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ABSTRACT

Background: Injection drug use (IDU) is prevalent in the US and is associated with substantial risk of blood-borne
infections, morbidity, and mortality. However, the spectrum of its biologic effects on DNA methylation in blood
is not well characterized.

Methods: 401 participants (Mgg = 47.9; 68% male; 90% African American) over several timepoints (1054 visits)
were drawn from a longitudinal cohort of people who inject drugs. DNA methylation was measured among buffy
coat samples from the 1054 visits. Compared to samples collected after > 6 months of abstinence, separate EWAS
were conducted for active injecting of any drug, quantitative injection frequency, injecting of heroin and
injecting of cocaine. Linear mixed effect models were used and analyses were adjusted for repeated measure-
ments and key technical, biological, and sociodemographic characteristics.

Results: We found epigenome-wide significant CpG sites associated with active injection (cg10636246, AIM2,
p =2.33 x 107®) and injection intensity (cg13117953, p = 4.30 x 10™%). We found converging evidence that
cg10636246 (AIM2), cg23110600 (PRKCH), cg03546163 (FKBP5), cg04590956 (GMCL1), and cg16317961
(MAPRE2) were among the top 0.1% significantly differentially methylated CpG sites shared across the five
EWAS. Top ranked CpGs among the five EWAS were enriched (p < 0.0001) in AIM2 inflammasome complex, T
cell migration, insulin regulation and epinephrine synthesis pathways. During periods of active injection, sam-
ples had 0.46 years of epigenetic age acceleration relative to the abstinence period, within the same subject
(p = 0.03).

Conclusions: Findings from this study demonstrate modest, common, and specific effects on DNA methylation
during a relatively short time between periods of active drug injection and abstinence.

1. Introduction

2020). In addition, there were an estimated 5.9 million cocaine users,
745,000 heroin users, and 10.1 million opioid misusers (including the

The prevalence of illicit drug use is high in the US, with 20.8% of the misuse of prescription pain relievers) in 2019 in the US (Substance

population reporting past-year use of any illicit substance in 2019, ac- Abuse and Mental Health Services Administration, 2020).
cording to the latest results from National Survey on Drug Use and Active injection drug use (IDU) is associated with substantial risk of
Health (Substance Abuse and Mental Health Services Administration, blood-borne infections, morbidity, and mortality (Bargagli et al., 2001;
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Bird et al., 2003). Studies have shown that people who inject drugs
(PWID) have a higher risk of HIV acquisition than the general population
(Schoenbaum et al., 1989) and worse HIV outcomes during treatment
initiation compared with people who do not inject drugs, primarily due
to treatment non-adherence. Moreover, according to a 10-year pro-
spective cohort study in San Francisco, California, the mortality rate
among PWID is 10 times greater than the general public (Evans et al.,
2012). Among persons who inject drugs (PWID) in Baltimore, MD, the
estimated standardized mortality ratio remained elevated over a 10-year
period, even after excluding HIV-related mortality (Vlahov et al., 2004),
highlighting the need to understand the biological consequences and
correlates of IDU.

The exact biological mechanisms of the consequences of active IDU
on human health are still unknown. The development of biomarkers
indicating these mechanisms has been challenging given the limitations
in accessing neural tissues in living patients. Epigenetic markers, espe-
cially DNA methylation at cytosine-guanine (i.e., CpG) sites, are com-
mon regulators of gene expression (How Kit et al., 2012), and have been
strongly associated in blood samples with many diseases such as cancer
(Mikeska and Craig, 2014) and environmental exposures such as
smoking (Gao et al., 2015). DNA methylation markers open the door to
better understanding the biological mechanisms resulting from active
drug use, and as a possible peripheral blood biomarker of active IDU.
According to recent reports in human blood samples, six CpG sites were
significantly associated with IDU and hepatitis C in the promoter regions
of the NLRC5, TRIM69, CX3CR1, and BCL9 genes (Zhang et al., 2017).
Another epigenome-wide association study (EWAS) on opioid depen-
dence identified three CpG sites mapping to the PARG, RERE, and
CFAP77 genes in human whole blood samples (Montalvo-Ortiz et al.,
2019). However, the sample size was limited for both studies and there
was no within-subject longitudinal examination of DNA methylation
profiles during periods of injection drug use and abstinence. Under-
standing how DNA methylation changes in response to periods of active
injecting will help to clarify biological responses to active injection drug
use and identify strategies for therapeutic interventions.

In addition to understanding substance-specific associations with
DNA methylation, it is valuable to understand the cumulative epigenetic
consequences of active IDU. One such indicator of this cumulative effect
is epigenetic age. Several epigenetic age calculations exist, including
DNA methylation age (Horvath, 2013) and PhenoAge (Levine et al.,
2018). Both methods estimate the degree of biological aging based on
DNA methylation patterns at CpG sites that correlate highly with chro-
nological age, irrespective of cell and tissue type. PhenoAge is thought to
better reflect epigenetic aging in response to specific environmental
exposures (e.g., substance use). PhenoAge is calculated using 513 CpG
sites (41 of which overlap with DNA methylation age) that are correlated
with chronological age and age-related mortality from chronic diseases
(Levine et al., 2018). Although developed using whole blood (as
opposed to 51 different tissue and cell types in DNA methylation age),
PhenoAge correlates strongly with chronological age across tissue and
cell types (Levine et al., 2018). Thus, PhenoAge was calculated in the
present study to understand epigenetic aging in response to various IDU
exposures.

In this study, we used a longitudinal design in the AIDS Linked to the
Intravenous Experience (ALIVE) Study to examine the DNA methylation
profiles for the same subject during periods of active injection and
abstinence. We compared the DNA methylation profiles by active in-
jection and abstinence, injection intensity, heroin injection, and cocaine
injection during the past six months. The goal of the study was to further
our understanding of active IDU on the epigenome and potentially
develop biomarkers reflecting the course of drug use.
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2. Materials and methods
2.1. Study sample

The ALIVE Study is an on-going prospective cohort study charac-
terizing the incidence and natural history of HIV infection among PWID
in Baltimore, MD, initially established in 1988 (Vlahov et al., 1991).
Participants were assessed up to twice annually and the study design has
been described in detail previously (Galai et al., 2003; Lambert et al.,
2015). At each visit, clinical, behavioral and laboratory data such as HIV
infection status and IDU were assessed for the participants. Samples
were selected from the entire pool of ALIVE subjects with available buffy
coat blood sample and visits discordant for active IDU of any heroin or
any cocaine, or abstinence from all recreational drugs. Sampling was
based on sequential visits, which occur at a minimum interval of six
months, and methylation was measured at each selected visit. To avoid
the confounding of order effects due to age, which is strongly reflected in
the epigenome, subsets of the data were selected for (1) a transition from
active injecting to abstinence (cessation) from one study visit to the next
study visit or (2) a transition from abstinence to active injection
(relapse). Fig. S1 provides a schematic of our sample. We selected 83
subjects with a transition from active IDU to abstinence then relapse
(TypeI) and 85 subjects who maintained abstinence at a third visit (Type
II). This subsample was selected to examine the impact of continued
abstinence on the epigenome. We also selected a set of 127 (Type III)
subjects with two visits, transitioning from active IDU to abstinence and
an additional set of 69 subjects (Type IV) who transition from abstinence
to active IDU. An additional 37 subjects contributed Type Il and Type IV
transitions across four visits. This yielded a sample from 401 active
PWID and 1045 visits among these PWID. The median time between
visits where there was a cessation transition was 194 days (interquartile
range [IQR]: 182-555), and where there was a relapse transition was
183 days (IQR: 182-234).

The study participants went through HIV serology screening at
baseline. HIV serology status was assessed at each study visit for HIV
negative participants, whereas CD4+, CD8+ count and HIV viral load
testing were performed at each study visit for HIV positive participants.
Active injection status, injection intensity, IDU type (i.e., any heroin
injection, or any cocaine injection), smoking patterns, and antiretroviral
therapy (ART) by face-to-face interview were obtained by computer-
administered standardized questionnaires. Injection intensity during
the past six months was defined by the following categories and modeled
as an ordinal variable: less than once per week, 1-3 times per week, 5-7
times per week, 8-14 times per week and > 14 times per week.

2.2. DNA methylation measurement and preprocessing

DNA was isolated from buffy coat with the Qiagen DNeasy kit and
bisulfite converted with Zymo EZ methylation gold kit at the Johns
Hopkins University Center for Inherited Disease Research. Bisulfite
treated DNA was run on the Illumina Infinium MethylationEPIC
BeadChip.

The minfi package (Bioconductor) was used to process raw I[llumina
image files into noob preprocessed methylation beta values (Aryee et al.,
2014). Cell composition on CD4+, CD8+, natural killer cells, mono-
cytes, granulocytes, and B cells were estimated based on the method
described in Houseman et al. (Houseman et al., 2012) and implemented
in minfi (Aryee et al., 2014; Jaffe and Irizarry, 2014). Eleven samples
with low intensity, inconsistency on predicted and observed sex, or
outliers in estimated cell composition were removed for quality control.
Probes with low intensity or that are known to cross-hybridize were
excluded. A total of 1045 samples and 864,801 probes were used in the
final analyses. Batch effects were adjusted for by the top six principal
components (PC) from negative control features that are only correlated
with technical variations (Gagnon-Bartsch and Speed, 2012). Genetic
ancestry was estimated by performing PCA on the 59 single nucleotide
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polymorphisms (SNP) probes profiled on the EPIC array, and we
retained the top 6 PCs that captured most of the variability.

2.3. EWAS by linear mixed effect model

A linear mixed effect model with random intercepts was used to
account for the longitudinal design by using the R package Ime4 and
ImerTest (Bates et al., 2015; Kuznetsova et al., 2017). M-values were used
in the analysis since the M-value distribution is closer to the normality
assumption of linear regression (Du et al., 2010).

We conducted single-site EWAS separately for active injecting vs.
abstinence, injection intensity, any heroin injection use vs. abstinence,
any cocaine injection use vs. abstinence and both heroin and cocaine
injection use vs. abstinence during the past six months. The random
intercept accounted for variation in DNA methylation levels for each
subject. The mixed effect model was adjusted for HIV status, sex, age,
smoking methylation score, cell type composition, six negative control
PCs and six ancestry PCs. The rationale for using the smoking methyl-
ation score is to overcome self-reporting biases on smoking or the impact
of second-hand smoking on the methylome. We computed the smoking
methylation score using 39 smoking related CpG sites as described in
Logue (Logue et al. (2020) and we validated that the smoking methyl-
ation score is significantly associated with past six-month smoking status
(p=34x 10’26, Fig. S2). The model is stated below with active
injecting as an example (i indicates subject and ¢t indicate time point):

M, =
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the top 10,000 sites overlapped with a recent brain opioid EWAS (Shu
et al.,, 2021). We also conducted sensitivity analyses to account for
autocorrelation with the same mixed model adding the first-order
autoregressive covariance structure (AR1) by using the nlme package
in R (Pinheiro et al., 2017). Another sensitivity analysis on African
American samples only (n = 949) was performed with six PCs extracted
from the African American samples.

2.4. Gene ontology

The gene ontology enrichment analysis was with CpGs with p < 1E-
05 using the GO (Gene Ontology) database (Ashburner et al., 2000) in
the R package missMethyl, with correction for sampling bias due to
different numbers of probes per gene (Geeleher et al., 2013; Phipson
et al., 2015). Nominal p-values of enriched pathways are presented.

2.5. DNA methylation age

We calculated the PhenoAge (Levine et al., 2018) for all samples
based on the DNA methylation profiles and obtained each subject visit’s
biological age acceleration by taking the difference between PhenoAge
and chronological age. We examined the relationship between active
injection status and biological age acceleration among 385 subjects with
at least one visit where active injection was reported and at least one
visit where abstinence from injection drug use was reported. To maxi-
mize the time window between active injecting and abstinence within

u; + f, + pactive injecting;, + ,HIV;, + p;sex;, + p,age;, + fssmoking methylation score;,

+p,CD4,, + ,CD8;, + fynatural killer cells; + flymonocytes, + f#,,granulocytes;,
+p,:B cells; + f,negative control PC1; + ... 4+ f,;negative control PC6;

+p,sAncestry PC1;, + ... + p,3Ancestry PC6;,

Model performance was assessed by quantile-quantile plots (QQ
plot) and calculation of the lambda genomic inflation coefficient.
Epigenome-wide significance was defined by a false discovery rate
(FDR) less than 0.05. The top 0.1% differentially methylated probes and
the closest gene for the five EWAS on active injecting, injection in-
tensity, heroin injection use, cocaine injection use and both heroin and
cocaine injection use were assessed for overlap by a Venn diagram.

For the purpose of cross-tissue comparison, we evaluated whether

Table 1
Study observation characteristics (n = 1045).

the same person, we selected the first occurrence of active injecting visit
in our samples and last occurrence abstinence visit for the biological age
acceleration analysis. We used a linear mixed model to assess the asso-
ciation between biological age acceleration and active injection use with
adjustment for sex, race, smoking, HIV status and autocorrelation within
the same subject by imposing first-order autoregressive covariance
structure (AR1). The model is specified as below (i indicates subject and
t indicate time point):

Unique subjects

All observations

Sample size 401
Average age (mean =+ se) 479 +£7.6
Average number of visits (mean =+ se) 2.6 +0.7
Sex
Male (N, %) 275
Female (N, %) 126
Race
Non-Hispanic White (N, %) 40
African Americans (N, %) 361
HIV status
Positive (N, %) 127
Negative (N, %) 274

Past six month active injection status
Active injecting (N, %)
Abstinence (N, %)

Past six month type of injection drug use
Heroin (N, %)
Cocaine (N, %)
Both heroin and cocaine (N, %)

1045

48.8+7.5

2.6 £0.7
68.6% 715 68.4%
31.4% 330 31.6%
10.0% 96 9.2%
90.0% 949 90.8%
31.7% 333 31.9%
68.3% 712 68.1%

513 49.1%

532 50.9%

331 31.7%

211 20.2%

158 15.1%
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Biological Age Acceleration;, = u; + f3, + f3,active injecting;, + §,HIV;, + p;sex;, + f,smoking status; + s Ancestry PC1; + ... + f,,Ancestry PC6;

3. Results
3.1. Sample characteristics

The sample characteristics are shown in Table 1. Among 401 sub-
jects, an average of 2.6 + 0.7 visits per subject were selected for DNA
methylation measurement. In total, DNA methylation from 1045 blood
samples were profiled by Illumina Infinium MethylationEPIC BeadChip.
49.1% of the blood samples were extracted during periods of active
injecting for the past six months, while 50.9% of the samples were from
periods of abstinence for the past six months (Table 1). 405 visits involve
any heroin injection use, and 266 visits involve any cocaine injection
use, with 196 visits when both heroin and cocaine were injected
(Table 1, Fig. S3). Among 401 subjects, there are 31.6% female and
68.4% male participants, and 90% were African Americans and 10%
were non-Hispanic White. The average age is 47.9 and the mean age
when first used IDU is 21.2. 31.7% participants were HIV positive
(Table 1).

3.2. Epigenome-wide association analysis on active injection drug use

The EWAS on active IDU in the past six-months revealed one CpG
(cg10636246, AIM2) which reached epigenome-wide significance
(= —0.15, p=2.33 x 10°%). The top 20 differentially methylated
CpGs that were associated with active IDU are listed in Table 2. There
was no significant inflation or deflation (A= 1.11, Fig. S4a) and the
Manbhattan plot is shown in Fig. 1a. Of note, the CpG sites cg04590956
(GMCLI, p= —0.08, p = 6.33 x 107°), cg23110600 (PRKCH, = —0.06,
p =5.41 x 1077) and cg03546163 (FKBP5, p= —0.11,
p =2.06 x 10%) were among the top ranked differentially methylated
sites.

The EWAS of injection intensity in the past six-months identified one
CpG (cgl3117953) which reached epigenome-wide significance
(= —0.08, p=4.30 x 10°%). The top 20 differentially methylated
CpGs that were associated with injection intensity are listed in Table 2.
There was no significant inflation or deflation (A= 0.99, Fig. S4b) and
the Manhattan plot is shown in Fig. 1b. The CpG sites cg09356524
(ZMYNDS8, p=0.03, p=2.19 x 1075 and cg25327296 (TSPANIS,
p= —0.03, p = 1.38 x 10~°) were also among the top ranked differen-
tially methylated sites (Table 2). Overall, we identified several signifi-
cant DNA methylation sites associated with active IDU and injection
intensity.

3.3. Epigenome-wide association analysis on heroin injection use and
cocaine injection use

We also conducted EWAS on any heroin, any cocaine or both heroin
and cocaine injection use during the past six months. The two CpG sites
in AIM2 were among the top ranked differentially methylated sites
(cgl0636246, p= —0.15, p=2.19 ><1077; ¢cg07195224, p= -0.11,
p =256 x 1075 Table 3). CpG sites in PRKCH and FKBP5 were also
among the top ranked list (cg23110600, PRKCH, p= —0.08,
p=3.13 x 1077; cg03546163, FKBP5, f= —0.13, p = 1.45 x 107%) of
sites associated with injection of heroin (Table 3). The CpG site
¢g23110600 (PRKCH) was also among the top ranked CpG sites in the
EWAS on active injecting (f= —0.06, p = 5.41 x 10’7, Table 2). No
significant inflation or deflation was observed (A= 1.13, Fig. S4c). The
Manhattan plot is shown in Fig. 2a. We also evaluated whether there are
any overlapping differentially methylated CpG sites with the brain
opioid EWAS (Shu et al., 2021). There are 126 overlapped CpG sites

among top 10,000 differentially methylated CpG for blood heroin in-
jection use EWAS and brain opioid EWAS (Table S1). The biological
pathways revealed by 89 genes associated with the 126 CpGs and were
illustrated by ShinyGO (Ge et al., 2019) (Fig. S5).

There were no epigenome-wide significant CpGs identified in the
EWAS of cocaine injection use during the past six-months, however, the
CpG sites ¢gl14347670 (CCND3, p= —0.14, p=1.87 x 1077) and
cgl6317961 (MAPRE2, j= 0.06, p = 8.76 x 1077) was among the top
ranked differentially methylated sites (Table 3). No significant inflation
was observed (A= 1.06, Fig. S4d). The Manhattan plot is shown in
Fig. 2b.

3.4. Sensitivity analyses with adjustment for autocorrelation and among
African American samples only

We conducted the first sensitivity analyses to see if accounting for
autocorrelation would make a difference to our results (Table S2).
Compared with EWAS results in Table 2, the top hits among EWAS in
active IDU and injection intensity with adjustment for autocorrelation
showed similar results, with the same CpG sites in AIM2, PRKCH,
GMCL1 and FKBPS5 associated with active IDU and CpG sites in ZMYND8
and TSPAN18 associated with injection intensity. Similarly, compared
with substance specific EWAS results in Table 3, the same CpG sites in
AIM2, PRKCH and FKBP5 were among the top hits in heroin injection
use EWAS after accounting for autocorrelation, and the same CpG sites
in CCND3 and MAPRE2 were among the top hits in cocaine injection use
EWAS.

We also conducted a sensitivity analysis on African Americans only
samples (n = 949, Table S3). For active IDU EWAS, cg10636246 (AIM2)
remains epigenome-wide significant (8= —0.15, p =5.35 x 107%),
similar to EWAS results with all samples (Table 2). Other EWAS top hits
showed similar results among the same CpG sites with slightly less sig-
nificance in EWAS with the African American subsamples (Table 2,
Table 3, Table S3).

3.5. Gene ontology enrichment analysis

We also conducted gene set enrichment analysis to assess whether
top differentially methylated CpG sites are enriched in any known bio-
logical pathways. Gene set enrichment analysis showed that CpGs
associated with active IDU were enriched in biological pathways such as
the ‘pyroptosome complex assembly’ (p = 4.73 x 1079, ‘response to
progesterone’ (p = 1.46 x 103, ‘AIM2 inflammasome complex’
(p = 3.1 x 1073, Fig. 3). CpGs associated with heroin injection use were
enriched in positive regulation of T cell migration (p = 2.99 x 10™%)
and cellular response to drug (p = 2.67 x 10~3), and CpGs associated
with cocaine injection use were enriched in insulin signaling pathways
and epinephrine synthesis process (Fig. 4).

3.6. DNA methylation age

We also explored whether DNA methylation age is associated with
active IDU. Among visits where no IDU was reported as baseline, the
mean biological age acceleration [PhenoAge (Levine et al., 2018) minus
chronological age] was — 2.63 years; among visits where active IDU was
reported, the difference was closer to zero (—2.00 years), indicating that
the biological age acceleration is faster among visits with active IDU
compared with visits with no IDU (Fig. 5). After adjusting for sex, race,
smoking status and autocorrelation within the same subject, there was a
significant 0.46-year difference in biological age acceleration within the
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Fig. 1. Manhattan plots showing the epigenome-wide association study (EWAS) on active injecting (a) and injection intensity (b) in the past six months.

persons who inject drugs and those who never inject drugs. Moreover,
there was no overlap between top ranked differentially methylated CpG
sites between our heroin injection use EWAS and another recent EWAS
on opioid dependence in European-American women (Montalvo-Ortiz
et al., 2019). Our samples were predominately from African American
participants that were 31.6% female and 68.4% male, which is a very
different sample composition to the opioid dependence EWAS. Our
study focused on any use of heroin injection in the past six months,
whereas Montalvo-ortiz et al. compared opioid dependent to
opioid-exposed controls. Despite the differences with previously pub-
lished EWAS, we believe that with more data on DNA methylation
among PWID, meta-analysis can be used to aggregate epigenetics find-
ings across studies with similar IDU measures in this field and yield more
reliable results.

We also found that there was significant biological age acceleration
between active injecting and abstinence visits within the same subject.
This finding highlighted the changes of DNA methylation age across
time and its utility to evaluate temporal environmental exposure
changes in longitudinal studies. Montalvo-ortiz et al. found there was no
DNA methylation age difference between opioid dependence subjects
and opioid-exposed controls (Montalvo-Ortiz et al., 2019). The results
might not be directly comparable since we utilized a longitudinal study
design to measure the DNA methylation age (PhenoAge) (Levine et al.,
2018) difference within the same subject comparing periods of active
and abstinence heroin injection. This finding is of particular interest
because of the increased mortality rate among PWID. Much of this
increased mortality is due to IDU-related infection and overdose (Kohli
et al., 2005), but work in the ALIVE cohort has demonstrated that frailty

independently contributes to mortality risk among PWID (Piggott et al.,
2013). This and future work will further our understanding of the bio-
logical mechanisms of increased mortality risk among PWID, indepen-
dent of other common causes.

There is a general lack of knowledge on how IDU affects DNA
methylation in humans. Evidence on the effect of heroin and cocaine use
in human and mouse models has focused on either DNA methylation on
specific genes like OPRM1, or global methylation or demethylation
(Chao et al., 2014; Nielsen et al., 2009). The development of methyl-
ation profiling microarray technology allowed us to measure hundreds
of thousands of CpG sites at lower cost and conduct EWAS. EWAS on
smoking behavior and alcohol consumption have revealed the utility of
epigenetic sites as biomarkers for individual smoking, maternal smok-
ing, and alcohol consumption (Joubert et al., 2012; Ladd-Acosta et al.,
2016; Liu et al., 2016; Tsaprouni et al., 2014). It is highly possible that
there exist epigenetic markers associated with injection drug use of
heroin or cocaine, which will require larger samples to reproducibly
detect due to small effect sizes. While we lack general knowledge, our
study gives us a glimpse into how dynamic the DNA methylation change
can be across periods of active injecting and abstinence.

The strength of our study is that we took advantage of the longitu-
dinal study design and provided insights on the within-person DNA
methylation as well as DNA methylation age change between active and
abstinence injection periods. The DNA methylation profile was reflec-
tive of the past six-month active injection status and our study focused
on a more appropriate time window of biological relevance. Impor-
tantly, all subjects in our sample were chronic PWID, most with many
years of drug use. It is likely that long-term drug use has a lasting impact



Table 3

Epigenome-wide association analysis of heroin injection use and cocaine injection use during the prior six months.

Heroin injection use

Cocaine injection use

Rank CpG Chr Position Gene Relation to Estimate t p value FDR Rank CpG Chr Position Gene Relation to Estimate t pvalue FDR
Island value Island value

1 cg10636246 1 159046973 AIM2 OpenSea -0.15 -5.23  2.29E- 1.10E- 1 cg14347670 6 41908995 CCND3 Island -0.14 -5.28 1.87E- 1.60E-
07 01 07 01

2 ¢g23110600 14 62012729 PRKCH OpenSea -0.07 -5.16 3.13E-  1.10E- 2 cg24814826 1 227579822 CTD- OpenSea 0.10 5.09 4.83E-  1.60E-
07 01 2090113.1 07 01

3 cg27407935 17 17723235 SREBF1 N_Shelf -0.07 -5.13  3.80E- 1.10E- 3 826520396 13 106954459 OpenSea -0.07 -5.05 5.57E- 1.60E-
07 01 07 01

4 cg03546163 6 35654363 FKBP5 N_Shore -0.13 -4.86 1.45E-  1.80E- 4 cg16317961 18 32621748 MAPRE2 S_Shore 0.06 4.98 8.76E- 1.61E-
06 01 07 01

5 ¢gl6583817 10 104005140 GBF1 Island 0.09 4.75 2.40E-  1.80E- 5 cg05451974 20 43991922 SYSI Island 0.08 4.95 9.30E- 1.61E-
06 01 07 01

6 cgl2864116 19 44191141 OpenSea -0.04 -4.76  2.41E-  1.80E- 6 cg01525244 22 39548611 CBX7 N_Shore 0.05 4.92 1.25E-  1.80E-
06 01 06 01

7 ¢g07195224 1 159047034 AIM2 OpenSea -0.11 -4.75 2.56E-  1.80E- 7 €g22645881 17 37824988 PNMT Island 0.05 4.87 1.53E-  1.89E-
06 01 06 01

8  ¢g03804474 5 67760417 OpenSea -0.06 -4.74  2.70E-  1.80E- 8 cg21737354 10 71239238 OpenSea 0.05 4.78 2.25E-  2.34E-
06 01 06 01

9  ¢g03067296 17 76274577 AC087645.1 OpenSea -0.06 -4.74 2.72E-  1.80E- 9 cg23005227 3 50645426 N_Shelf 0.06 4.77 243E-  2.34E-
06 01 06 01

10 ¢g05702540 22 36861786 OpenSea 0.05 4.73 2.84E- 1.80E- 10 ¢g02595922 7 1014709 Island 0.06 4.68 3.50E-  2.79E-
06 01 06 01

11 ¢gl2048674 1 205649805 SLC45A3 Island -0.08 -4.72 2.88E- 1.80E- 11 cg00854963 X 70364566 NLGN3 OpenSea 0.08 4.69 3.55E-  2.79E-
06 01 06 01

12 ¢g25242306 13 74667131 KLF12 OpenSea 0.06 471 2.99E- 1.80E- 12 cg17286253 1 185703489 HMCN1 Island -0.07 -4.63  4.52E-  2.93E-
06 01 06 01

13 ch 4 74841941 OpenSea 0.10 471 3.03E- 1.80E- 13 ch 10 123987885 OpenSea 0.11 4.61 4.69E-  2.93E-
0.4.75060805 F 06 01 0.10.2633792 F 06 01

14 ¢g26313514 17 7338701 TMEM102  N_Shore -0.05 -470 3.10E- 1.80E- 14 cg15886862 X 12026390 OpenSea -0.05 -4.63  4.74E-  2.93E-
06 01 06 01

15 ¢g10695583 17 48625306 SPATA20 S_Shore -0.03 -471 3.11E- 1.80E- 15 cg12048674 1 205649805 SLC45A3 Island -0.09 -4.59 5.22E-  3.01E-
06 01 06 01

16 ¢g24938072 17 13460471 OpenSea -0.05 -4.66  3.77E- 2.04E- 16 cg11203815 3 128434169 SNORA24 OpenSea 0.09 4.55 6.48E- 3.44E-
06 01 06 01

17 ¢g25076285 18 43948046 RNF165 OpenSea -0.04 -4.63 4.39E- 2.07E- 17 ¢g12996903 3 50275575 GNAI2 Island -0.07 -4.52  7.49E-  3.44E-
06 01 06 01

18 ¢gl13644369 17 33892241 N_Shelf 0.07 4.62 4.67E- 2.07E- 18 ¢g23110600 14 62012729 PRKCH OpenSea -0.07 -4.51  7.56E- 3.44E-
06 01 06 01

19 ¢g10126903 16 29675214 N_Shore 0.07 4.61 4.89E- 2.07E- 19 ¢g21652108 12 12944951 RP11-59H1.3 OpenSea 0.08 4.53 7.57E-  3.44E-
06 01 06 01

20 ¢g05531044 3 132441182 NPHP3 Island -0.07 -4.60 4.96E- 2.07E- 20 €g25255847 20 62360072 ZGPAT OpenSea -0.08 -450 8.41E-  3.63E-
06 01 06 01
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Fig. 2. Manhattan plots showing the epigenome-wide association study (EWAS) on past six month heroin injection use (a) and cocaine injection use (b).

on the epigenome. In an attempt to account for this, we included mul-
tiple visits per subject, some with visits abstinence visits preceding
active use visits and some with use visits preceding abstinence visits.

a Active Injection Drug Use EWAS
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However, future research should focus on disentangling the epigenetic
signatures representing ever versus never use, use versus abstinence
among chronic users and the quantitative impact of long-term use, since
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Fig. 3. Gene ontology enrichment analysis among top epigenome-wide association study (EWAS) hits on the past six months of any injection drug use (a) and

frequency of injection drug use (b). Nominal p-values are shown.
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Fig. 4. Gene ontology enrichment analysis among top epigenome-wide association study (EWAS) hits on the past six months for heroin injection use (a) and cocaine

injection use (b). Nominal p-values are shown.

each of these represent different stages in the trajectory of substance use,
dependence and cessation. Additionally, our study sample consists
mainly of African Americans and we contributed more genetics data in
this population that is underrepresented in the literature.

The primary limitation of our study is that the active injection status
is based on self-report and may subject to recall bias. Additionally, our
study only focused on injection drug use and did not account for other
routes of drug administration. There is also sample overlap between
heroin and cocaine injection drug users, making it difficult to disen-
tangle specific effects.

In conclusion, our study identified several CpG sites associated with
active injection drug use, injection intensity, and heroin injection use

30

20

L ~
o o o

PhenoAge — Chronological age

|
n
o

Active Non-active
Active injection drug use status

Fig. 5. Biological age acceleration based on the difference of DNA methylation
age (PhenoAge) and chronological age by past six month injection drug
use status.

during the past six months. We found that injection drug use signifi-
cantly accelerated biological age during periods of active injecting
compared with abstinence visits within the same subject. We showed the
utility of longitudinal study design in EWAS and its ability to inform
within-subject changes in epigenetic profiles induced by active injection
drug use.
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