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Aim & methods: We conducted a pilot epigenome-wide association study of women from Tutsi ethnicity
exposed to the genocide while pregnant and their resulting offspring, and a comparison group of
women who were pregnant at the time of the genocide but living outside of Rwanda. Results: Fifty-nine
leukocyte-derived DNA samples survived quality control: 33 mothers (20 exposed, 13 unexposed) and 26
offspring (16 exposed, 10 unexposed). Twenty-four significant differentially methylated regions (DMRs)
were identified in mothers and 16 in children. Conclusions: In utero genocide exposure was associated
with CpGs in three of the 24 DMRs: BCOR, PRDM8 and VWDE, with higher DNA methylation in exposed
versus unexposed offspring. Of note, BCOR and VWDE show significant correlation between brain and
blood DNA methylation within individuals, suggesting these peripherally derived signals of genocide
exposure may have relevance to the brain.

Lay abstract: The 1994 Rwandan genocide against ethnic Tutsi has been associated with adverse mental
health outcomes in survivors decades later, but the molecular mechanisms that contribute to this
association remain poorly characterized. Epigenetic mechanisms such as DNA methylation regulate gene
function and change in response to life experiences. We identified differentially methylated regions
(DMRs) in genocide-exposed versus unexposed mothers and children. In utero genocide exposure was
linked with methylation differences in three maternal DMRs, with higher methylation in exposed
offspring. Two of three DMRs show correlation between brain and blood methylation within individuals,
suggesting that peripherally derived signals of genocide exposure may be relevant to the brain.
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Trauma exposure is associated with adverse mental and physical health consequences. Multiple population-based
studies have documented prospective associations between trauma exposure and heightened risk for mental and
physical disorders, including post-traumatic stress disorder (PTSD), depression and generalized anxiety disorder [1],
coronary heart disease [2,3], arthritis [4,5] and gastrointestinal disease and diabetes [5], among others. Despite these
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well-established associations, the mechanisms mediating the relation between trauma exposure and subsequent
adverse health within generations are poorly understood. Moreover, little is known about the effects of exposure to
psychological trauma during pregnancy on resulting offspring (i.e., between-generation effects), although a growing
body of research supports a link between these two (reviewed in [6,7]).

Epigenetic mechanisms have been a growing focus of investigation ata global level in relation to understanding the
role environmental exposures play in mediating later disease susceptibility after prenatal development. Although
many human studies have explored the role of epigenetics in long-term consequences of prenatal exposure to
environmental conditions, much of this work has focused on toxic environmental exposures (e.g., [8,9] and reviewed
in [10]), or maternal stress (e.g., [11,12] and reviewed in [12,13]); investigation of epigenetics in relation to population-
level exposure to extreme trauma remain scant. Although a handful of studies have examined the impact of prenatal
exposure to extreme trauma — namely, genocide, famine, nutritional deficits, stress and war [14-17] — on subsequent
epigenetic profiles of offspring, these have thus far been limited to locus-specific or candidate-gene studies [18-20],
leaving the genome-scale impact of genocide exposure unknown, both within and between generations.

Between April and June 1994, almost one million people died in the Rwandan genocide against ethnic Tutsi.
More than 25 years later, the long-term impact of the genocide is evident in the prevalence of PTSD in Rwanda
— more than 28% among adults 21] and 41% among women survivors [22] — and there is compelling evidence
for the transmission of the disorder between exposed individuals and subsequent generations [23,24]. Previously,
we examined blood-derived DNA methylation (DNAm) levels in the glucocorticoid receptor gene NR3CI [23] in
mothers and offspring exposed to the Rwandan genocide against ethnic Tutsi, finding that exposure to genocide
during pregnancy was associated with higher methylation levels in both mothers and offspring. Also, exposed
mothers and their children had lower cortisol levels than non-exposed mothers and their children. Additional work
by Vukojevic e al. [25] also supports a link between exposure to the Rwandan genocide and epigenetic modifications
in NR3CI related to the risk of PTSD.

Here, we expand on previous works to conduct a pilot epigenome-wide association study (EWAS) of the impact
of genocide exposure on epigenetic modifications across the genome. We focus specifically on genocide as the
exposure of interest to gain insight into the impact of exposure to extreme trauma both within and between
generations, and to leverage the best-defined phenotype in our sample. Our findings demonstrate that genocide
exposure is indeed associated with multiple differentially methylated regions (DMRs) throughout the genome in
both mothers and children and that a subset of the maternal DMRs is also found in offspring.

Methods

DNA methylation, pre-processing and quality control

Study participants from case and control groups were both women of Tutsi ethnicity who were pregnant (second
and third terms of pregnancy) during the genocide period, and their offspring born after that period [23]. An
additional inclusion criterion for participants in the case group, known as the exposed group, was having been
exposed to traumatic experiences in the context of Rwanda genocide, whereas for the control group, known as the
non-exposed group, inclusion criteria were living abroad at the time of the genocide and therefore not exposed to
the traumatic experience. Study participants were recruited, and whole blood samples were collected as previously
described [23). DNAm derived from whole blood was measured using the Illumina Infinium MethylationEPIC
BeadChip (Illumina, CA, USA) in 70 samples following the manufacturer’s recommended protocol. Raw DNAm
estimates of methylation status ranging from 0 to 1 (i.e.,  values) were obtained, and a sex check was performed to
remove sex-discordant samples using minfi R packages [26]. Samples and probes with low signal intensity and missing
values, including cross-reactive and polymorphic probes, were removed as described by Wani ez a/.27). In total,
3409 CpGs due to low signal intensity or missing values and 43,962 cross-reactive probes were removed, leaving
818,720 probes for subsequent analyses. The data were normalized using single-sample Noob (ssNoob) method
implemented in the minfi R package. ComBat adjustment using an empirical Bayesian framework implemented in
SVAR package [28,29] was performed to reduce the likelihood of bias due to known chip and positional batch effects,
controlling for sex and PTSD, assessed using the PTSD 17-item checklist (PCL-17) to assess the severity of current
PTSD [30]. The key traumatic experiences faced by genocide survivors were as follows: potentially being captured
or kidnapped, witnessing a massacre, serious injury or attack with a weapon, witnessing the killing of someone,
seeing dead and mutilated bodies, sexual abuse or rape and genocide exposure [31]. Cell proportion estimates were
computed using the /DOL algorithm [32] implemented in the Epidish R package (33]. Quality control (QC) removed
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11 samples, leaving 59 samples (26 children: 16 exposed and 10 unexposed; 33 mothers: 20 exposed and 13
unexposed) for subsequent analyses.

Analytic approach

Because the sample size in this study was modest, we limited our analyses to the top 5% probes (CpGs) with
highest variance from the samples that survived QC. To assess the association between methylation levels and
genocide exposure (exposed vs unexposed), we performed differential analyses to identify DMRs using the mCSEA
R package (34]. This method works by fitting a linear model and ranking the CpGs based on the t-statistics using
limma 35). Once the probes were ranked, enrichment analysis was performed on the CpGs belonging to the same
region in the top positions of the ranked list using fgsez package [36]. Finally, the region with CpGs over-represented
in the top or bottom of the list was detected as a DMR. Promoter regions were selected as the region of interest in the
DMR analyses, and the number of minimum CpGs in the region was set to five which is the default parameter and
regions below this threshold were not tested [5]. DMR analyses were performed for mothers and children (exposed
vs unexposed) separately to examine the impact of genocide exposure within generations at a genome-wide scale.
Results (DMRs) were accepted as significant if the false discovery rate (FDR) corrected p-value was <0.05. The
overall workflow of the analytical approach is given in Supplementary Figure 1.

To account for relatedness between mothers and children and assess the impact of genocide exposure between
generations, we used penalized regression models (37). Each DMR had between four and 62 CpGs driving the
enrichment score, with an average of 13 CpGs per DMR. Despite this, we found that for most DMRs, the top
three CpGs contributed to at least 40% of the enrichment score. For these reasons, we focused on the first three
CpGs for our intergenerational analyses. Specifically, the top three CpGs within each DMR that contributed most
to the enrichment analysis were used to infer whether in utero genocide exposure was associated with differential
DNAm in offspring while controlling for age (of mother), sex (of child), maternal DNAm and leukocyte cell
types, similar to prior work examining the intergenerational transmission of telomere length in relation to exposure
childhood trauma [38). Large variance inflation factors (>10) within predictors were found, indicating presence of
multicollinearity. To account for this, we conducted our analysis using the glmner R package to fit a regularized
regression model via penalized maximum likelihood (37]. This regression technique allowed us to carry out flexible
regularization of coefficients. It is a well-established statistical method and has been successfully applied to handle
issues of multicollinearity [39].

We also explored the application of ridge regression, a well-studied variant of penalized regression [37). This
method works by imposing a penalty on coefficient estimates to shrink the coefficients of unimportant predictors
and differ in the specific penalty term. Trace plots were produced and examined to evaluate rates of shrinkage for
each predictor.

In the ridge regression model, the shrinkage applied to the maternal exposure term was low relative to the penalty
imposed on other predictors, which indicates the importance of maternal exposure in accounting for variance in the
response. To further validate these findings, stability selection was applied using the c060 R package [40] described by
Meinshausen ez al. [41). This method works by sampling from the data without replacement and fitting a penalized
regression model to each subsample. Selection probabilities are then associated with each covariate based on their
importance across the set of subsamples. The recommended range of selection probability threshold for determining
the stable set of covariates is between 0.6 and 0.9 [32]. Stable covariates were selected on the basis of a standard
selection probability threshold of 0.6 after adjusting for type 1 error rate (o = 0.05). The CpGs associated with
in utero genocide exposure exceeding this selection probability threshold in these models were selected. Estimated
marginal means based on the ridge regression were calculated for control and genocide exposure groups for post hoc
inference.

Concordance between DNAm levels in blood and brain was evaluated for CpG sites identified as significant
(or important if statistical significance was not strictly used) in the intergenerational analysis via the imageCpG
database [42). In addition, we performed an independent Students t-test on the top three enriched CpGs in the
DMREs that were consistently significant in the within- and between-generation analyses. DNAm levels in exposed
versus unexposed groups were evaluated via Student’s t-test (nonpaired and two-tailed) to identify potential
differences, and results were accepted if p < 0.05. Finally, we calculated DNAm age and DNAm age difference
(AgeAccelerationDiff), the difference between DNAm age and chronological age, to investigate biological age
acceleration or deceleration in genocide-exposed compared with unexposed individuals for children and mothers
separately using the Horvath age calculator [43). To evaluate the association between AgeAccelerationDiff and
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Table 1. Demographic characteristics of participants included in the analytic sample, stratified by

mothers and children.

Characteristic Child Mother
Total (n) 26 33
PTSD severity score, median (range) 37 (12-69) 46 (17-81)

Exposure to genocide (%)

Yes 16 (62) 20 (61)
No 10 (38) 13 (39)
Sex (%)
Male 10 (38) 0(0)
Female 16 (62) 33(100)
Age, median (range) 17 (17-18) 45 (33-57)
DNA methylation beta values, mean (range) 0.60 (0.003-0.99) 0.60 (0.003-0.99)

PTSD: Post-traumatic stress disorder.

genocide exposure, we used a multiple regression model adjusting for age and estimated cell proportions (CD8T,
CD4T, natural killer, B cell and Mono).

Results

Fifty-nine samples passed QC and were included in the analyses. Table 1 presents demographic characteristics
of participants included in this analytic sample. After QC, 818,720 CpG sites were retained, and the top 5%
CpGs (40,936) based on variance within the available dataset were used in subsequent analyses. Results from
analyses investigating the impact of genocide within generations identified 24 DMRs in mothers and 16 in children
comparing those exposed versus unexposed to genocide (Tables 2 & 3). ARL5C and PM20D1 were the two top
ranked DMRs (p = 1e-10) in mothers, whereas TMEM204 (p = 1e-10) and LDHC (p = 1.6e-08) were the top two
in children. Six DMRs — BCOR, FGFR2, HOXA5, PM20D1, VWDE and PRDM8 — were common in mothers and
children (Supplementary Table 1). Of these six shared DMRs identified in mothers and children, three PAM20D1,
VWDE and BCOR showed a significant correlation (rho = 0.87, p = 4.82 x 107; tho = 0.81, p = 6.83 x 10% and
tho = 0.81, p = 9.12 x 10°) respectively between blood and brain DNAm within individuals in the imageCpG
database. Our genome-scale analyses did not identify significant DMRs within the NR3C! locus that was the focus
of earlier candidate gene work.

To infer whether 77 utero genocide exposure was potentially associated with differential methylation in offspring,
we examined the top three highly enriched DMR-related CpGs found in mothers using penalized regression models.
We found DMRs PRDMS8 and VWDE to be consistently associated with iz utero genocide exposure; BCOR was
also implicated in these analyses. PRDMS8 and VWDE CpGs had higher selection probabilities than BCOR for in
utero genocide exposure, with PRDMS8 and VWDE averaging = 0.64 and 1 = 0.93, respectively. BCOR-related
CpGs ¢g02931660 and cg02932805 demonstrated lower selection probabilities (1t < 0.10) for 7z utero genocide
exposure, but after evaluating low shrinkage in the ridge regression trace plots and considering BCOR-related CpG
cgl15627188, which had a high selection probability of 7 = 0.78, we decided to retain this DMR. Individual
selection probabilities for child gender, iz utero genocide exposure, age of mother and methylation of mother
are shown in Figure 1. Estimated marginal means for post hoc comparison of in utero genocide exposed cases
versus controls based on the ridge regression model were calculated for the top three highly enriched CpGs of these
DMRs (Figure 2). The figure indicates a pattern of higher child methylation in exposed groups than control groups
especially for DMRs, BCOR and VWDE.

Further, an independent t-test was performed on top three enriched CpGs in the top three DMRs (BCOR,
PRDMS8 and VWDE) that were consistently significant in DMR analyses for within-generation and penalized
regression analyses for analyses implicating effects of genocide exposure between generations (Figure 2). Tests
were performed to compare the mean methylation of two groups — exposed versus unexposed to genocide — in both
children and mothers separately. There was a significant difference between DNAm levels of CpGs cg15627188
in BCOR and ¢g05059566 in PRDMS8 at p < 0.05 between exposed versus unexposed (Figure 3). For VWDE, all
three-top enriched CpGs (cg03579179, cg06484146 and cg20607287) showed a significant difference (p < 0.05)
between exposed and unexposed groups (Figure 4). In all the CpGs that were significant via t-test, DNAm levels
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Table 2. Differentially methylated regions in mothers exposed versus unexposed to genocide.

DMR Chr Pval Padj log2err ES Sizet leadingEdge t-value p-value

ARL5C 17 1E-10 3.3E-08 NA¥ 0.9985 5 907330481, cg16140242, cg00900933, -4.994 3.73E-05
906120399, cg09173348

PM20D1 1 1E-10 3.3E-08 NAY 0.9514 1 €g26354017, cg11965913, cg12898220,  -3.454 0.002

914893161, cg14159672, cg07533224,
cg05841700, cg24503407, cg07157834,
916334093, cg07167872

BCOR X 1.1E-09 2.5E-07 0.7882 -0.5858 62 ¢g15627188, cg02931660, cg02932805,  2.926 0.007
¢g18744436, cg15887754, cg01321830,
¢g20197861, cg11620557, cg21180513,
¢g05026884, cg04924962, cg24450656,
920848269, cg15366127, cg23496314,
cg01110765, cg05559023, cg15039826,
€g22346771, cg18765710, cg19937286,
910039267, cg07601068, cg12775788,
¢g13307200, cg00206414, cg12045126,
cg11143827, cg27428464, cg21010298,
¢g14261068, cg03161453, cg02693068,
906839398

S100A1 1 3.4E-08 4.4E-06 0.7195 -0.8992 12 €g27469660, cg11343894, cg11915664,  1.767 0.091
¢g02331910, cg13946767, cg02873163,
¢g11596404, cg17776284, cg06562291,
919335413, cg01347250, cg07898899

ST00A13 1 3.4E-08 4.4E-06 0.7195 -0.8992 12 €g27469660, cg11343894, cg11915664,  1.767 0.091
¢g02331910, cg13946767, cg02873163,
cg11596404, cg17776284, cg06562291,
919335413, cg01347250, cg07898899

HOXA5 7 2.0E-06 0.0002 0.6273 -0.8162 13 917432857, cg04863892, cg19759481, 1.412 0.170
902005600, cg17569124, cg25307665,
g 14014955, ¢g23936031, cg09207400,
902646423, cg02916332, cg09549073

FGFR2 10 1.5E-05  0.0014 0.5933 -0.8821 8 925052156, cg06791446, cg02210151,  1.950 0.063
910379346, cg13437682, cg22633036,
€g18566515, cg11430259

TMEM187 X 0.0002 0.0141 0.5188 -0.6840 16 923124111, ¢g13937627, cg03177323,  2.003 0.054
903672915, cg11778030, cg03189022,
¢g09275137, ¢g10155960, cg05103731,
907086565, cg08627233, cg21960840,

¢g09222696

VWDE 7 0.0002 0.0141 0.5188 -0.9254 5 ¢g03579179, cg06484146, cg20607287,  3.224 0.004
cg19397885

NAA10 X 0.0002 0.0141 0.5188 -0.8286 8 ¢g09771319, cg02232536, cg01501311,  2.298 0.028
900072288, ¢g22749239, cg12727431

TMEM232 5 0.0002 0.0141 0.5188 0.7636 12 €g22429640, cg17946588, cg06414816,  -2.332 0.030

906429214, cg25259944, cg17248924,
€g26583412, cg27037608, cg11641395,
€g19526166, cg10597099

OTUD5 X 0.0005 0.0263 0.4773 0.6430 22 ¢g02480419, cg03831206, cg02573613,  -3.371 0.002
cg18780401, cg07750402, cg12591117,
¢g18112782, 927277239, cg13574945,
¢g12298823, cg00680673, cg26201401,
cg14006678, cg09985072, cg03711046,
¢g08221357, ¢g15925199, cg21206285

PRPS2 X 0.0005 0.0263 0.4773 -0.7422 11 909978401, cg26059639, cg01669374,  2.578 0.016
€g27325673, cg07874284, cg26190455,
€g21953876, cg02891306

HCFC1 X 0.0006 0.0274 0.4773 -0.7393 12 €g13937627, cg03177323, cg03672915, 1.906 0.066
¢g11778030, cg03189022, cg10155960,
905103731, cg07086565, cg08627233,
€g21960840, cg09222696

TNumber of CpGs associated with the feature (gene).

If p-values were likely overestimated, log2err is set to NA.

The p-value indicates the difference in mean methylation; the t-value indicates the ratio of the difference between the mean methylation of the samples (exposed vs unexposed mothers)
of significant CpGs shown in leadingEdge column.

DMRs are sorted by p-values.

Chr: Chromosome; DMR: Differentially methylated region; ES: Enrichment score; leadingEdge: Leading edge CpGs which drive the enrichment for DMR; log2err: Expected error for the
standard deviation of the p-value logarithm; NA: Not available; Padj: p-value adjusted by Benjamini-Hochberg method; Pval: Estimated p-value.
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Table 2. Differentially methylated regions in mothers exposed versus unexposed to genocide (cont.).
DMR Chr Pval Padj log2err ES Sizet leadingEdge t-value p-value

CDKL5 X 0.0007 0.0300 0.4773 -0.6665 14 ¢g20281601, cg10404653, cg14755341,  2.160 0.040
925550082, cg04716051, cg07519908,
€g26020914, cg06408185, cg02939364

CACNB2 10 0.0007 0.0300 0.4773 -0.7997 8 €g25327888, cg14094927, cg02635932,  2.568 0.016
¢g18959207, cg16108246, cg22858500

AKR7L 1 0.0010 0.0368 0.4773 0.8153 7 cg13935437, 18202521, cg12798157,  -2.316 0.028
920677058, cg11376198, cg09990584,
¢g09045262

FMOD 1 0.0010 0.0368 0.4551 -0.7735 9 cg11914824, cg01739509, cg16289210,  0.975 0.338

€g26987645, cg21089380, cg11897689,
€g27387030, cg22705746

PCDHB7 5 0.0011 0.0368 0.4551 -0.8631 6 925026992, cg03780733, cg16583552,  3.222 0.004
¢g03022653, cg19520087

TMEM100 17 0.0013 0.0439 0.4551 0.8841 5 cg18040354, cg19403377, cg06441396,  -3.590 0.002
908762247, cg01155092

ATP6AP2 X 0.0016 0.0486 0.4551 -0.8333 7 918105467, cg18679504, cg11014998,  2.251 0.032
€g19200045, cg10347293, cg07381502

PRDMS8 4 0.0017 0.0487 0.4551 -0.7567 9 ¢g18073471, cg05059566, cg06307913,  2.096 0.045
€g22902505, cg00138041

SLC35A2 X 0.0017 0.0487 0.4551 -0.6370 14 906505213, cg02856792, cg13651586,  2.604 0.014

¢cg10530128, cg14132995, cg01488378,
€g23709838, cg27429230, cg07989438

RGAG4 X 0.0018 0.0487 0.4551 -0.7227 10 ¢g03679269, cg04210573, cg00374346,  1.545 0.135
924569746, cg10482495, cg12905598,
¢g01997410, cg06796204, cg04072009,
cg03056321

TNumber of CpGs associated with the feature (gene).

fIf p-values were likely overestimated, log2err is set to NA.

The p-value indicates the difference in mean methylation; the t-value indicates the ratio of the difference between the mean methylation of the samples (exposed vs unexposed mothers)
of significant CpGs shown in leadingEdge column.

DMRs are sorted by p-values.

Chr: Chromosome; DMR: Differentially methylated region; ES: Enrichment score; leadingEdge: Leading edge CpGs which drive the enrichment for DMR; log2err: Expected error for the
standard deviation of the p-value logarithm; NA: Not available; Padj: p-value adjusted by Benjamini-Hochberg method; Pval: Estimated p-value.

BCOR | PRDM8 || VWDE

Maternal methylation—4 0.15 0.02 0.03 0.21 0.63 0.36 0.25 0.47 0.5

Maternal age—4 0.1 0.03 0.07 04 0.27 042 0.35 0.33 0.37

In utero genocide exposure | 0.02 0.09 0.61 0.61 0.69

Child sex-{ 0.38 0.11

o
o
=

0.12 0 0.02 0.02

€g15627188
€g02931660 —
¢g02932805 —
cg18073471
cg05059566 —
cg06307913
cg03579179 —
€g06484146 —
€g20607287 —

Figure 1. Selection probabilities of child sex, in utero genocide exposure, maternal age and maternal DNA
methylation for the top three highly enriched differentially methylated region-related CpGs highly associated with
in utero genocide exposure. The colors represent the strength of the selection probability.
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Table 3. Differentially methylated regions in children exposed versus unexposed to genocide.

DMR Chr Pval Padj log2err ES Sizet leadingEdge t-value p-value

TMEM204 16 1E-10 6.6E-08 NAT -0.9718 12 906602086, cg27594616, cg26390081,  1.900 0.082
907639376, cg08296037, cg02193187,

900463982, cg10465839, cg11375102,
¢g07341220, cg06565913, cg10698762

LDHC 11 1.7E-08 5.5E-06 0.73376 0.9440 10 cg08418111, cg14332815, cg21471707,  -3.851 0.001
¢g19767548, cg14259717, cg11821245,
907398106, cg07093428, cg09332484

FGFR2 10 9.7E-08 2.1E-05 0.70498 -0.9543 8 902210151, cg25052156, cg18566515,  2.313 0.030
€g22633036, cg13437682, cg11430259,
906791446, cg10379346

VWDE 7 3.2E-06 0.0005 0.62726 -0.9719 5 ¢g03579179, cg19397885, cg06484146,  4.330 4.47E-04
920607287

HOXA4 7 3.5E-06 0.0005 0.62726 -0.9449 7 925952581, cg03724423, cg24169822,  2.112 0.046
919142026, cg14359292, cg07317062,
908657492

PRDMS8 4 8.8E-06 0.0010 0.59333 -0.9062 9 ¢g05059566, cg27111250, cg10129063,  2.550 0.021
919409579, cg18073471, cg06307913,
€g22902505

PM20D1 1 1.0E-05 0.0010 0.59333 0.8675 11 cg07157834, cg16334093, cg05841700, -1.372 0.191
€g11965913, ¢g26354017, cg07533224,
€g24503407, cg14159672, cg12898220,
907167872, cg14893161

HOXAS5 7 1.7E-05 0.0014 0.57561 -0.8506 13 cg19759481, cg04863892, cg14014955,  1.823 0.089
¢g09207400, cg02916332, cg17569124,
€g25307665, cg23936031, cg17432857,
¢g02005600, cg09549073

CPT1B 22 0.0001 0.0085 0.53843 0.8461 10 cg16386697, cg10770023, cg01081346,  -1.540 0.137
919112186, cg05156901, cg06530441,
€g27502912, cg24363820, cg00270625,
cg08260245

C21orf56 21 0.0003 0.0181 0.49849 0.8722 8 cg08742575, cg12016809, cg25545878,  -1.917 0.073
907747299, cg13012494, cg13732083,
905896524

ZEB2 2 0.0003 0.0181 0.49849 0.9071 6 905322294, cg00573770, cg24488281,  -2.227 0.040
900602811, cg16267679

MIR886 5 0.0003 0.0181 0.49849 0.8946 7 cg08745965, cg18678645, cg18797653,  -1.534 0.139
¢g00124993, cg26896946, cg25340688,
cg06536614

HOXA2 7 0.0004 0.0225 0.49849 -0.8531 8 ¢g09871315, ¢g02225599, cg06166490, 1.494 0.151
904027736, cg06401979, cg00445443,
¢g09908750, cg19432993

BCOR X 0.0005 0.0257 0.47727 -0.4826 62 915627188, cg15887754, cg05026884,  2.519 0.019
902932805, cg15039826, cg01321830,
900206414, cg18744436, cg23496314,
920848269, cg01110765, cg24450656,
¢g20197861, cg12775788, cg05721877,
904924962, cg12045126, cg25300435,
912737514, cg21180513

PIWIL1 12 0.0006 0.0267 0.47727 0.8839 7 €g24838063, cg13861644, cg11931211,  -1.495 0.153
cg18319102, cg24229701, cg27630820,
919424457

ABAT 16 0.0011 0.0432 0.45506 0.9132 5 cg16586594, cg08834902, cg08241330,  -2.363 0.031
cg01881182

TNumber of CpGs associated with the feature (gene).

fIf p-values were likely overestimated, log2err is set to NA.

The p-value indicates the difference in mean methylation; the t-value indicates the ratio of the difference between the mean methylation of the samples (exposed vs unexposed mothers)
of significant CpGs shown in leadingEdge column.

DMRs are sorted by p-values.

Chr: Chromosome; DMR: Differentially methylated region; ES: Enrichment score; leadingEdge: Leading edge CpGs which drive the enrichment for DMR; log2err: Expected error for the
standard deviation of the p-value logarithm; NA: Not available; Padj: p-value adjusted by Benjamini-Hochberg method; Pval: Estimated p-value.
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Figure 2. Post hoc comparison of averaged estimated marginal means of DNA methylation in children for the top
three enriched CpG sites of differentially methylated regions associated with in utero genocide exposure by case
and control groups. The post hoc pairwise comparison plot shows that mean child methylation estimates are higher in
in utero genocide exposure cases. The standard errors calculated here are for visualization purposes and are only
based on an assessment of the variance of the estimates.

*Top three highly enriched CpGs of each DMR: BCOR = cg15627188, cg02931660, cg02932805; PRDM8 = cg18073471,
¢g05059566, cg06307913; VWDE = cg03579179, cg06484146, cg20607287.

DMR: Differentially methylated region.

were higher in those exposed to genocide.

In the previous candidate gene study based on this sample, we performed a targeted analysis of NR3CI using
pyrosequencing to assess DNA methylation levels in genocide exposed versus unexposed participants [37]. To test
potential correspondence of findings in this study, we conducted an exploratory targeted DMR analysis of NR3C1
in our current EWAS data. Results showed significant differences (adjusted p = 0.026) in this locus between
genocide-exposed compared with unexposed study participants (which were a subset of the original participants
in the original targeted pyrosequencing study). However, NR3CI was not a significant DMR in our epigenome-
scale DMR analysis when considering either the top 5% most variable probes as reported in this work or when
considering all the probes together. Finally, the association between Age AccelerationDiff and genocide exposure
was not statistically significant in children (t = 0.693, p = 0.497) and mothers (t = -0.096, p = 0.9250). In addition,
the AgeAccelerationDiff was not significantly associated with genocide exposure in children and mothers together

(t=-0.658, p = 0.514).

Discussion

Although previous studies [44-46] have analyzed the impact of the Rwandan genocide against ethnic Tutsi in relation to
PTSD and some have shown evidence of transmission of the disorder between generations [24,44], it remains unclear
whether exposure to extreme trauma can pass from mothers to offspring prenatally. In particular, understanding of
the epigenetic mechanisms that show evidence of intergenerational transmission on a genome-wide scale remains
poorly elucidated. This study generated new epigenomic data from a previously published study [23] to begin to
address this gap in knowledge. Specifically, we examined blood-derived DNAm from mothers who were exposed
to the genocide against the Tutsi in Rwanda during their pregnancy and a control group of pregnant mothers
who were not exposed to genocide to characterize within-generation and potential intergenerational transmission
of epigenetic effects of genocide exposure. First, we tested for an association between genocide exposure and
methylation levels in promoter regions via DMR analyses to understand within-generation impact of genocide
exposure and found significant differences between exposed versus unexposed in both mothers (24 DMRs) and
children (16 DMRs). We then tested for intergenerational impact of genocide exposure and found that in utero
genocide exposure was associated with differential methylation, but not global DNAm, in the offspring in DMRs
(BCOR, PRDMS and VWDE), with evidence for higher methylation levels in those exposed to genocide. Further,
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Figure 3. t-test comparison of methylation (%) means between genocide-exposed versus unexposed children and
mothers, respectively. Blue represents lower mean methylation in unexposed individuals, and red represents higher
mean methylation in exposed individuals. Each dot represents an individual sample. Methylation (%) of significant
(p < 0.05) CpGs in the top two genes (BCOR, PRDMS) that are consistently significant in the differentially methylated
regions and intergenerational analysis is shown. There is a significant difference in methylation levels between
exposed versus unexposed subjects in both children and mothers (p < 0.05). Both CpGs (cg15627188, cg05059566)
showed higher methylation levels in those exposed to genocide.

no significant association was found between AgeAccelerationDiff and genocide exposure, possibly due to the small
sample size.

We performed DMR analyses to identify within-generation epigenomic differences associated with exposure to
genocide, focusing on differentially methylated promoter regions. Our within generation analyses identified 16
DMREs in children and 24 in mothers at FDR corrected p < 0.05. ARL5Cand PM20D1 in mothers, and TMEM204
and LDHC in children, were the top two DMRs in each within-generation analysis, respectively. ARL5C has been
associated with maternal depression during pregnancy [47], which increases the risk of adverse neurodevelopmental
outcomes in the offspring [48,49). A longitudinal study associated changes in DNAm in PM20D1 with traumatic
stress and PTSD symptoms (501. LDHC was previously identified as DMR associated with PTSD (51]. These results
suggest that the DMRs identified through our within-generation analyses are relevant to our primary exposure of
interest in this study — genocide exposure — and may play a role in shaping mental health after exposure to this
extreme traumatic stressor.

There were six DMRs (BCOR, FGFR2, HOXA5, PM20D1, VWDE and PRDM8) common to both mothers and
children. BCOR plays a key role in early embryonic development [52] and has been associated with many diseases,
including cancer, developmental delay and cutaneous syndrome [53-55. Dysregulation in FGFR2 has been associated
with major depressive disorder (MDD) (56,571, bipolar disorder [58] and schizophrenia [59] and has been shown to be
associated with PTSD using gene set enrichment analysis [60]. Similarly, HOXA5 has been associated with MDD (1]
and PM20D1 with PTSD (50,621. Gene VWDE has been associated with intergenerational transmission of DNAm
from trauma-exposed fathers to their children (63] and a risk variant (rs10950398) in VWDE has been associated
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Figure 4. t-test comparison of methylation (%) means between genocide-exposed versus unexposed children and
mothers, respectively. Blue represents lower mean methylation in unexposed individuals, and red represents higher
mean methylation in exposed individuals. Each dot represents an individual sample. Methylation (%) of significant
CpGs in VWDE is shown. All three-top enriched CpGs (cg03579179, cg06484146, cg20607287) showed higher
methylation levels in those exposed to genocide at p < 0.05.

with MDD [64. PRDMS8 plays a significant role in neural development [65] and has been significantly associated
with maternal smoking during pregnancy [66]. Among the common DMRs between mothers and children, three
DMRs (BCOR, PRDM8 and VWDE) were further implicated in intergenerational analyses and showed higher
DNAm in genocide exposed versus unexposed offspring. The CpGs ¢g02931660 and cg02932805 related to
BCOR had the lowest selection probabilities for 772 utero genocide exposure. For these same CpGs, child sex in the
ridge regression models had a high estimated coefficient (e.g., greater than an absolute value of 1) [67] and had a
high selection probability (1t > 0.90). We assume this considerable effect of sex on the methylation levels of these
CpGs is due to BCOR being located on the X chromosome, thus introducing possible methylation differences
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due to X chromosome inactivation [46]. Our results also align with findings [¢8] indicating that sex was significant
in determining DNAm of X-linked BCOR CpGs and identified ¢g02931660 to be methylated in a sex-specific
manner.

Although our exploratory targeted DMR analysis of INR3C! showed suggestive methylation differences in
genocide exposed versus unexposed participants, we did not identify any DMRs in NR3CI in our genome-
scale analysis. These findings, which contrast somewhat with earlier work, is not unexpected given the divergent
approaches used in the prior versus current studies: prior work collected pyrosequencing data on a discrete set
of CpGs within NR3CI using a candidate gene approach, whereas the current work adopted a more agnostic,
genome-scale approach, beginning with a survey of CpGs across the genome using microarray technology and
then focusing on CpGs showing the highest variance in the current dataset. Nevertheless, as described earlier, the
DMRs identified in both mothers and children in the current work are associated with mental disorders, suggesting
that genocide exposure has an impact on mental health outcomes not only within generations but also across
generations. Moreover, given the consistently higher methylation levels in exposed mothers and children at these
intergenerationally implicated CpG sites, it is plausible that some of these effects may be mediated epigenetically.

It is well established that differential DNAm in the brain is associated with many psychiatric disorders (e.g. [69-711);
however, access to brain tissues is not always possible and is limited to postmortem samples. The use of peripheral
tissues such as blood and saliva has become common in identifying methylation changes associated with psychiatric
disease. A recent study [42 identified CpG sites highly correlated within individuals between peripheral tissues and
the brain. Of the three DMRs (BCOR, PRDMS8 and VWDE) that showed intergenerational impact of genocide
exposure, two (BCOR and VWDE) include CpGs that showed a significant correlation with the brain indicating
that these DMRs may have relevance to brain. These genomic sites may potentially serve as indicators of exposure
to extreme trauma iz utero that also influence offspring early development and help to predict the mental health
status of the offspring.

Strengths and limitations of the study

This is the first study showing initial insight into the impact of exposure to the Rwandan genocide against ethnic
Tutsi within and between generations with the concept of epigenetics on a genome scale. Findings from this study
highlight potential biomarkers of exposure to extreme trauma that have potential intergenerational impact and
relevance to brain function, highlighting a plausible link between genocide exposure and subsequent poor mental
health, both within and between generations. We recognize the key limitations of the study such as a small sample
size, which may limit the interpretation of the findings. In addition, we recognize the gaps of our study concerning
the comparability of our study group in relation to possible demographic contexts and differences in the details of
participants’ traumatic experiences, given that the findings of this study are based on the previous work that has
not been able to collect data on participant’s social behaviors, traumatic experiences and details on demographic
situation. However, the ongoing study in which we are currently recruiting more study participants (n = 450) will
bridge the reported gaps in this pilot study and hence provide clear evidence on intergenerational transmission of
trauma and PTSD and contribution of epigenetic mechanisms.

Conclusion

Odur study provides initial insight into the impact of exposure to the Rwandan genocide against ethnic Tutsi within
and between generations. Our results show that genocide exposure is associated with epigenetic modifications within
generations — that is, in both mothers and in children. In addition, a subset of the epigenetic modifications observed
in mothers shows a pattern consistent with potential intergenerational transmission of genocide-exposure-related
epigenetic signatures, with maternal genocide exposure during pregnancy associated with increased methylation
in offspring. Findings from this study highlight potential biomarkers of exposure to extreme trauma that have
potential intergenerational impact and relevance to brain function, highlighting a plausible link between genocide
exposure and subsequent poor mental health, both within and between generations.

Future perspective

Our results show that genocide exposure is associated with epigenetic modifications within generations. Our
ongoing work will add more value on the role of epigenetics in the transmission of trauma and its effects on
memory quality in genocide survivors. A subset of the epigenetic modifications observed in mothers shows a
pattern consistent with potential intergenerational transmission of genocide exposure-related epigenetic signatures.
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These results suggest that the DMRs identified within generations are relevant to our primary exposure of interest
in this study — genocide exposure — and may play a role in shaping mental health following exposure to this extreme
traumartic stressor.

Summary points

e This is the first study providing genome-scale insights into the impact of exposure to the Rwandan genocide
against ethnic Tutsi within and between generations in Rwanda context.

e In utero genocide exposure was associated with CpGs in three differently methylated regions DMRs with higher
DNA methylation in exposed versus unexposed offspring.

e CpGs in two of the three in utero-associated differently methylated regions (DMRs) showed significant
correlation between brain and blood methylation within individuals. This suggests peripherally derived signals of
genocide exposure may be relevant to the brain.

e Results suggest that the DMRs identified within generation are relevant to our primary exposure of interest in
this study — genocide exposure — and may play a role in shaping mental health after exposure to this extreme
traumatic stressor.
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