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Presentation Notes
Thank you Linda Porter and the other organizers for the opportunity to take part in this year’s NIH Pain Consortium Symposium.
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We know that genetics contribute to pain and that pain is heritable…

Twin studies have been the standard to demonstrate heritability of a trait, including pain.  Ironically, twin comparisons are most recently being used to highlight that differences between identical twins may be due to epigenetic factors.  Nonetheless, monozygotic twins show higher concordance rates than dizygotic twins for several types of pain, including migraine, tension type headache, chronic widespread pain and others...(C. Nielsen et al. 2012).

There are also known mutations that run in families that have profound effects on pain sensitivity.
For instance, mutations of SCN9A, which encodes for the voltage-gated sodium channel Nav1.7 can result in CIP, and other mutations of the same gene, can result in extreme pain (PE and PEPD).

Among inbred strains of mice and rats, marked differences are seen for dozens of pain and analgesia traits, such as the Spontaneous behavioral Pain responses of paw licking following subcutaneous injection of an inflammatory irritant.  

In addition, pain traits, such as morphine analgesia, can also be selectively bred in rats and mice to produce extreme responding populations that, when cross bred, produce offspring with moderate responses.  Breeding of these moderate responding offspring with extreme responders can then produce offspring with more extreme responses once again.
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Very broadly defined, approaches to study the genetics of pain include…
Studying the effect of gene sequence modifications, natural or man-made,
Studying gene expression changes,
Studying other influences on genes and their expression.

For this talk, I will concentrate solely on studies aimed at the genomic level.
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I will also concentrate on relatively normal variability that is presumed due to the effect of many genes’, unlike the monogenic causes of rare pain disorders.
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And finally, I will concentrate on the results of association (TIME: 2:24) studies.  Genetic association studies of qualitative traits, such as affected or unaffected by a disease or condition, test whether specific genotype frequencies (single-locus allele/SNP or multilocus haplotype) are significantly different between those affected and those unaffected by the condition.
In pain research, association studies are often or mostly of quantitative traits, for example, numeric pain measures including VAS scores.
Statistics used in the literature can be as simple as a t-test or chi square test, ANOVA, and involve regression modeling as appropriate when potential covariates are also studied. (TIME 3:30)
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Among the first to be associated with pain or analgesia, the gene COMT, or cathechol-O-methyltransferase, which encodes an enzyme of the same name, was found to be associated with mu-opioid receptor binding in the brain by Zubieta et al. Their subjects with methionine instead of valine at codon 158 showed greater mu opioid binding potential at rest and less opioid system activation in response to pain of hypertonic saline in the masseter muscle.  Subjects HZ for met were NOT more sensitive to a standard dose of hypertonic saline, but did require less volume to achieve the same pain ratings. Other borderline significant or NS results were also reported.  Because the COMT enzyme metabolizes DA, A and NA, and the met substitution results in lower enzyme activity, the results were hypothesized to be due to DAergic influence on opioid systems. (TIME 4:30)
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A couple of years later, Luda Diatchenko et al reported, from studying just over 200 females, or 10 times as many subjects as the Zubieta study, that 3 haplotypes accounted for 96% of subjects, and that these haplotypes were more informative than the val158met genotype. They looked for association of these haplotypes with the highly controversial composite Z scores made up of individual Z scores from 16 different pain measures.  (TIME 5:20)
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They found that being homozygous for one of the haplotypes, which they labeled the LPS, or Low Pain Sensitivity, haplotype conferred the lowest overall sensitivity across the 16 pain measures as shown in the upper left panel.  Having one or more copies of the other two haplotypes, the so-called Average and High Pain Sensitivity haplotypes, results in greater and greatest sensitivity, respectively.  Critically, the LPS haplotype is associated with the highest COMT activity, and the HPS haplotype with the lowest COMT activity.

In addition, they reported that subjects with the LPS haplotype had a lower incidence of TMD over a 3 year observation period, p value of 0.02 and OR of 2.3.  

The bottom panel shows that SYSTEMIC COMT inhibition in rats affects both mechanical sensitivity and thermal sensitivity. (TIME 6:15)
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As for most new genetic associations with pain, the precise mechanism of the association with COMT genotype was not known.  It was reported shortly thereafter that differences in mRNA secondary structure could explain why the LPS haplotype was associated with greater enzymatic activity, due to a more stable mRNA for the soluble COMT that could be translated to more soluble COMT ENZYME compared to the other haplotypes. (TIME 6:45)


Site of COMT action

Brain areas, via opioid mechanisms?

Spinal cord? via adrenergic receptor
mechanisms?

Prefrontal cortex?

Multiple neurotransmitter systems affected:
dopamine, adrenaline, noradrenaline

Multiple possibilities for shared
mechanisms with comorbid conditions
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Similarly, for many or most new genetic associations with pain, the precise site of action of the newly implicated gene is unknown.  
For COMT, there are the brain areas from the Zubieta study….Spinal Cord…PFC?

For the purposes of today’s Symposium, it’s important to highlight that COMT affects multiple neurotransmitter systems.  As such, there are multiple possibilities for shared mechanisms with comorbid conditions.
And indeed COMT has been associated with several other psychiatric traits, including depression, although recent meta-analyses may cast some doubt on the strength of those associations with depression (TIME 8:00)


Table 3 Genes (excluding HIL1) associated with clinical and experimental pain states” and analgesia in humans.

Only positive findings are referenced.

Phenotype

Gene

Protein

Reference

Angina

ADRAZC

Adrenergic receptor, a2C

(207)

ADRE2

Adrenergic receptor, 2

(207)

NOS3

Nitric oxide synthase, endothelial

(208)

Arthrids pain

ESRI

Estrogen receptor, alpha

(209)

e

Interleukin-6

(210)

Back pain

GCHI

GTP eyclohydrolase 1

(93)

ILIA/B

Interleukin-1 (o and 3)

(211)

ILIRN

Interleukin-1 receptor antagonist

(211)

L6

Interleukin-6

(212)

Burning mouth syndrome

ILIB

Interleukin-1§

(213)

Experimental pain

COMT

Catechol-O-methyltransferase

(115, 162-163)

FAAH

Farty acid amide hydrolase

(214)

GCHI

GTP eyclohydrolase 1

(93, 170)

MCIR

Melanocortn-1 receptor

(63)

OFRDI

Opioid receptor, delta 1

(105, 214)

OPRMI

Opioid receptor, mu 1

(215, 216)

TRPAI

Transient receptor potental, Al

(214)

TRPVI

‘Transient receptor potendal, V1

(10, 214)

Fibromyalgia

COMT

Catechol-O-methyliransferase

(167)

HTR2A

Serotonin receptor, 2A

(217)

SLC6A4

Serotonin transporter

(1535)

Headache/migraine

Many (see references
for reviews)

Table 3 (Continued)

For COMT associations review
and meta-analysis see
Tammimaki and Mannisto
(2012)

(Lacroix-Fralish and Mogil, 2009)

Irritable bowel syndrome

ILie

Interleukin-10

HTR2A

Serotonin recepror, 2A

SLC6A4

Serotonin transporter

TNFA

Tumaor necrosis factor, o

Non-steroidal ant-inflammatory
drug analgesia

Phenotype

Reference

Pelvic pain

IL10

Interleukin-10

(231)

Postoperative pain

MAOR

Monoamine oxidase B

(232)

‘Temporomandibular disorder

ADRE2

Bz-adrenergic recepror

(233)

PTGS2

Cyclooxygenase-2

COMT

Catechol-O-methylransferase

(115)

Opioid analgesia

SLC6A4

Serotonin transporter

(156, 234)

COMT

Catechol-O-methyltransferase

Vulvar vestbulits

CYP2Dé

Cytochrome P450 2D6

ILIR

Interleukin-18

(235)

MCIR

Melanocortin-1 receptor

ILIRN

Interleukin-1 receptor antagonist

(159)

OPRMI

Opioid recepror, mu 1

MCIR

Melanocortin-1 receptor

(159)
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COMT has also been reported to be associated with…Fibromyalgia…  For a proper review and meta-analysis see Tammimaki and Mannisto (2012).

MC1R…, like COMT, also detected prior to understanding of mechanism and site of action.  I won’t go over the story of MC1R and how mutations of it renders naturally red haired females different from…..popular media…can probably ask your bus or taxi driver to explain it to you on your way home.

Other genes have more well understood mechanisms, such as 
OPRM1, of course,….see reviews of Lotsch, others? (TIME 8:45)


Table 2 Pain related genes associated with neurotransmitter systems

Gene name Neurotransmitter system affected Phenotype References

GCH1 Serotonin, dopamine, norepinephrine, | Sensitivity to experimental pain 11 71174
epinephrine, nitric oxide (all via BH4) | Post-surgical pain (lumbar discectomy)
SLC6A4 Serotonin 1 Risk for CWP 75 76
1 Facilitation of experimental pain
ADRB2 Epinephrine 1 Risk for CWP 17
HTR2A Serotonin 1 Risk for CWP

T Post-surgical pain

CWP, chronic widespread pain.

Table 3 Pain related genes associated with ion channel function

Gene name Channel type affected Phenotype References

SCNIA Voltage gated Na* channels 7 Chronic pain in mixed cohort 87
(sciatica, osteoarthritis, pancreatitis,
lumbar discectomy, and phantom limb)

T Sensitivity for experimental pain

Voltage gated K" channels 1 Chronic pain in 5 cohorts (sciatica,
lumbar pain, amputation, phantom limb)

T Sensitivity for experimental pain
CACNA2D3 Voltage gated Ca?" channels | Sensitivity to thermal pain

| Chronic post-surgical pain (discogenic disease)
CACNG2 Voltage gated Ca®" channels T Chronic post-surgical pain (post-mastectomy)

(Young, Lariviere and Belfer, 2012)
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We at the Univ of Pittsburgh also reviewed the newest studies relatively recently. 

See GCH1 (GTP cyclohydrolase 1) is associated with back pain.  It too, like COMT, also affects multiple neurotransmitter systems, and it too, has mechanisms, and especially site of action, remaining to be determined.

Interestingly, among the most recent association studies are positive findings for novel genes for ion channels, which (matches?/mirrors?/is driven by?) the emphasis the field has placed and is placing on ion channels as underlying chronic pain. (TIME 9:45)


Analgesia
— COMT: 1 morphine (vall58)

— MCI1R: | lidocaine eff.; 1 M6G eff.; 1 desflurane requ (6.2 Vs.
5.2 vol%)

— OPRM1.: 1 morphine postop, Ca pain (GG 118)

Side effects

— CYP2DG6: ultrarapid metabolizers of codeine have 11 SE
— ABCB1.: T respiratory depression of fentanyl
— OPRM1: A1186 | pupil constriction, resp depr
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Some of the genes shown already have been associated with Analgesia and Side Effects, with a few examples shown here (without proper scholarly style).

Given the pace and rate of success of translation of novel targets to novel treatments, it may be more important to focus more on the study of associations with analgesia and side effects for tailored uses of current, effective treatments, and for quicker translation to clinical practice.

But for the study of comorbidity and shared mechanisms with pain, we still need to thoroughly study genes associated with pain proper.


concerns

 Reproducibility
« Specificity for type of pain
 Source of the candidate gene
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Concerns that I and others have for the study of genetic associations with pain in general, and to provide solid information on mechanisms of comorbidity, include Reproducibility of the results, Specificity (or lack thereof) for the type of pain associated with, and the Source of the candidate gene or genes being tested. (TIME 10:50)
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Regarding reproducibility, from this figure we can see that for COMT, for instance, there are reports of positive evidence for genetic association with Acute Pain, Experimental Pain, Cancer Pain and Widespread Pain.  But for each of those categories, there are also reports of no association with COMT genotype.

Association with COMT is not alone in that respect, as you can see for OPRM1 and other genes in this figure, it is just easier to identify the trends for COMT since so many studies of COMT association have been done. (TIME 11:30)


Modality Specificity of COMT
ASSOC|at| On? (Diatchenko et al. 2006)

Of 16 pain measures, including:

— threshold and tolerance to thermal stimuli
— Ischemic and mechanical stimuli and

— temporal summation of heat pain

Valt>8Met associated with rate of temporal
summation of heat pain

LPS/APS/HPS haplotypes with thermal pain

but possible dependence on variability of measures
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Regarding the type of pain associated with COMT, the UNC group followed up their findings for the combined Z score with a report on modality specificity.  Of the 16 measures, ValMet was associated with rate of temporal summation of heat pain, and the haplotypes I described earlier were associated with thermal pain.  There is also a warning of possible dependence on variability of the measures. (TIME 12:00, 30 s for this slide)
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From animal studies, we have strong evidence that a Comt haplotype found in rodents is correlated especially with the specific modality of acute inflammatory pain models (but not inflammatory hypersensitivity). And we also showed recently that the correlation is stronger in female mice, and the association is stronger in human females, than in males.

The right panel shows that this ComtB2i haplotype is mostly unrelated to neuropathic pain in mice, with possible exception of relation to cold allodynia induced by paclitaxel (and another cold allodynia trait).
So, our results suggest NO strong evidence for Comt genotype related to neuropathic pain in rodents. (TIME 12:40)


COMT:
Specificity for type of pain

Tammimaki and Mannisto, 2012

— Meta-analysis:
e« COMT associated only with
— fibromyalgia or
— chronic widespread pain
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A meta-analysis of COMT associations with pain in humans indicates specificity for association with fibromyalgia and chronic widespread pain ---but this is partly due to quality of study being used in the meta-analysis; that is, not all types of pain are studied equally well. (TIME 13:00)


Table 2 Pain related genes associated with neurotransmitter systems

Gene name Neurotransmitter system affected Phenotype References

GCH1 Serotonin, dopamine, norepinephrine, | Sensitivity to experimental pain 11 71174
epinephrine, nitric oxide (all via BH4) | Post-surgical pain (lumbar discectomy)
SLC6A4 Serotonin 1 Risk for CWP 75 76
1 Facilitation of experimental pain
ADRB2 Epinephrine 1 Risk for CWP 17
HTR2A Serotonin 1 Risk for CWP

T Post-surgical pain

CWP, chronic widespread pain.

Table 3 Pain related genes associated with ion channel function

Gene name Channel type affected Phenotype References

SCNIA Voltage gated Na* channels 7 Chronic pain in mixed cohort 87
(sciatica, osteoarthritis, pancreatitis,
lumbar discectomy, and phantom limb)

T Sensitivity for experimental pain

Voltage gated K" channels 1 Chronic pain in 5 cohorts (sciatica,
lumbar pain, amputation, phantom limb)

T Sensitivity for experimental pain
CACNA2D3 Voltage gated Ca?" channels | Sensitivity to thermal pain

| Chronic post-surgical pain (discogenic disease)
CACNG2 Voltage gated Ca®" channels T Chronic post-surgical pain (post-mastectomy)

(Young, Lariviere and Belfer, 2012)
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When reviewing the recent literature, we were a bit shocked that specificity for type of pain was mostly lacking, and that very different types of pain have even been combined into a mixed cohort.

By the way, this is not the only study that has combined results from different cohorts, with obvious gains in power.


Final list of prioritized
candiate genes

T

Select genes with
possible functional variants

A

Select genes with common
variants

t

Initial list of prioritized
candidate genes

automated keyword / \ chromosomal loci
search of literature / \ data

automated protein gene expression changes
pathway search in animal models

Figure 1. Scheme for objective selection of candidate genes relevant lo chronic pain conditions.
The mitial list of candidales is priovitized on the basis of the number of times each gene appears in
several different lypes of databases. The list is further narrowed lo include only genes with more than
I common variant in the human population under study, and further rvestricted lo genes in which
these common variations ave likely to have functional effects on protein function or expression. The
scheme incorporales ideas from several papers including Refs. 22,34,35.

from J. A. Strong (2007) Genetics of Pain: Lessons for Future Studies. Int Anesthesiol Clin 45:13-25.
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We also need to question very critically the source of the candidate gene.

In this scheme for objective selection of the Final List of Prioritized candidate genes, we have at the bottom data from chromosomal loci data, gene expression…, automated protein…..automated keyword search
This data could or should always be genome wide  data and the data should absolutely be made publicly available, especially if federally funded.

But I do not know of a single study that arrived at THE candidate gene completely objectively, and that also has the related genome wide data publicly available for re-analysis by others.



Recommendations

* Need more big data studies

— To look for convergent, entirely objective
findings
— Animal studies enough?

* Need more systematic meta-analyses

* Need to place a single gene’s results in the
larger context (“Systems Neurogenetics™)
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In conclusion, are 3 recommendations.
We Need more big data studies.  We need more genome wide data to allow us all to look for convergent, entirely objective findings.  Need to be able to analyze and re-analyze these data later as additional datasets and analysis techniques develop.
 Are animal studies sufficient to provide the candidate genes?  Probably not….



Table 1

Statistically significant QTLs of relevance to pain and analgesia in laboratory rodents

Phenotype

Chromosome

LOD*

Location

b

Candidate gene(s)

Evidence®

Reference

Acuteltonic pain

Capsaicin

5.9

30

(185)

4.8

(185)

5.8

(185)

4.4

(185)

Formalin

4.3

(186)

Hargreaves

6.3

Calca (54 cM)

Pharm., siRNA,
gene expr.

(113)

Hot-plate

3.8 (< only)

Oprdl (65 cM)

Pharm.

(187)

Tail withdrawal

3.6 (< only)

Oprdl (65 cM)

Position

(123)

12.6

Tipol (44 cM)

Position

(123)

7.8

(123)

Chronic pain

Autotomy

3.9

(188)

3.0

(189)

33(% only)

(190)

36

(191)

(Lacroix-Fralish and Mogil, 2009)
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Probably not…..we are sorely behind in studying the most clinically relevant animal models.
Capsaicin in this table doesn’t count since the behavior is water drinking.

And so we have only genome wide linkage data from the formalin test, and from acetic acid test (not shown here), and the autotomy model of neuropathic pain (and SNI, not shown here).



Genetic Relationships Among
Neuropathic Pain Assays
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(Young et al., 2014)
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But our recent findings suggest that each of the neuropathic pain models has different underlying genetic mechanisms of heritability.  The models are uncorrelated, and those that have been mapped map to different loci in the mouse genome.  
So, which is most relevant to human neuropathic pain?


Systematic Meta-Analyses

e Migraine: Ligthart et al. 2011, others

e Disc degeneration: Eskola et al. 2012

e COMT: Tammimaki and Mannisto, 2012

— Low to medium strength of findings...

— Low COMT activity Is not associated with
migrainous headache or chronic
musculoskeletal pain conditions
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But without this meta-analysis, if you look at our review, might be convinced that Chr msk’l pain is associated with COMT.
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But without this meta-analysis, if you look at our review, might be convinced that Chr msk’l pain is associated with COMT.
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Patterns of pain: Meta-analysis of microarray studies of pain

Michael L. LaCroix-Fralish®!, Jean-Sebastien Austin?, Felix Y. Zheng, Daniel ]. Levitin ?, Jeffrey S. Mogil *<*

IMPUTATION OF TRUNCATED P-VALUES FOR META-ANALYSIS
METHODS AND ITS GENOMIC APPLICATION

By SHAOWU TAaNG, YING DING. ETIENNE SIBILLE. JEFFREY 5. MocIL, WILLIAM R.
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Need more critical reviews

Need to acknowledge specificity of pain type
Can use gquantitative meta-analysis methods to
determine mechanisms of comorbidity
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Can we figure what is related to the pain?
By seeing what’s common across pain models?

(without phenotype data, can’t ever make that determination)
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Figure 3. Popular candidate genes in pain genetic research. Studies of variants
within these 10 genes outnumber studies of all other genes combined.
Abbreviations: COMT, catechol-O-methyltransferase; GCH1, GTP cyclohydrolase
1; HLA, human lymphocyte antigen (major histocompatibility complex); HTR2A,
serotonin receptor, 2A; IL1A,B, interleukin-1 receptor a or B; ILTRN, interleukin-1
receptor antagonist; OPRM1, p.-opioid receptor; SLC6A4, solute carrier family 6,
member 4 (serotonin transporter); TRPV1, transient receptor potential cation
channel, V1; TNF, tumor necrosis factor.
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