Iceland 122 (5.9)

Italy 963 (46.8)

Lithuania 46 (2.2)

Norway 377 (18.3)

Sweden 95 (4.6)

Average pain intensity, median (IQR) 3.67 (2–5)

Abbreviation: IQR, interquartile range.
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group as reference, MOLO patients registered the high-
est pain intensity values. Finally, the four administered 
opioids were not equally effective since patients receiving 
morphine had lower pain intensity levels than patients 
treated with fentanyl and oxycodone (Table 2). No signif-
icant differences due to age, chemotherapy, tumour type, 
country, study of enrolment or genotyping batch were 
observed.

3.1 | Five variants associate with 
pain intensity, at genome- wide 
significance level

We then performed a genome- wide association analysis 
between the imputed genotypes and the inverse- normal 
transformed residues of the model described above. This 
analysis identified five germline variants associated with the 
pain intensity phenotype, at the genome- wide significance 
level (p- value <5.0 × 10−8). These variants (i.e. rs6062363, 
rs6062365, rs13043326, rs6089804 and rs1806952) mapped 
to a non- coding region of chromosome 20, downstream 
PCMTD2 gene coding isoforms. Considering a suggestive 
threshold of p- value <1.0 × 10−5, a total of 66 variants were 
identified (Table S1), 31 of which mapped to the chromo-
some 20 locus (spanning less than 30 GWAS catalog, from 
position 64,257,449 to 64,285,790). The Manhattan plot in 
Figure 1 shows the results of this analysis, for all the tested 
variants; the complete summary statistics are available in 
the GWAS catalog (GCST90435150).

Specifically, we observed that the minor alleles of the iden-
tified variants were inversely correlated with pain intensity 
values (beta <0). Indeed, subjects who were homozygous for 
the minor alleles or were heterozygous experienced less se-
vere pain than patients who were homozygous for the major 
alleles. The boxplot in Figure 2 shows the median pain in-
tensity in the three patient genotyping groups according to 
the top- significant variant, rs6062363 (G/A), as an example. 
Although the differences were quite small, the median pain 
intensity of patients carrying at least one minor allele of this 
variant (A) was significantly lower than that of patients homo-
zygous for the major allele (G; median pain intensity = 3.17, 
3.33 and 4.00, in AA, GA and GG patients; Kruskal–Wallis 
p- value = 3.11 × 10−5). Similar results were observed for the 
other four top- significant variants (Figure S2).

The 31 variants on chromosome 20 (p- value <1.0 × 10−5) 
were in strong linkage disequilibrium (LD) with the lead-
ing variant. In detail, the other four polymorphisms above 
the genome- wide significance threshold had r2 >0.97 
while the others, except for rs58586141, rs41279358 and 
rs41279358 had r2 >0.60. In the zoom plot reported in 
Figure 3, we show the LD between rs6062363 and the vari-
ants in a ~200 kb region.

The heritability calculation, performed between the GWAS 
summary statistics and pre- computed LD scores for 1,146,582 
SNPs, revealed that the heritability of pain intensity was quite 
low, that is, h2 was 0.0746 (SE: 0.2062; lambda: 1.0046; mean χ2: 
1.006), indicating that only the 7% of the phenotypic variance 
can be explained by common genetic variants. Nonetheless, 
this result is in agreement with the h2 calculated from a larger 
GWAS on pain intensity in individuals with different chronic 
pain conditions (Toikumo et al., 2024).

T A B L E  2  Multivariable linear regression between clinical 
variables and pain intensity phenotype (statistically significant 
results are in bold).

Characteristic

Beta

p- valueReference

Sex

Male

Female 0.24 0.021

Age 0.0026 0.47

Study

CERP Reference

MOLO 0.79 3.5 × 10−6

EPOS 0.10 0.66

Country of enrolment

Italy Reference

Other 0.065 0.63

Opioid

Morphine Reference

Buprenorphine 0.20 0.35

Fentanyl 0.38 0.0031

Oxycodone 0.29 0.031

Tumour site

Lung Reference

Gastro- enteric −0.25 0.071

Breast −0.18 0.28

Prostate −0.34 0.050

Pancreas −0.42 0.065

Urinary tracts 0.037 0.85

Head and neck 0.26 0.24

Gynaecologic −0.0073 0.97

Other −0.021 0.89

Genotyping batch

I reference

II 0.14 0.36

III 0.26 0.067

IV 0.15 0.24
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3.2 | Pain intensity associated variants 
regulate PCMTD2 gene expression

Since all variants on chromosome 20, with p- value 
<1.0 × 10−5, mapped to non- coding regions of the 

genome (i.e. introns, 3'- UTRs or downstream PCMTD2 
gene), we hypothesized that they may play a regulatory 
role in gene expression. Indeed, three of these polymor-
phisms mapped to candidate cis- regulatory elements 
(cCREs). In detail, we found that rs1806952 mapped 

F I G U R E  1  Polymorphisms on chromosome 20 (20q13.33) are significantly associated with pain intensity. Manhattan plot of the results 
from the GWAS with the inverse- normal transformed residuals of the linear regression model for pain intensity phenotype, with sex, age, 
opioid type, cancer diagnosis, chemotherapy treatment, country of origin, study of enrolment and genotyping batch, as covariates. Each dot 
represents a polymorphism whose coordinates are determined according to the genomic position (GChr38, hg38 release) on the x- axis and 
p- values (−log10(P)) of the association with the phenotype on the y- axis. The horizontal red line represents the threshold of significance (p- 
value <5.0 × 10−8), while the blue line is a suggestive threshold at p- value <1.0 × 10−5.

F I G U R E  2  The minor allele of the 
lead variant is associated with low pain 
intensity. Pain intensity values in the 
three genotyping groups of patients, 
according to the top- significant variant, 
rs6062363 (0, GG; 1, GA; 2, AA). The line 
within each box represents the median 
pain intensity values; the upper and lower 
edges of each box are the 75th and 25th 
percentiles, respectively; the upper and 
lower bars indicate the highest and lowest 
values, respectively; outliers are indicated 
as circles.
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to a CTCF- binding region (EH38E3450000), whereas 
rs6512309, rs6062357 and rs7270745 mapped to a distal 
enhancer- like region (EH38E2130198). Additionally, ac-
cording to the SNP2TFBS tool, nine variants (rs6062681, 
rs6512309, rs11474881, rs6062359, rs58586141, 
rs1570520, rs6089801 and rs6089804) are predicted to 
affect transcription factor binding sites, by disrupting 
or creating a new binding site in the presence of the 
minor allele (Table S2). RegulomeDB functional anno-
tation indicated that three polymorphisms (rs6062357, 
rs6089801 and rs76240558) had a high probability (>0.9) 
of being functional. Additionally, rs6062357, rs1570520 
and rs6089801 had five supporting data points (includ-
ing transcription factor (TF) binding sites, motifs and 
footprints, chromatin states and accessibility peaks and 

expression quantitative trait loci (eQTLs); ranking = 1b) 
that support their possible functional role. Similarly, 
rs6512309 and rs11474881 had four supporting data 
points (ranking = 1d and 2b, respectively), while the 
other 24 polymorphisms had at least two (ranking = 1f 
and 4, Table S3).

Then, we searched for the 31 polymorphisms in the 
GTEx database, and we found that 29 of them acted as 
expression quantitative trait loci (eQTLs) for PCMTD2 in 
18 tissues, including several brain tissue types (p- value 
<1.0 × 10−5; Table S4). We also searched for the same vari-
ants in the eQTLGen database: 29 of them were found to 
be eQTLs for three genes (PCMTD2, OPRL1 and PPDPF) 
in blood (p- value <1.0 × 10−5; Table  S5). Finally, looking 
at brain- specific eQTLs in the MetaBrain dataset, we 

F I G U R E  3  Zoom plot of the locus on chromosome 20 identified in the GWAS. The plots span the region from 64,292,800 to 
64,080,100 bp. Polymorphisms are plotted according to their position on chromosome 20, along the x- axis, and to p- values (−log10P) for 
their association with pain intensity, on the y- axis. Genome- wide (p- value <5.0 × 10−8) and suggestive (p- value <1.0 × 10−5) thresholds 
of significance are represented as red and blue dashed lines, respectively. Dot colour indicates linkage disequilibrium (r2) between each 
polymorphism and the lead variant (rs6062363, purple diamond).
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found 24 polymorphisms reported as eQTLs for PCMTD2 
in two brain regions, the cerebellum and cortex (p- value 
<1.0 × 10−5; Table  S6). All datasets reported an inverse 
correlation between the number of minor alleles in indi-
viduals' genotype and the expression levels of PCMTD2. A 
lower expression of the OPRL1 and PPDPF genes was also 
associated with the minor alleles of the identified poly-
morphisms, in blood (data from eQTLGen).

To determine whether the genetic factors modulating 
pain intensity in our opioid- treated cancer patients were 
the same as those regulating PCMTD2, OPRL1 and PPDPF 
gene expression, we performed colocalization analyses. To 
do this, we used eQTLGen data since our variants were 
reported as eQTLs of more than one gene within this data-
set. Figure 4 shows the results obtained from these anal-
yses. In detail, we did not find evidence for colocalization 
between pain intensity and the expression of the three 
genes (Table S7). Therefore, the results suggested that the 
expression phenotypes and pain intensity did not share 
the same causal variants.

Finally, looking at the PheWAS data in the Open Targets 
Genetics portal, we observed that two UK Biobank traits, tea 
and coffee intake, were associated (at p- value <1.0 × 10−5) 
with most of the polymorphisms associated with pain inten-
sity in our study (Table S8). In particular, the tea intake phe-
notype is reportedly linked to all the investigated variants.

3.3 | The locus on chromosome 20 was 
previously reported to be associated with 
pain intensity

HPGDB reports several genetic variants that were found, 
in several different studies, to be associated with various 

pain phenotypes. Thus, we searched for all these vari-
ants (n = 1264) in our GWAS summary statistics to test 
whether our study independently verified any of the pre-
viously reported associations with pain phenotypes. We 
found 1170 variants among our results, and 69 of which 
were associated with pain intensity in our opioid- treated 
cancer patients, at p- value <0.05 (Table S9). Six of these 
69 variants (including an upstream variant of the OPRM1 
gene, encoding the mu- opioid receptor) were associated 
with the analgesia phenotype and four other variants were 
previously reported to be associated with cancer pain. 
However, none of these 69 variants survived multiple test 
correction (false discovery rate, FDR >0.05).

Then, we compared our results with those of four 
previously published papers, including our first GWAS 
in cancer patients treated with opioids for pain (Galvan 
et al., 2011). None of the eight variants identified in our 
previous study on pain relief were associated with pain in-
tensity in this new, larger GWAS, in a partially overlapping 
patient series (p- value >0.05; Table S10). Neither the three 
variants that were statistically significant in the GWAS by 
Nishizawa, et al. (2022) were associated with pain inten-
sity in our GWAS (p- value >0.05; Table S10).

Among the 99 independent loci associated with 17 
different pain- related traits from the UK Biobank, in the 
joint analysis by Mocci et  al.  (2023), 97 were tested in 
our GWAS, but only five variants were associated with 
pain intensity, with p- values <0.05 (Table S11). Of the 33 
independent SNPs identified by Zorina- Lichtenwalter, 
et al. (2023) in their general factor GWAS for 24 chronic 
pain conditions, only two had a p- value <0.05 in our 
GWAS (Table  S12). Finally, we searched for the 126 
lead variants identified by Toikumo., et al.  (2024), in a 
recently published multi- ancestry GWAS: 109 of them 

F I G U R E  4  The genetic factors modulating pain intensity and gene expression in blood are not the same. Colocalization plots for the 
OPRL1 (a), PCMTD2 (b) and PPDPF (c) genes using the whole- blood tissue expression data from the eQTLGen database (numbers of SNPs 
included in the analyses were 755, 224 and 293, respectively). Dots are coloured based on linkage disequilibrium (r2) with the lead variants, 
rs6062363 (a, b) and rs7270745 (c; PPDPF expression was not associated with the 5 top- significant variants associated with pain intensity).
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were tested in our study and only nine were associated 
with pain intensity in our opioid- treated cancer pa-
tients, with a p- value <0.05 (Table S13). However, when 
we considered our variants with p- value <1.0 × 10−5, 
we observed that our lead variant on chromosome 20, 
rs6062363, was less than 500 kb from the lead variant 
(rs4809370) of one of the 126 loci identified in (Toikumo 
et al., 2024). Similarly, other variants above our sugges-
tive threshold on chromosomes 1, 5, 6, 7 and 11 mapped 
near (i.e. less than 500 kb, except for the one on chro-
mosome 7 that was less than 1 Mb apart) five lead vari-
ants reported in the previous studies (Table  3) (Mocci 
et  al.,  2023; Toikumo et  al.,  2024), suggesting possible 
shared genetic factors modulating chronic pain and 
opioid- treated cancer pain.

4  |  DISCUSSION AND 
CONCLUSIONS

In this GWAS, which was carried out in more than 2000 
cancer patients treated with opioids, we identified a locus 
on chromosome 20 significantly associated with pain in-
tensity. Specifically, the minor alleles of five variants, in a 
non- coding region of the genome, were markers of good 
response to opioid analgesic therapy. Indeed, patients 
carrying these alleles, in heterozygosity or homozygosity, 
had lower pain intensity than patients homozygous for 
the major alleles. These five variants were in strong link-
age disequilibrium with each other and were also linked 
to 26 other less significantly associated polymorphisms 
in a 30 kbp region where the protein- L- isoaspartate 

(D- aspartate) O- methyltransferase domain containing 
2 (PCMTD2) gene is located. Additionally, nearby (less 
than 200 kbp apart) protein- coding genes included the 
MYT1 (myelin transcription factor 1), NPBWR2 (neuro-
peptides B and W receptor 2) and OPRL1 (opioid- related 
nociceptin receptor 1) genes. All these genes are widely 
expressed in the brain, and the proteins encoded by the 
latter two genes are involved in pain modulation (as 
reviewed in (Chottova Dvorakova,  2018; El Daibani & 
Che,  2022)). In particular, OPRL1 encodes a G protein- 
coupled receptor of the opioid receptor family, although 
it does not have high affinity for standard opiate ligands. 
Instead, it binds the endogenous neuropeptide nocic-
eptin and has opioid modulatory activity, thus affecting 
analgesia (Toll et al., 2016). The function of PCMTD2 is 
not well understood, but recently it has been shown to 
interact with the CUL5 protein, leading to the ubiquitina-
tion of IL2RB and negatively regulating IL2 signalling in 
CD8+ T cells (Liao et al., 2024). However, its role in pain 
modulation is unknown, although ILR2B plasma levels 
have been associated with neuropathic pain (but not after 
correction for multiple testing) in a study on subjects 
with neuropathy after traumatic nerve injuries (Miclescu 
et al., 2023).

The polymorphisms identified in our GWAS were pre-
viously reported to act as eQTLs, mainly for PCMTD2 but 
also OPRL1. These findings indicate that these genetic 
variants are regulatory polymorphisms that can modu-
late the expression levels of these genes. Subjects carry-
ing one or two copies of the minor alleles expressed lower 
levels of these genes in blood. However, colocalization 
analyses did not support the hypothesis that the same 

T A B L E  3  Polymorphisms associated with pain intensity in our opioid- treated cancer patients (at p- value <1.0 × 10−5) mapping less than 
1 Mb from leading variants identified in previously reported pain GWASs.

rsID Chr Position (bp)a Location Distanceb (bp)a BETA p- value Study

rs6062363 20 64,281,110 20q13.33 441,591 −0.17 1.27 × 10−8 Our GWAS

rs4809370 20 63,839,519 −0.011 1.79 × 10−9 Toikumo et al.

rs9479734 6 150,123,675 6q25.1 411,779 0.19 2.69 × 10−7 Our GWAS

rs1934534 6 149,711,896 0.002 2.38 × 10−8 Mocci et al.

rs35961649 5 167,004,270 5q34 −265,686 −0.48 1.65 × 10−6 Our GWAS

rs10053440 5 167,269,956 −0.01 3.03 × 10−9 Toikumo et al.

rs79108599 1 66,447,783 1p31.3 −247,136 −0.31 8.37 × 10−6 Our GWAS

rs1325266 1 66,694,919 0.016 8.94 × 10−11 Mocci et al.

rs6484374 11 10,570,705 11p15.4 −81,487 −0.27 6.10 × 10−6 Our GWAS

rs4909945 11 10,652,192 0.019 3.36 × 10−13 Mocci et al.

rs7811696 7 22,482,241 7p15.3 990,028 −0.14 9.54 × 10−6 Our GWAS

rs12672629 7 21,492,213 −0.019 1.67 × 10−10 Toikumo et al.

Abbreviations: Chr, chromosome; rsID, variant ID in dbSNP.
aAccording to GRCh38 genomic release.
bDistance between the two variants.
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variants affecting gene expression are also responsible 
for the modulation of pain intensity. Nevertheless, sev-
eral tools predict these polymorphisms to be functional, 
potentially affecting transcription factor binding sites or 
other regulatory elements. However, further studies are 
needed to better understand the regulatory role of these 
variants and the mechanism underlying their association 
with pain intensity. Indeed, it would be interesting to in-
vestigate whether these variants also affect OPRL1 levels 
in the brain or in other nervous system tissues involved 
in pain signalling. Although we searched for eQTL data 
in brain tissue the sample sizes of the specific datasets 
were smaller (nGTEx <100 and nMetaBrain <500) than those 
of the blood dataset (neQTLGen >25,000), where the identi-
fied polymorphisms were significantly associated with the 
expression of OPRL1. Thus, the brain datasets had lower 
statistical power to detect OPRL1 eQTLs.

Although our results did not replicate those of previous 
GWAS (Galvan et  al.,  2011; Nishizawa et  al.,  2022), this 
lack of validation is not surprising for different reasons. 
Our previous GWAS was smaller, based on genotyping 
data from pooled DNA (i.e. patients were not individually 
genotyped) and focused on a slightly different phenotype 
(pain relief instead of pain intensity). The Asiatic study 
was even smaller and probably underpowered, analysed 
a different phenotype (opioid requirement) and, addition-
ally, the different patient ancestry might have led to dif-
ferent results. Notably, a locus on chromosome 20 (whose 
lead variant mapped at approximately 400 kbp from our 
top variants) was recently reported to be significantly as-
sociated with pain intensity in a multi- ancestry GWAS 
for chronic pain (Toikumo et  al.,  2024). Although the 
lead variant of that locus was not significantly associated 
with pain intensity in our GWAS for cancer pain, we can-
not exclude that the identified locus could be the same. 
Similarly, five additional loci that were less significantly 
associated with pain intensity in our opioid- treated cancer 
patients were mapped near the lead variants identified in 
previous GWASs (Mocci et al., 2023; Toikumo et al., 2024). 
Thus, our results independently validate previous findings 
under different pain conditions. These partially overlap-
ping findings indicate that genetic factors may be shared 
between different types of pain.

Furthermore, a PheWAS with UK Biobank traits re-
vealed significant associations of our variants on chromo-
some 20 with tea and coffee intake phenotypes. A recent 
study in a US cohort (23andMe, Inc. research participants) 
confirmed the association between coffee intake and vari-
ants near the PCMTD2 gene (Thorpe et al., 2024). These 
findings suggest a possible relationship between pain in-
tensity and caffeine (and other related natural xanthines) 
consumption. Caffeine is a well- known analgesic adjuvant 
and has been shown to induce pain relief (as reviewed in 

(Faudone et al., 2021)) due to its antagonistic effect on ad-
enosine receptors (Jacobson et  al.,  2022). Moreover, caf-
feine and theophylline have been found to interact with 
morphine, enhancing its analgesic effect in animal models 
(Malec & Michalska, 1988). Investigating the association 
between these polymorphisms and caffeine consumption 
in our opioid- treated cancer patients as well as under-
standing the shared mechanisms underlying the asso-
ciation with coffee/tea intake, pain intensity and opioid 
response would be of interest.

Although this is the largest pain intensity GWAS con-
ducted in opioid- treated cancer patients to date, our sam-
ple size was underpowered for detecting genome- wide 
associations with rare variants, which were not investi-
gated in our study for this reason. Large studies focused on 
opioid- treated cancer are needed to confirm our findings 
and, possibly, discover additional genetic loci modulating 
this specific type of pain. Additional investigations would 
also help in overcoming other limitations of the present 
study. Indeed, our results might not be generalizable to pa-
tients of ancestry different from the European one, as we 
found them investigating only European individuals and 
genetic variants affecting opioid response might vary in 
other populations. Another limit of our study might reside 
in the analysed phenotype itself: pain intensity is a subjec-
tive phenotype and the use of standardized questionnaires 
to report this patient outcome is helpful to overcome bias. 
However, in our study we analysed patients from a cross- 
sectional study together with those from two longitudinal 
studies and this might have contributed to increase the 
heterogeneity of such a complex phenotype. Additionally, 
pain intensity might be influenced by other external fac-
tors (e.g. co- existent mood disorders or other comorbidi-
ties) that we could not take into account in our regression 
model, because we did not have this kind of information.

In conclusion, the locus identified on chromosome 
20q13.33 has already been found in an independent, 
larger study in individuals with different types of chronic 
pain (Toikumo et al., 2024). Our results confirm that ge-
netics plays a role in modulating pain phenotype and 
opioid efficacy in cancer patients, although this role is 
quite limited, as the calculated heritability was quite low. 
Functional studies are needed to elucidate the molecular 
mechanisms through which the identified variants mod-
ulate pain and to determine whether the OPRL1 gene is 
the effector of the associated genetic locus.
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