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Abstract

Background and aims—Precision, personalized, or stratified medicine, which promises to 

deliver the right treatment to the right patient, is a topic of international interest in both the lay 

press and the scientific literature. A key aspect of precision medicine is the identification of 

biomarkers that predict the response to medications (i.e., pharmacogenetics). We examined why, 

despite the great strides that have been made in biomarker identification in many areas of 

medicine, only in oncology has there been substantial progress in their clinical implementation. 

We also considered why progress in this effort has lagged in addiction medicine.

Methods—We compared the development of pharmacogenetic biomarkers in oncology, 

cardiovascular medicine (where developments are also promising), and addictive disorders.

Results—The first major reason for the success of oncologic pharmacogenetics is ready access to 

tumor tissue, which allows in vitro testing and insights into cancer biology. The second major 

reason is funding, with cancer research receiving, by far, the largest allocation by the National 

Institutes of Health (NIH) over the past two decades. The second largest allocation of research 

funding has gone to cardiovascular disease research. Addictions research received a much smaller 

NIH funding allocation, despite the major impact that tobacco use, alcohol consumption, and illicit 

drug use have on the public health and healthcare costs.

Conclusions—Greater support for research on the personalized treatment of addictive disorders 

can be expected to yield disproportionately large benefits to the public health and substantial 

reductions in healthcare costs.

Correspondence to: Henry R. Kranzler, M.D., Treatment Research Center, 3900 Chestnut Street, Philadelphia, PA 19104; Telephone: 
215-386-6662; kranzler@mail.med.upenn.edu.
4These authors contributed equally to the manuscript

Disclosure: Dr. Kranzler has been a consultant, advisory board member, or CME speaker for Indivior and Lundbeck. He is a member 
of the American Society of Clinical Psychopharmacology’s Alcohol Clinical Trials Initiative (ACTIVE), which was supported in the 
last three years by AbbVie, Alkermes, Ethypharm, Indivior, Lilly, Lundbeck, Otsuka, Pfizer, and XenoPort.

HHS Public Access
Author manuscript
Addiction. Author manuscript; available in PMC 2018 December 01.

Published in final edited form as:
Addiction. 2017 December ; 112(12): 2086–2094. doi:10.1111/add.13818.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Personalized Medicine; Precision Medicine; Stratified Medicine; Pharmacogenetics; Oncology; 
Cardiovascular Medicine; Addiction Medicine

Diagnostic tests and medical treatments have traditionally been developed and evaluated 

using population data, a “one-size fits all” approach that leaves little room for individual 

variation (1). In recent years, the identification of biomarkers has yielded unique patient 

predictors of therapeutic and adverse effects of medications, i.e., pharmacogenetics, which 

has enhanced their clinical utility and safety (2). Pharmacogenetics, a key dimension of 

precision medicine, targets treatments to the needs of individual patients using genetic 

biomarkers to identify those for whom a specific treatment is best suited (3).

The genetic variation of greatest relevance to drug development has been categorized into 

four broad groups by the Food and Drug Administration (4), all of which can affect the 

benefit–risk profile of a drug: 1) genes relevant to the drug’s pharmacokinetics; 2) genes that 

encode intended or unintended drug targets or other pathways related to the drug’s 

pharmacologic effects (i.e., pharmacodynamics); 3) genes that, though not directly related to 

a drug’s pharmacology, can predispose to toxicities; and 4) genes that influence disease 

susceptibility or progression.

Growth in the Discovery and Use of Pharmacogenetics in Medicine

A review of drug labels for the period 1945–2005 revealed that, of the 1,200 labels approved 

by the FDA, about 10% (i.e., 121) contained information that could be used by the 

prescriber to personalize treatment based on a genetic test (5). Although the genomic 

biomarkers in 52 labels (43%) were microbial, the majority (69 or 57%) of the biomarkers 

were in humans, of which 43 (62%) identified variants in genes encoding cytochrome P450 

enzymes.

The most recent tally (6) shows that the labels of 165 FDA-approved drugs (or drug 

combinations) contain information on 64 different pharmacogenomics biomarkers. Although 

55 of the biomarkers are unique to one drug, the majority of drugs are associated with 

variants (e.g., in cytochrome p450 genes) that are relevant to multiple drugs. Biomarker 

information is most common in the label of medications used to treat cancer (n=71, 43.0%), 

followed by psychiatric disorders (n=30, 18.2%), infectious diseases (n=18, 10.9%), and 

cardiovascular disorders (n=12, 7.3%). Importantly, it has been estimated that only 15% of 

the identified genetic associations are supported by data from randomized controlled trials 

(RCTs) (7). Thus, despite substantial growth in the number of medication labels with 

pharmacogenomic information over the past two decades, the most compelling data (i.e., 

those derived from RCTs) supporting the utility of the biomarkers remains limited.

The effects of more than one-third of the drugs (61 or 37.0%), including all of the 

psychiatric medications, are associated with variation in cytochrome P450 genes, which 

affect the pharmacokinetics of the drug. Because pharmacokinetics can readily be 

ascertained from plasma drug concentrations using standardized methods, genetic 
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moderators of pharmacokinetic effects are more easily identified than pharmacodynamic 

variants. In contrast, pharmacodynamic differences are complex traits that vary widely both 

between individuals and within individuals over time, making them more difficult to 

identify. Validation of pharmacodynamic effect moderators also requires precision in the 

measurement of treatment outcomes and can be affected by differences in drug exposure 

(e.g., based on variable medication adherence), which commonly limits the effectiveness of 

pharmacotherapy and may be particularly problematic in patients with addictive disorders 

(6, 8).

Early successes in oncologic and cardiovascular pharmacogenetics have stimulated interest 

in pharmacogenetic research in other areas of medicine, including addiction medicine (2, 3, 

9–13). An important consideration in addiction medicine that differentiates it from cancer 

and cardiovascular medicine is the heavy reliance on psychosocial treatments for addiction. 

Although a full discussion of this topic is beyond the scope of this review, there have been 

some important efforts in this area. Project MATCH, the largest study of psychosocial 

treatment of addiction, sought to identify patient predictors of treatment response in 

individuals with an alcohol use disorder (14). That effort, however, failed to identify robust 

moderator variables (15). More recent efforts to personalize psychosocial interventions to 

treat alcohol dependence have been on a smaller scale and include the use of adaptive 

treatment approaches (16).

Precision Medicine: Advances in Oncologic, Cardiovascular, and Addiction 

Medicine

As we discuss below in detail, the two key determinants of the success of efforts to develop 

precision medicine are the availability of tissue for in vitro study and the allocation of 

research funds.

Oncologic Pharmacogenetics

Precision medicine has been most successful in the treatment of cancer, where the analysis 

of genetic variation in both tumor (somatic) and host (germline) tissues have yielded 

biomarkers that are routinely applied clinically. Several FDA-approved medications, used to 

treat a variety of cancers (e.g., lung, breast, and gastrointestinal tumors), can be paired with 

biomarkers to personalize treatment (2). Although germline variation that affects the 

development of a tumor can also help to predict the therapeutic and adverse effects of 

anticancer drugs (17, 18), most of the pharmacogenetic options in oncology involve somatic 

or acquired mutations, which often predict the pharmacodynamic effects of oncologic drugs 

(19–22).

One well-studied pharmacogenomic approach with diverse oncologic applications is the use 

of protein kinase-inhibiting drugs to treat tumors characterized by specific mutations, such 

as those in the epidermal growth factor receptor gene, EGFR. The overexpression of the 

EGFR protein is linked to a generally poor prognosis in multiple types of cancer (e.g., head 

and neck cancer, non-small-cell lung cancer (NSCLC)) (22). Somatic mutations within the 

kinase-encoding domain of the gene affect the response to the EGFR inhibitors gefitinib and 
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erlotinib, so that NSCLC patients with EGFR overexpression, for example, are more likely 

to respond to such treatments. The robustness of this effect is demonstrated by retrospective 

studies, which show that patients with any type of EGFR mutation or sensitivity to gefitinib 

and erlotinib had a 75% response rate, compared to a 10% response rate in patients lacking 

these features (22).

Other types of EGFR mutations, such as exon 19 deletions, also predict a better 

pharmacotherapeutic response (22), though the longer survival rates in these cases may be 

attributable to either the drug treatment or the presence of the EGFR mutations themselves. 

Further, the identification of mutations in potential drug targets has enabled the development 

of novel drugs to treat various types of cancer previously considered untreatable, such as 

vemurafenib, a BRAF kinase inhibitor used to treat metastatic melanoma when positive for a 

BRAF V600E mutation (23).

Cardiovascular Pharmacogenetics

Although the package inserts for a variety of cardiovascular medications contain 

pharmacogenomic information (24), some of which is potentially actionable (e.g., CYP2C19 
for clopidogrel use, CYP2C9 and VKORC1 for warfarin use, and ADRB1 for buncindolol 

use), there are no cardiovascular medications for which a pharmacogenetic moderator is 

currently in widespread clinical use (24, 25). This lack of clinical utility is due, in part, to the 

availability of much less expensive, and perhaps equally effective, methods to gauge and 

monitor individuals’ drug response (e.g., the international normalized ratio [INR] test for 

warfarin), which has limited the need for genetic testing (25). Despite a lack of completed, 

well-designed and adequately powered RCTs demonstrating incremental benefit from the 

use of pharmacogenetic markers in cardiovascular medicine, a number of promising RCTs 

are currently underway. These include the Pharmacogenetic Prediction of Metoprolol 

Effectiveness for CYP2D6/metoprolol (NCT02293096) and the Genetics Informatics Trial 

[GIFT] of Warfarin to Prevent DVT for CYP2C9, VKORC1, CYP4F2/warfarin 

(NCT01006733), which can be expected to yield clinically important findings in the coming 

five years, as these studies are completed.

Addiction Pharmacogenetics

In contrast to clinically relevant pharmacogenetic findings in oncology and a promising 

literature in cardiovascular medicine, addiction pharmacogenetic findings have not been 

replicable (9–13). This lack of replicability is likely due to heterogeneity in both the samples 

and the criteria used to identify treatment response, small sample sizes, a reliance on 

candidate gene studies, and a failure to adjust statistically for multiple comparisons. The 

field is also limited by a failure to follow-up on some promising findings, largely due to 

inadequate funding for such efforts, a topic that is discussed in detail below.

Although among addictive disorders the most robust pharmacogenetic literature concerns 

nicotine dependence treatments, initial findings of genetic moderation based on candidate 

gene studies of the dopaminergic, serotonergic, and opioidergic systems (12, 13) have 

generally not been replicated. More recent studies have examined variation in the nicotinic 

acetylcholine receptor (nAChRs) gene cluster on chromosome 15. Rs1051730, a SNP in 
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CHRNA3, which encodes the alpha-3 nicotinic receptor (13, 27), was first identified in 

genomewide association studies (GWAS) as a contributor to the heaviness of smoking (28, 

29). Despite subsequent studies showing that the rs1051730*T allele reduces the probability 

of cessation success among treatment-seeking smokers (30, 31), a recent large study (32) 

and a meta-analysis (33) showed no effect of the SNP on the response to nicotine 

replacement therapy. Another polymorphism in the chromosome 15 cluster, rs16969968, 

which maps to CHRNA5, has been associated with both heaviness of smoking and nicotine 

dependence (30, 31). However, a recent meta-analysis (33) showed no association between 

rs16969968 and the response to smoking cessation treatment. Thus, the existing research 

linking nAChRs genetic variants to response to nicotine dependence treatments remains 

inconclusive (12).

Identifying Biomarkers of Treatment Response

Advances in identifying pharmacogenetic moderators in oncology and cardiovascular 

medicine have resulted from the application of a variety of molecular genetic approaches. In 

contrast, the vast majority of substance use disorder pharmacogenetic studies have been 

limited to a candidate gene approach. Candidate gene approaches to pharmacogenetics are 

most useful when a drug interacts with receptors or other “druggable” targets or is subject to 

metabolism or transport by a protein, particularly when there are known functional 

polymorphisms in the genes that encode the candidate proteins. Thus, the utility of candidate 

gene studies depends on knowledge of the biology of the disorder and its treatment. 

Although candidate gene studies based on a hypothesized mechanism of action may have 

greater statistical power than agnostic approaches such as GWAS or whole genome 

sequencing (WGS), the likelihood of selecting the “right” candidate can be vanishingly 

small. Because the pathophysiology of addictive disorders is not as well understood as 

oncologic or cardiovascular disorders, candidate gene studies of addiction are more 

speculative than in these areas of medicine. Further, a recent review of pharmacogenetic 

studies of substance use disorders indicated that, of 12 candidate gene studies of opioid or 

cocaine abuse treatment trials, two-thirds had sample sizes less than 200 and were focused 

on a single or a small number of genetic variants (10), limiting the statistical power to 

identify genetic moderator effects.

Diverse approaches used to identify genetic moderators of cancer therapies have resulted in 

the identification of several clinically applicable pharmacokinetic gene-medication pairs, 

including variation in CYP2D6, which moderates the metabolism of tamoxifen, and 

variation in SLCO1B1, which moderates the absorption of methotrexate (18). In 

cardiovascular medicine, diverse approaches have identified clinically relevant (though not 

currently applicable) pharmacokinetic gene-medication pairs, including CYP2C19/

clopidogrel and CYP2C9/warfarin, and pharmacodynamic pairs, including VKORC1/

warfarin and ADRB1/bucindolol (20, 36). In addiction medicine, gene-medication pairs 

identified using a candidate gene approach include a non-synonymous substitution 

(rs1799971) in OPRM1 (which encodes the mu-opioid receptor) and naltrexone for treating 

alcohol dependence (37), a variant (rs2832407) in GRIK1 (which encodes the GluK1 

subunit of the kainate receptor) and topiramate treatment of heavy drinking (38), two 

variants (5′-HTTLPR and rs1042173) in SLC6A4 (which encodes the serotonin transporter) 
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and ondansetron (39), and a variant (rs678849) in OPRD1 (which encodes the delta-opioid 

receptor) and buprenorphine or methadone treatment of opioid dependence (40). However, 

these gene-medication pairs have either failed to replicate in a prospective study design 

(OPRM1/naltrexone (41) or have not yet been evaluated prospectively (GRIK1-topiramate, 

SLC6A4/ondansetron, OPRD1/opioid agonists). As discussed below, in regard to smoking 

cessation treatment, although variation in CYP2A6 has not proven to be feasible as a 

biomarker, the nicotine-metabolite ratio, a genetically informed biomarker, has been shown 

prospectively to be clinically useful (42).

Theoretically agnostic approaches such as GWAS and WGS have been used to identify 

pharmacogenetic candidates for cancer and cardiovascular treatments. The association of the 

non-coding SNP rs4363657 in SLCO1B1 with statin myopathy (43) was demonstrated using 

GWAS. The finding was obtained in a sample of only 85 subjects with myopathy and 90 

controls, selected from among individuals treated with simvastatin 80 mg daily. Rs4363657 

was in near-complete linkage disequilibrium with the nonsynonymous SNP rs4149056, 

which is linked to statin metabolism. Compared with T-allele homozygotes, the odds ratio 

for myopathy with each copy of the rs4149056*C allele was 4.5 and it was 16.9 in C-allele 

homozygotes (43). The finding was replicated in a second trial of simvastatin. GWAS has 

also been used to confirm the role of candidate genes thought to influence drug-response 

phenotypes (e.g., VKORC1 (rs9923231) and CYP2C9 (rs1057910 and rs1799853) with 

warfarin response (44). WGS was used to identify rare coding variants in KCNE1 (a 

potassium channel gene) and ACN9 (a gluconeogenesis pathway gene) as risk factors for 

drug-induced long QT syndrome (45).

A major success in nicotine addiction pharmacotherapy was the identification of a biomarker 

of nicotine clearance, i.e., the ratio of the nicotine metabolite 3’hydroxycotinine to cotinine, 

referred to as the nicotine metabolite ratio (NMR), which moderates nicotine dependence 

treatment (46). The metabolism of nicotine occurs by the cytochrome P450 enzyme 

CYP2A6 (47). Polymorphisms that affect enzyme activity–and nicotine metabolism–have 

been identified in the CYP2A6 gene (48). Individuals with CYP2A6 null variants–

genetically slow metabolizers of nicotine–have less severe nicotine dependence and are more 

likely to quit smoking than those with wild-type alleles (49–52). Unfortunately, the 

feasibility of using CYP2A6 variants to predict the response to treatments for nicotine 

dependence is low, because: 1) genotyping is complex and costly, 2) CYP2A6 variants that 

account for substantial variance in response have yet to be identified, and 3) CYP2A6 
variants do not account for influences on smoking behavior attributable to factors such as 

race and sex (53, 54). (See ref. 55 for a comprehensive database on variation in CYP2A6).

Conversely, the NMR serves as a reliable, less complex, and inexpensive alternative to 

genotyping (46, 56–61). NMR is independent from the time since the last cigarette and it can 

be measured using saliva, urine, or plasma (53), making specimen collection and evaluation 

methods routine.

Four studies of the relationship between baseline NMR and response to transdermal nicotine 

showed a consistent pattern: slow metabolizers of nicotine had significantly higher quit rates 

from the patch but fast metabolizers did not (52, 62–64). In a fifth study, the non-nicotine 
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medication bupropion significantly enhanced quit rates for fast metabolizers of nicotine, but 

not for slow metabolizers (65). These studies led to the first prospective NMR-stratified 

pharmacogenetic trial of treatments for nicotine dependence (42), which represents a notable 

departure from the generally small size of addiction pharmacogenetic studies (10,11). Over 

1,200 smokers were characterized as slow or fast metabolizers of nicotine and randomly 

assigned to receive placebo patch and placebo pill, nicotine patch and placebo pill, or 

varenicline and placebo patch. At the end of treatment and six-month follow-up, fast 

metabolizers of nicotine had significantly higher quit rates when treated with varenicline 

than nicotine patch. In contrast, slow metabolizers of nicotine exhibited similar quit rates 

across the two treatments, but reported more severe adverse effects of varenicline treatment. 

Thus, the NMR is the only biomarker replicated across studies and demonstrated in a 

prospective trial to moderate treatment for nicotine dependence or any other substance use 

disorder.

Precision medicine: Moving forward

Two main factors help to explain the major successes to date in cancer precision medicine. 

First, as pointed out earlier, access to tumor tissue, in which somatic mutations can be 

identified, allows for tailored therapies, which has yielded most of the pharmacogenomic 

therapy recommendations in the field (17). In contrast, brain tissue, of greatest interest to 

understanding the pathophysiology of addictive disorders, is relatively inaccessible. 

Neuroimaging (e.g., functional magnetic resonance imaging, positron emission 

tomography), which is non-invasive and provides a high degree of measurement precision, 

has the potential to yield useful sub-phenotypes to elucidate the etiology of addictive 

disorders and their response to treatment. However, because there are substantial 

methodological challenges in this approach, including high equipment and implementation 

costs, which limit the size of study samples and extensive variability across studies in 

neuroimaging protocols, neurobehavioral task probes, and analytic strategies, few findings 

have been fully replicated (66).

Second, cancer precision medicine in the United States has benefitted from the high levels of 

philanthropic and public funding available for cancer research, advantages that, to a lesser 

extent, also exist for cardiovascular research. Since 1946, for example, the American Cancer 

society has contributed U.S. $4.6 billion to cancer research (67) and since 1949 the 

American Heart Association has contributed more than U.S. $4.0 billion to cardiovascular 

and stroke research (68). This situation contrasts sharply with addictive disorders, for which 

there is little non-governmental research support. The most established non-governmental, 

addiction-related organizations are Alcoholics Anonymous and Narcotics Anonymous, 

which emphasize anonymity to counter the stigma associated with addiction and enhance the 

recovery efforts of their members.

A much greater source of support for basic and clinical research on the etiology, 

pathophysiology, and treatment of disease is the U.S. National Institutes of Health (NIH). 

Personalized or precision medicine has become a national priority, as evidenced by $215 

million for a Precision Medicine Initiative contained in the FY2016 U.S. budget. The goal of 

the funding is to advance innovative approaches to disease prevention and treatment (69). 
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Approximately one-third of the precision medicine initiative of 2015 and all of the 2016 

National Cancer Moonshot Initiative (70) are expressly directed to cancer research, 

increasing the likelihood that oncology will continue to dominate developments in precision 

medicine.

Although additional investment in precision oncology is likely to enhance its current state of 

readiness, a review of NIH appropriations over more than two decades provides a 

background against which developments in precision medicine can best be understood. 

Since 1993, total NIH appropriations have exceeded $500 billion dollars (71). During this 

time, the largest share of NIH appropriations has gone to the National Cancer Institute (NCI: 

$85 billion or 17% of the total), approximately 70% more than funding for the National 

Heart, Lung, and Blood Institute (NHLBI: $50 billion or 10% of the total). These high levels 

of funding reflect the fact that cardiovascular disease and malignant neoplasms are the top 

two leading causes of death in the United States (72). During this period, allocations to 

NIDA and NIAAA combined were $25 billion or 5% of the total NIH budget. Further, the 

Tobacco Control Research Branch of NCI allocated approximately $82 million (73) for 

tobacco research, representing about 2.6% of the total NCI research budget (74). Although 

only a small portion of the total NCI research budget, it substantially augments the funding 

for addiction research provided to NIDA and NIAAA.

Of note, these funding allocations are out of all proportion to the mortality rates of the 

diseases that are the focus of the NIH institutes. It has been estimated that 33.5% of all 

cancer deaths result from alcohol or tobacco use (75, 76), with more than 80% of lung 

cancer deaths and more than 28% of deaths due to cardiovascular disease attributable to 

smoking (77) and 15% of breast cancer deaths to alcohol consumption (75). In addition, 

hepatitis C viral infection, which is most commonly transmitted through intravenous drug 

use, is now the most important cause of liver cancer (78). Death rates from liver cancer have 

increased annually from 2003–2012, while deaths from other kinds of cancer have decreased 

during this time (79).

Because more than one-third of all cancer deaths could be averted by preventing tobacco and 

alcohol use, it would appear that, as in other areas of health research, funding for addiction 

precision medicine could be money well spent. Although there is limited evidence that 

precision medicine will reduce healthcare costs, identifying healthy individuals at elevated 

risk of disease and targeting them with efficacious treatments is one of its most important 

potential benefits (80). By enabling preventive measures to be targeted towards those who 

could benefit most, personalized or precision medicine has the potential to generate 

substantial value for society (81). This return may be particularly great for individuals using 

alcohol and drugs by identifying those at greatest risk of adverse consequences, including 

dependence.

In 2014, the number of people of all ages in the United States living with a cancer diagnosis 

exceeded 14.5 million (82), while the number diagnosed with heart disease was 27.6 million 

(83). In that year, the estimated number of adults (18 or older) with tobacco dependence was 

30.6 million, while 16.3 million had an alcohol use disorder, and 6.2 million had an illicit 

drug use disorder (84). Although alcohol, tobacco, and other drug use disorders often co-
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occur (85, 86), so that the total number of individuals with an addictive disorder is less than 

the sum of these, addictive disorders may be as prevalent as cancer and heart disease 

combined.

In 2009, the total cost of healthcare and lost productivity due to cancer in the United States 

was $216.6 billion (87). In 2011, cardiovascular disease and stroke cost the nation an 

estimated $316.6 billion in health care costs and lost productivity (88). Addictive disorders 

also have an important impact on both healthcare and non-healthcare costs. In 2010, the 

estimated cost of excessive alcohol use was $249 billion, with 77% of the cost attributable to 

binge drinking (89). Direct and indirect costs in the United States attributable to smoking for 

the years 2009–2012 were between $289 and $332.5 billion annually (77). The cost in 2007 

of illicit drugs was $193 billion, the majority of which ($120.3 billion) was due to lost 

productivity (90).

The U.S. Surgeon General recently issued a report, “Alcohol, Drugs, and Health” (91), 

which reviews the harms related to substance misuse and abuse disorders, along with the 

neurobiological basis for substance use disorders and evidence-based interventions to 

prevent and treat them. In addition to educating the public, the report could help to generate 

greater industry funding for addiction treatment, for which there are many fewer FDA-

approved drugs than for treating cancer or cardiovascular disease. The lack of investment by 

the pharmaceutical industry in addiction treatments is likely due to the perception that such 

drugs are unlikely to be highly profitable. The Affordable Care Act of 2010, which expanded 

coverage for addiction treatment, was anticipated to expand the variety of substance abuse 

treatment providers and shift services toward outpatient programs and integrated care, 

resulting in greater patient access to medically based and person-centered treatment (92). 

However, current plans by the U.S. Congress and the President to repeal the ACA could 

undermine this progress, particularly as it applies to addiction medicine.

Advances in addiction precision medicine will likely come from concerted efforts in the 

identification of moderators of treatment response in parallel with the discovery of variation 

contributing to the genetic risk of addictive disorders, such as those of the Psychiatric 

Genomics Consortium (PGC) (93), as well as other biomarkers of risk [e.g., in the 

Adolescent Brain Cognitive Development (ABCD) Study (94), and the National Consortium 

on Alcohol and Neurodevelopment in Adolescence (NCANDA) (95)]. Efforts are underway 

by the PGC to aggregate large GWAS samples of alcohol- and drug-dependent individuals 

for meta- and mega-analyses. However, the success of these efforts will depend on greater 

funding for the collection of large GWAS-suitable datasets to facilitate pathway- and 

network-informed interpretation that, along with polygenic risk score analyses, could 

substantially augment the available pharmacological targets for addiction treatment trials 

(96). Additional research funding would also make possible the extension of these findings 

to pharmacogenetics through the aggregation of large treatment trials that use similar study 

designs and medications and that collect blood or saliva samples for DNA extraction and 

genotyping. Based on these stringent requirements and initiatives favoring cancer precision 

medicine, it may be many years before addiction precision medicine will impact clinical 

care.
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