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Intergenerational trauma is associated with expression
alterations in glucocorticoid- and immune-related genes
Nikolaos P. Daskalakis 1,2,3, Changxin Xu3,4, Heather N. Bader3,4, Chris Chatzinakos1,2, Peter Weber5, Iouri Makotkine3,4, Amy Lehrner3,4,
Linda M. Bierer3,4, Elisabeth B. Binder 5,6 and Rachel Yehuda3,4

Offspring of trauma survivors are more likely to develop PTSD, mood, and anxiety disorders and demonstrate endocrine and
molecular alterations compared to controls. This study reports the association between parental Holocaust exposure and genome-
wide gene expression in peripheral blood mononuclear cells (PBMC) from 77 Holocaust survivor offspring and 15 comparison
subjects. Forty-two differentially expressed genes (DEGs) were identified in association with parental Holocaust exposure (FDR-
adjusted p < 0.05); most of these genes were downregulated and co-expressed in a gene network related to immune cell functions.
When both parental Holocaust exposure and maternal age at Holocaust exposure shared DEGs, fold changes were in the opposite
direction. Similarly, fold changes of shared DEGs associated with maternal PTSD and paternal PTSD were in opposite directions,
while fold changes of shared DEGs associated with both maternal and paternal Holocaust exposure or associated with both
maternal and paternal age at Holocaust exposure were in the same direction. Moreover, the DEGs associated with parental
Holocaust exposure were enriched for glucocorticoid-regulated genes and immune pathways with some of these genes mediating
the effects of parental Holocaust exposure on C-reactive protein. The top gene across all analyses was MMP8, encoding the matrix
metalloproteinase 8, which is a regulator of innate immunity. To conclude, this study identified a set of glucocorticoid and immune-
related genes in association with parental Holocaust exposure with differential effects based on parental exposure-related factors.

Neuropsychopharmacology (2021) 46:763–773; https://doi.org/10.1038/s41386-020-00900-8

INTRODUCTION
Parental traumatic exposures can affect physical and mental
health of offspring [1–4]. Adult offspring of Holocaust survivors
were shown to have more symptoms of anxiety, depression and
PTSD than demographically-similar offspring of Jewish parents
who were not exposed to the Holocaust [2, 5]. Similar associations
were described in studies of Cambodian [3] and Rwandan [4]
genocides. Studies on candidate biological systems have revealed
alterations in basal cortisol excretion [6], pituitary and leukocyte
glucocorticoid (GC) sensitivity [7], and GC metabolism [8] of
offspring, many of which are similar to those associated with
trauma survivors with PTSD, mood and anxiety disorders [9]. These
studies have underscored the importance of parental symptoms,
sex, and age at exposure, as well as offspring sex, experiences and
symptoms as potential contributors to the presence and direction
of dysregulated biological findings observed in offspring [1].
Studies examining the putative molecular basis of the strong GC-

related signals observed in association with parental trauma
exposure, have focused on epigenetic alterations of stress related
genes in blood. Differences in DNA methylation (DNAm) in an
intronic region of the FK506 binding protein 51 gene (FKBP5) have
been associated with parental Holocaust exposure [10] and maternal
age at Holocaust exposure [11], while DNAm changes in a promoter
of the GC receptor (GR) gene were in opposite directions for

offspring with maternal vs. paternal PTSD [12]. These epigenetic
studies in targeted genes suggest that genes might be altered
downstream, and it is appropriate to follow-up with genome-wide
investigations of gene expression to determine pathways involved.
In this study, genome-wide gene expression was examined in

peripheral blood mononuclear cells (PBMC), collected from
Holocaust survivor offspring and comparison subjects, to deter-
mine whether differentially expressed genes (DEGs) in association
with parental Holocaust exposure could be identified. In addition,
in view of previous data in this cohort suggesting differential
effects for biological markers based on parental exposure, and
parental exposure related factors (sex, symptoms, and age at
exposure of the exposed parent), these factors were investigated
as potential contributors. Finally, the identified signatures were
tested to determine the extent to which they mediated the effects
of parental Holocaust exposure on functional measures of GC
signaling, inflammation, and metabolism.

METHODS
Clinical data collection
Participants. Blood samples from 96 participants (79 Holocaust
offspring, 17 controls) who completed blood sampling procedures
for the previous study [7, 12] were available for further investigation.
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The original study was designed to examine endocrine and
molecular correlates of parental PTSD in five groups (Holocaust
offspring with and without maternal and/or paternal PTSD, and
comparison subjects). The study was approved by the institutional
review boards of the James J. Peters Veterans Affairs Medical Center
and Icahn School of Medicine at Mount Sinai; all participants
provided written, informed consent.

Participants characteristics. Holocaust offspring were conceived
after parental Holocaust-related exposure(s), and parents of Jewish
controls were living in North America during the Holocaust, as
previously described [7, 12]. Axis I diagnoses were determined by
clinical psychologists using the Structured Clinical Interview for the
DSM-IV as previously described [13]. Participants also completed
measures to assess relevant psychiatric symptoms and early life
experiences, including the Beck Depression Inventory (BDI) [14], the
Spielberger State Trait Anxiety Inventory (STAI) [15], and the
Childhood Trauma Questionnaire [16]. Maternal PTSD (M-PTSD)
and paternal PTSD (F-PTSD) were determined by consensus of at
least three clinicians based on the Parental PTSD Questionnaire [17],
initially completed by the offspring, and reviewed in a semi-
structured interview regarding parental symptoms.

Primary data generation
Peripheral blood mononuclear cells (PBMCs) isolation and RNA
extraction. Morning (8 a.m.) blood samples were collected. Differ-
ential white blood cell count were determined by CLIA-certified lab.
In addition, PBMCs were purified from EDTA-pretreated blood and
RNA, from Trizol-dissolved PBMCs, was extracted using RNeasy Mini
Kits (Qiagen) to isolate total RNA. RNA concentration was
determined using a ND-1000 spectrophotometer (NanoDrop
Technologies). The purity and quality of the extracted total RNA
were evaluated using the RNA 6000 Nano LabChip kit and 2100
Bioanalyzer (Agilent Technologies). Samples had high RNA quality
with a mean RNA integrity number (RIN) of 9.37 ± 0.56 (SD).

Illumina cDNA microarrays. 250 ng total RNA were used for
amplification. Amplification was done with Illumina TotalPrep™-96
RNA Amplification Kit; Ambion Catalog Number 4393543. Microarray
Hybridization: Illumina Beadchips Human12v4 have been used as
microarrays following the manufacturer’s protocol (11322355 Rev. A).
Microarrays were scanned with a BeadArray Ieader (Illumina). Scan
configuration had a scan factor of 1 and active outlier detection (on
bead level). The resulting BeadSummary data from the scanner are
provided as idat files. Conversion into txt files was done in Genome
Studio without imputing missing BeadTypes, without normalization
and without background subtraction on probe level. The used chips
have 12 samples per chip. All amplification reactions and chips were
processed in parallel at the same time. All array probes were
subjected to quality control (QC). The Illumina Bead Array Reader was
used to scan the microarrays and summarized raw probe intensities
were exported using Illumina’s GenomeStudio v2011.1 Gene Expres-
sion module.

Real-time PCR (RT-PCR). RT-PCR was used for determination of
FKBP51 (FKBP5 gene) expression, as previously described [12]. The
primers and probes are described in Supplementary Table S1 [excel
file]. A TaqMan RT-PCR assay was used for determining MMP8
expression ordered by Thermo Fisher Scientific (Primer ID:
Hs01029061) with GAPDH as the reference gene. Data analysis
was performed using qBase v2.5 (Biogazelle NV, Belgium). RT-PCR-
based quantifications were compared with microarray-based
quantifications.

Functional measures. PBMC functional measures of GC signaling
in this cohort have been previously described [7, 10, 12] and
included (i) 8 a.m. basal plasma cortisol, (ii) lysozyme suppres-
sion test, an in vitro measure of sensitivity to DEX in PBMCs

(“IC50-DEX
”), (iii) number of methylated cytosine methylation sites

at NR3C1 exon 1F promoter, and (iv) cytosine methylation at the
sites of the FKBP5 intron 7 GC binding sequence. Plasma C-
reactive protein (CRP) levels, obtained by a CLIA-certified lab
were used as functional measures of inflammation. Plasma
functional measures of metabolism included alkaline phospha-
tase (ALP), total cholesterol, free thyroxine, gamma-glutamyl
transferase, glucose, HDL cholesterol, hemoglobin A1c, insulin,
LDL cholesterol (calculated), thyroid stimulating hormone,
triglycerides (TG), triiodothyronine (T3), and were obtained by
a CLIA-certified lab.

Data analyses
cDNA microarray data preanalysis processing. Each transcript was
transformed and normalized through variance stabilization and
normalization [18]. Technical batches and effects of RIN were
adjusted using Supervised Normalization of Microarray [19]. No
significant surrogate variable could be identified suggesting that
most of the confounding effects were captured by the known batch
effects. Probes were annotated using Reannotator [20] according to
their probe sequence. 47,323 raw probes were included in the array.
34,674 probes were mapped to 20,413 unique HGNC gene symbols
from which we kept the 20,413 probes with the highest average
expression per symbol [21]. Genes RPS4Y1 and XIST (i.e., genes on
the Y and X chromosomes, respectively) were used for sex
determination based on expression data [22]. Two offspring samples
failed this QC sex-check step leaving 94 samples for downstream
gene expression analyses. Before differential expression analysis, a
detection filtering was applied to exclude genes with very low
expression: gene symbols without any sample with detection p
value < 0.05 were excluded; 17,057 out of 20,413 gene symbols
(83.56%) passed that threshold.
Differential gene expression was evaluated using the limma

package [23] and included:
a. Across all samples (n= 92), the analysis sought to detect

relationships between parental Holocaust exposure and gene
expression levels. For this analysis we used the following
covariates: (i) age and sex, which have wide-spread effects in
PBMC gene expression patterns [24, 25]; (ii) mean arterial
pressure as an indicator of autonomic state at the time of blood
collection [26], which can have wide effects in PBMC functions
[27]; (iii) STAI-state and BDI total scores to control for current
anxiety and depression symptom severity, respectively, which
can influence peripheral gene expression [28]; (iv) the ratio of
lymphocytes to monocytes was calculated (PBMC-ratio) as a
proxy of PBMC cell type since PBMC composition may affect
estimates of gene expression [29]. The use of these covariates
necessitated the removal of two subjects leaving n= 92 samples
for the final analyses (with the relevant demographic/clinical data
in Supplementary Table S2A [excel file]). We used the default
multiple testing correction of p values in limma, which is
Benjamini Hochberg’s False Discovery Rate (FDR). Additional
covariates (related to alcohol use, childhood trauma, smoking,
and weight) were evaluated to investigate their influence on the
results. Since these results revealed almost identical results and
the use of all these additional covariates will reduce further our
sample size (i.e., these additional covariates were not available
for all 92 subjects), we retained the smaller list of covariates.
b. Within Holocaust offspring (n= 77), using the same five

covariates of the main analysis, exploratory analyses were
performed to investigate the effects of:

(i) maternal Holocaust exposure, controlling additionally for
paternal Holocaust exposure (with the relevant demographic/
clinical data in Supplementary Table S2B [excel file]);

(ii) paternal Holocaust exposure, controlling additionally for
maternal Holocaust exposure (with the relevant demo-
graphic/clinical data in Supplementary Table S2C [excel file]);
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(iii) childhood trauma, as accessed by CTQ total score (with the
relevant demographic/clinical data and CTQ total score
histogram in Supplementary Table S2D [excel file]).

c. In offspring with maternal Holocaust exposure (n= 66), using
the same five covariates of the main analysis, we additionally
explored the effects of:

(i) maternal PTSD, controlling additionally for paternal Holo-
caust exposure and PTSD (with the relevant demographic/
clinical data in Supplementary Table S2E [excel file]).

(ii) maternal age at Holocaust exposure (as continuous
variable), controlling additionally for paternal Holocaust
exposure (with the relevant demographic/clinical data and
the histogram of maternal age at Holocaust exposure in
Supplementary Table S2F [excel file]).

d. In offspring with paternal Holocaust exposure (n= 68), using
the same five covariates of the main analysis, we explored the
effects of:

(i) paternal PTSD, controlling additionally for maternal Holo-
caust exposure and PTSD (with the relevant demographic/
clinical data in Supplementary Table S2G [excel file]).”

(ii) paternal age at Holocaust exposure, controlling additionally
for maternal Holocaust exposure (with the relevant demo-
graphic/clinical data and the histogram of paternal age at
Holocaust exposure in Supplementary Table S2H [excel file]).

We also conducted differential gene expression analyses using a
nonparametric statistics method, Significance Analysis of Micro-
arrays (SAM) [30]. We performed SAM for all the above primary
and secondary outcomes in order to compare the agreement with
the results coming from limma. SAM results output included SAM
score d, an FDR-based q value, and fold change.

Comparisons of differential gene expression results. To compare
results from different genome-wide analyses, we calculated
Spearman rank correlations (rho) of the fold-changes (FC). Rank-
rank hypergeometric overlap (RRHO) analyses were also per-
formed to identify significant overlap of differential expression
lists between pairs of results by determining the degree of
statistical enrichment using the hypergeometric distribution [31].

Weighted gene co-expression network analysis (WGCNA). It was of
interest to identify gene co-expression networks associated with
parental Holocaust exposure because gene expression alterations are
often coordinated [32]. WGCNA was used [33] to build unsigned co-
expression networks (modules) for the 77 Holocaust offspring
samples. We used only the offspring samples so that our modules
are not affected by differential gene expression between Holocaust
offspring and controls. We used the default parameter settings for
unsigned networks (such as, 20 as the minimum module size,
Pearson correlation and soft-thresholding power of 6). Once modules
were identified, singular value decomposition of each module’s
expression matrix was performed for 94 subjects, not only for the
Holocaust offspring. The resulting module eigengene (ME), equivalent
to the first principal component, was used to represent the overall
expression profiles for each module. MEs were analyzed with limma
as described above to identify differentially expressed modules.
Preservation was also investigated to determine whether the

network properties of networks/modules constructed in Holo-
caust offspring are maintained in comparison subjects’ samples.
The WGCNA modulePreservation function calculated the module
preservation statistics between two datasets: the reference
dataset (i.e., Holocaust offspring) and the test dataset (compar-
ison subjects). The key outcome of the above function is the
Zsummary score per module ðZsummary ¼ ZconnectivityþZdensity

2 Þ [34], where
Zconnectivity is the median between the three connectivity based

statistics Zcor:kIM; Zcor:kME ; Zcor:corð Þ and Zdensity is the median
between the four density preservation statistics
ZmeanCor ; ZmeanAdj; ZpropVarExpl ; ZmeanKME
� �

. The resulting score is
judged according to three possible scenarios: (i) if Zsummary > 10
there is strong evidence that the module is preserved, (ii) if 2 <
Zsummary < 10 there is weak/moderate evidence of preservation,
and (iii) if Zsummary < 2, there is no evidence that the module is
preserved.
In order to calculate the genes with the highest connectivity

per module we first computed the module adjacency matrix,
which is the correlation matrix between every pair of genes
belonging to the module, raised to power of 2 (default). Then, the
r2 corresponding to each gene were summed, and all the genes
were ordered based on their summation. Genes with high
summation were considered top-connected, while the one with
the highest is the hub gene [34].
Gene set enrichment analysis (GSEA) [35] implementation in R [36],

fgsea, was used to test concordance of differential gene expression
analyses results with 17,815 gene expression signatures (i.e., gene
sets) from: (i) curated gene sets available in Molecular Signatures
Database (MSigDB, datasets: http://software.broadinstitute.org/gsea/
msigdb); (ii) microarray-based gene expression measured in whole
blood before and 3 h after per os 1.5mg dexamethasone (DEX)
administration (N= 160) [37]; (iii) RNA sequencing-based expression
measured in PBMCs after in vitro culture for 6 h at 0 nM, 2.5, 5, and
50 nM DEX in ten PTSD and ten control subjects [38].
GSEA estimates the enrichment for a gene set of an input gene

list, ranked based on differential gene expression, against the
enrichments for the same gene set of permuted gene lists of the
same size as the input gene list. The default number of permutations
is 1000, but to increase robustness of results 10,000 permutations
were performed. Furthermore, GSEA is also conducting an FDR
adjustment of the permutation-based p value to control for the
number of the different gene sets tested for enrichment.
For the curation of the extra gene sets from the two DEX-

stimulation datasets [37, 38], we took into account the GSEA
developers’ recommendation that the permutation test and
enrichment score normalization is not very accurate for extremely
small or extremely large gene sets; (the recommended maximum for
an input gene list of 10,000 to 20,000 genes is 500 genes per gene
set). For both datasets we first used a threshold of FDR-adjusted p
value < 0.05 and then we selected the top 500 ranked genes based
on the GSEA ranking metric that is the product of the sign of the
‘direction’ in the expression FC and the p value.
Upstream regulator analysis (URA) [39] was performed as described

previously [40] on genes with absolute log2FC >0.1 and p value <
0.05. Criteria for detecting the activity of an upstream regulator
were: (i) absolute bias-corrected z-score more or equal to 1.0; (ii)
enrichment FDR-adjusted p value < 0.05.
Mediation analyses was conducted for blood functional measures

with primary parental Holocaust exposure effects. A model-based
mediation was performed using the mediation package in R [41], to
quantify the possible mediation effect of (i) Holocaust-associated
gene expression on the relationship between parental Holocaust
exposure and functional markers; or (ii) Holocaust-associated
functional markers on the relationship between parental Holocaust
exposure and gene expression. To estimate these mediation effects,
we estimated three regression equations. In these linear models, Y is
the outcome of interest, X is the exposure and M is the mediator,
where E(Y) and E(M) are the mean or expected value of Y and M,
respectively [42, 43]: E Yð Þ ¼ b0 þ cX þ covariates eq1ð Þ; EðMÞ ¼ b00 þ
aXþ covariatesðeq2Þ; and E Yð Þ ¼ b0o0 þ c0X þ bMþ covariatesðeq3Þ.
axb is the indirect (mediation effect), c′ is the direct effect and c is the
total effect (also we can define c as c= axb+ c′). In the event that
both estimations of c (eq1) and a (eq2) were significant, we checked
compared the direct effect of X on Y (controlling for M) (c′ in eq3)
with the total effect of X on Y (c in eq1). A bootstrapping method
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(10000 iterations) for eq2 and eq3 was used to estimate the
significance of the mediation effect. We also used the Sobel test as an
alternative method for testing the significance of mediation [44]. Both
Sobel method and bootstrapping method had similar results, and we
used the minimum p-value between the two tests to prioritize
mediation results. A common metric to represent the mediation
effect is the mediated proportion (MP), defined as the ratio between
a(eq2) x b(eq3) and c (eq1) [45]. Note that, in order for the
coefficients to be comparable, we rescaled the Ys and Ms with the
min-max normalization method: x0 ¼ xi�minX

max Xð Þ�minðXÞ; the X was
already 0.1.

RESULTS
Differential gene expression signature of parental Holocaust
exposure
There were 42 FDR-significant DEGs in association with parental
Holocaust exposure, controlling for offspring’s age, sex, mean
arterial pressure, state anxiety and depression severity, and PBMC-
type. Figure 1A depicts the respective Volcano plot (p values by
fold changes), Table 1A contains the FDR-significant DEGs and
Supplementary Table S3A [excel file] contains the full list of DEGs.
Most of the FDR-significant DEGs were downregulated (36 out
of 42) in the Holocaust offspring group. Adding as additional

Fig. 1 Differential gene expression associated with parental Holocaust exposure. A Volcano plot illustrating the relationship of p value with
fold changes (log2FC) of the differential expression results by parental Holocaust exposure. Blue indicates downregulation, while red indicates
upregulation. Bright colors indicate genes with adjusted p value < 0.05. The top ten genes with the lowest p values have been named.
B Spearman correlations and C rank-rank hypergeometric overlap (RRHO) of differential gene expression fold-changes (log2FC) based on
maternal and paternal Holocaust exposure (“M Hol” and “F Hol”, respectively), childhood trauma (“CTQ tot”), maternal and paternal PTSD
(“M-PTSD” and “F-PTSD”, respectively), and maternal and paternal age at Holocaust exposure (“M Hol Age” and “F Hol Age”, respectively) with
log2FC based on parental Holocaust exposure (“Hol”). D Spearman correlation of log2FC from the differential expression analyses based on Hol
vs. M Hol Age for genes nominally significant genes in both analyses. Genes with log2FC > 1 SD in both analyses are named.
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covariates alcohol use, BMI, childhood trauma (i.e., CTQ total score)
or current smoking resulted in very similar effect sizes (rho of
FCs > 0.94).
We used the same RNA used for the microarrays for technical

validation of FKBP5 gene expression by RT-PCR. RT-PCR based FKBP5
expression was positive correlated with the respective microarray-
based signal (r= 0.55; Supplementary Fig. S1a). To assess the
strength of this positive correlation, RT-PCR based FKBP5 values were
correlated with the microarray-based signals of all the other 17506
genes and revealed as expected that the FKBP5-to-FKBP5 correlation
was the highest, corresponding to a permutation-based p value=
5.86e−05 (Supplementary Fig. S1b).

Additional differential gene expression signatures
Exploratory analyses were conducted within Holocaust offspring to
detect additional effects of Holocaust exposure (Supplementary
Table S3B [excel file] and Supplementary Table S3C [excel file],
respectively), childhood trauma (Supplementary Table S3D [excel
file]), maternal PTSD and age at Holocaust exposure (Supplemen-
tary Table S3E [excel file] and Supplementary Table S3F [excel file],
respectively), and paternal PTSD and age at Holocaust exposure
(Supplementary Table S3G [excel file] and Supplementary Table
S3H [excel file], respectively). The seven Volcano plots can be
found in Supplementary Fig. S2 in the same order. Significant
interrelationships were observed (Supplementary Fig. S3). Spear-
man rank correlation (Fig. 1B) and RRHO overlap analyses (Fig. 1C)
revealed a small degree of relationship with the main analysis,
based on Holocaust exposure; the highest correlation was
observed for maternal age at Holocaust exposure (rho=−0.10
—rrho r=−0.11). This correlation was driven by 11 genes (out of
the 73 nominally significant in both analyses) with the larger effect
sizes, which were named in Fig. 1D and included four FDR-
significant DEGs (downregulated by parental Holocaust exposure).
For both maternal and paternal Holocaust exposure analyses,

the strongest correlation and overlap were between each other
(rho= 0.21—rrho r= 0.23), driven by 18 genes (out of 88
nominally significant in both analyses—Fig. 2A). For both maternal
and paternal PTSD analyses the strongest correlation and overlap
were between each other and it was in the opposite direction (rho
=−0.29—rrho r=−0.30), driven by ten genes (out of 66
nominally significant in both analyses—Fig. 2B). For both maternal
age and paternal age at Holocaust exposure age the strongest
correlation and overlap were between each other (rho= 0.66—
rrho r= 0.67), driven by 41 genes (out of 202 nominally significant
in both analyses—Fig. 2C). Finally, for CTQ total score analysis
showed the strongest correlation and overlap with paternal PTSD
(rho= 0.21—rrho r= 0.21), driven by nine genes (out of 23
nominally significant in both analyses—Fig. 2D).

SAM analysis
The nonparametric statistics-based analysis produced almost
identical results for the main (rho of FCs and statistics= 0.99.
Supplementary Fig. S4a, b, respectively) and additional analyses
(rhos > 0.95). For parental Holocaust exposure, FDR-significant
genes in both analyses were 35, while seven genes were
significant only in limma analysis and seven genes only in SAM
(Supplementary Fig. S4c).

Gene co-expression network analysis
WGCNA detected 8019 co-expressed genes that were part of 52
gene co-expression modules (Supplementary Fig. S5a, b, Supple-
mentary Table S4A [excel file]). Preservation analysis revealed that
most modules were well preserved between the two groups
(Supplementary Fig. S5c, d), confirming our strategy to construct
the co-expression network using only the Holocaust offspring
samples. Only one module (named by WGCNA as Chocolate) had
eigengene that significantly differed between Holocaust survivor
offspring and comparison subjects (Table 1B, SupplementaryTa
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Table S5B [excel file]), while this module was preserved in both
groups (Zsummary= 30.34). Importantly, this Holocaust-associated
module contained 65 genes, including 32 out of the 42 DEGs
described above (76.2%), and was enriched for immune response
gene ontologies (GO) (Supplementary Table S4C [excel file];
Bonferroni-adjusted p < e−4). The hub gene of Chocolate module
was LCN2 (Table 1, Supplementary Table S4D [excel file];
Supplementary Fig. S6).

Enrichment analyses
GSEA of DEGs associated with parental Holocaust exposure for
17,815 gene sets (Supplementary Table S5A [excel file]) revealed
the strongest enrichment signal for a gene set (Fig. 3A) derived
from peripheral blood containing the genes upregulated 3 h after
a per os administration of DEX [37]. The GC signature was
negatively enriched in Holocaust vs. control samples, as indicated
by the negative normalized enrichment score (NES, Fig. 3B). In
addition, when focusing on the genes affected by both parental
Holocaust exposure and maternal age at Holocaust exposure in
the opposite direction (Supplementary Table S5B [excel file],
Fig. 3C), the top gene set was a negative enrichment of the GO
immune response gene set in Holocaust offspring (vs. controls) and
offspring with younger (vs. older) maternal age at Holocaust
exposure. Gene sets enriched in other correlated gene signatures
can be found in Supplementary Table S5C–F [excel file]).
Moreover, URA of the parental Holocaust DEG signature

predicted molecules and chemicals as upstream regulators
(Supplementary Table S6 [excel file]). The top-10 predicted

regulators: Dexamethasone (DEX, activity direction: ↓, enrichment
FDR-adjusted p value: 2.21e-12), Myocardin-related transcription
factor A and B (MRTFA and MRTFB, ↑, 8.06E-10 and 1.93e-09,
respectively), lipopolysaccharide (LPS, ↓, 4.98e-09), GATA-binding
factor 2 (GATA2, ↓, 2.48e-08), Colony Stimulating Factor 3 (CSF3, ↓,
1.08e-07), CCAAT enhancer binding protein alpha and epsilon
(CEBPA and CEBPE, ↓, 1.06e-07 and 1.54e-07, respectively), Serum
Response Factor (SRF, ↑, 3.24e-07), and Interleukin 6 (IL6, ↓ 1.69e-
06). The URA enrichment for DEX-regulated transcripts came from
an unbiased approach and was driven by 45 genes, which
included 13 FDR-significant DEGs (all downregulated). The
direction of this effect was in line with low GC tone.

Relationship of parental Holocaust exposure gene signature with
basal cortisol
Our differential gene expression analysis picked up genes that are
characteristic of the time-point (8 a.m.) we are sampling (i.e.,
temporally near the circadian peak of cortisol [46]). To explore this
observation, we used 8 a.m. plasma cortisol obtained for the same
subjects, to generate Spearman correlations of cortisol with the
expression levels for: (i) all genes (n= 17057); (ii) the genes
belonging to “Arloth DST DOWN” gene set [37] (i.e., down-
regulated genes by dexamethasone stimulation); and (iii) the
expression levels of the genes belonging to “Arloth DST UP”
gene set [37] (i.e., downregulated genes by dexamethasone
stimulation). Compared to the correlation of all the genes, there
was a left shift for the Arloth DST DOWN genes, and a right shift
for the Arloth DST UP genes as expected (Supplementary Fig. S7a).

Fig. 2 Significant relationships between additional differential gene expression analyses. Spearman correlation and rank-rank
hypergeometric overlap (as an insert) of fold-changes (log2FC) from the differential expression analyses based on A maternal and paternal
Holocaust exposure (“M Hol” and “F Hol”, respectively), B maternal and paternal PTSD (“M-PTSD” and “F-PTSD”, respectively) C maternal and
paternal age at Holocaust exposure (“M Hol Age” and “F Hol Age”, respectively), and D F-PTSD and childhood trauma (“CTQ tot”). Only genes
nominally significant in both analyses of each pair are depicted, and genes with log2FC >1 SD in both analyses are named.
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In addition, the two groups of genes had a significant difference
(Supplementary Fig. S7b). However, these relationships did not
likely affect the differential gene expression based on parental
Holocaust exposure: (i) the two groups did not differ in 8 a.m.
plasma cortisol; (ii) when we added 8 a.m. cortisol as an additional
covariate in our differential gene expression analysis for parental
Holocaust exposure, the result was highly correlated with the
analysis without the cortisol covariate (rho of FCs r= 0.999).

Mediation analysis
Significant effects of parental Holocaust exposure were detected
for five of the functional markers (Supplementary Table S7A [excel
file]): number of methylated cytosine methylation sites at NR3C1
exon 1F promoter (p= 6.94e-03), ALP (p= 1.41e-02), maximum
cytosine methylation at the sites of the FKBP5 intron 7 GC binding
sequence (p= 2.70e-02), CRP (p= 4.03e-02), and T3 (p= 4.71E-02).
Mediation analysis revealed that 17 of the FDR-significant DEGs,

associated with parental Holocaust exposure, mediated a portion
(range 45–78%) of the parental Holocaust exposure effect on CRP
controlling for number of genes tested per mediation per
functional measure (Supplementary Table S7B [excel file]). One
of them met overall FDR-significance: GRIP2 (Fig. 4A). All genes,
but one, were members of the Holocaust-associated co-expression
network (i.e., Chocolate module). In concordance with the

mediation effects by individual genes, the Chocolate module
mediated 58.84% of the parental Holocaust exposure effects on
CRP (Fig. 4B).
No FDR significant effects were observed in analyses examining

the opposite direction of mediation (i.e., functional measures
mediating parental Holocaust exposure effects on gene expres-
sion, Supplementary Table S7C [excel file]).

Convergent gene alterations in MMP8. In Venn diagram in Fig. 4C
we depict the overlap of (i) FDR-significant DEGs based on limma
and SAM, (ii) genes that were members of the Chocolate module,
(iii) DEGs that were in the opposite direction in the analysis based
maternal age at Holocaust exposure; (iv) DEGs that regulated by
DEX; and (v) mediating effects of parental Holocaust exposure on
blood functional measures. The full lists of genes and their
intersections are in Supplementary Table S8 [excel file]). There was
only one gene, MMP8, encoding for matrix metalloproteinase-8,
was found in all these categories, while another metalloprotei-
nase, MMP9, was found in 3 categories. Note also that MMP8 was
one of the top connected genes in the Chocolate module (above
the 75th percentile, Supplementary Fig. S6).

MMP8 validation. For 50 subjects, using frozen PBMCs that were
not used for the microarray experiments, RNA was extracted.

Fig. 3 Gene set enrichment analysis. Buble plots depicting the Top-20 enriched gene-sets of expression signatures based on parental
Holocaust exposure (A) and genes differentially expressed by both parental Holocaust exposure and maternal age at Holocaust exposure (C).
GSEA plots and heatmaps of expression signatures by parental Holocaust exposure overlapping with gene set derived based on in vivo DEX
stimulation (B) and GO Immune Response (D). The y-axis represents enrichment score (ES) and the x-axis (bar-code plot) indicates the position
of the genes on the expression data rank-sorted (boxplot) by its association with parental Holocaust exposure (i.e., Holocaust offspring vs.
controls), with red and blue colors indicating up- and downregulation of mRNA. ES is the maximum deviation from zero as calculated for each
gene going down the ranked list and represents the degree of over-representation of a gene set at the top or the bottom of the ranked
gene list.
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The RT-PCR based gene expression of the FDR-significant MMP8
showed positive correlation with the respective microarray-based
values (r= 0.59; Supplementary Fig. S8a). To assess the strength of
the correlation, RT-PCR based MMP8 values were correlated with
the microarray-based signals of all the other 17506 genes and
revealed as expected that the MMP8-to-MMP8 correlation was the
4th highest, corresponding to a permutation-based p value 2.9e-
04 (Supplementary Fig. S8b). Importantly, the MMP8 association
with parental Holocaust exposure was significant and in the same
direction (Fig. 4D).

DISCUSSION
This is the first study demonstrating that parental Holocaust
exposure can be associated with blood genome-wide gene
expression patterns in adult offspring and included 42 genes
with FDR-adjusted significance. Most of these genes were
downregulated and co-expressed, and pathway enrichment
analyses revealed that were related to low GC signaling and
innate immunity. Both these pathways have been have been
described in relation to the intergenerational transmission of
stress effects [6, 7, 47, 48]. Previously, blood differential genome-
wide DNAm was observed in offspring exposed prenatally to the
Dutch famine [49], while limited portion of DNAm loci associated

with childhood malnutrition showed evidence for intergenera-
tional transmission in another study [50].
Additional gene expression alterations were associated with

factors related to parental Holocaust exposure such as sex of
exposed parent, parental PTSD, and parental age at exposure.
Analysis based on maternal age at exposure produced the most
concordant gene expression results with parental Holocaust
exposure, reminiscent with the concordance of results of two
blood-based GC factors: for DNAm at a intron 7 distal enhancer
region of FKBP5 gene in blood DNA [10, 11] and 11β-
Hydroxysteroid dehydrogenase (11β-HSD-2) activity in plasma
[8]. Genes that were affected by both M-PTSD and F-PTSD were
regulated in the opposite direction. Previously, we have reported
that DNAm at the GR exon 1F promoter was differentially affected
by M-PTSD (↓) and F-PTSD (↑) [12]. The strong relationship of
expression changes based on maternal and paternal age at
Holocaust exposure is not a surprise based on their high positive
correlation as variables (r > 0.80). Finally, concordance in the
biological alterations in relation to childhood trauma and F-PTSD
was reported before for DNAm at the GR exon 1F promoter
[12, 51].
The top gene in this study was MMP-8 which was FDR-

significantly downregulated in Holocaust offspring (compared to
controls) and in Holocaust offspring whose mothers were young

Fig. 4 Mediation analysis and tope-genes. A Mediation: GRIP2 gene mediated 73.1% of the effect of parental Holocaust exposure on CRP
(p=2e−04). B Mediation: Chocolate co-expression network mediated 58.8% of the effect of parental Holocaust exposure on CRP (p= 0.0042).
C Venn diagram depicts the overlap of (i) FDR-significant DEGs, (ii) genes that were members of the Chocolate module, (iii) DEGs that were in
the opposite direction in the analysis based maternal age at Holocaust exposure; (iv) DEGs that regulated by DEX; and (v) mediating effects of
parental Holocaust exposure on blood functional measures. D Validation: box plot of RT-PCR based MMP8 expression in 50 subjects:
comparison subjects (n= 6 in red) compared to Holocaust offspring (n= 44 in green). P value of the group difference was estimated by a
Wilcoxon signed rank test.
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when exposed to Holocaust. In addition, this gene is a member of
the Holocaust-associated co-expression module, regulated by
glucocorticoids and mediated the effects of Holocaust on CRP.
MMP-8 is a collagenase and together with the other metallopro-
teinases are involved in extracellular matrix degradation, as well as
stress-regulated wound healing and inflammation [52–54]. Inter-
estingly, another metalloproteinase, MMP-9 (downregulated), and
two collagen genes (COL17A1: downregulated, COL24A1: upregu-
lated) were found in our FDR-significant genes. Extracellular matrix
and collagen gene-sets were negatively enriched in PVN in a
model of intergenerational transmission of parental stress effects
[55].
The identified gene signatures mediated the effects of parental

Holocaust exposure on an inflammatory marker (i.e., CRP). The
strongest mediation effect was found for GRIP2 gene, which
encodes for an anchoring protein of AMPA receptor. In a recent
genome-wide investigation, DNAm loci mediated a considerable
proportion of the associations between of prenatal famine
exposure with later-life adiposity and serum TG levels [56].
Another gene worth noticing is the gene encoding 17β-HSD2
enzyme, which is involved in inactivation of androgens and
estrogens. A proposed mechanism for intergenerational effects of
trauma involves de-masculinization through epigenetic marks
introduced during the initial period of in utero development,
when the placenta is highly susceptible to maternal stress [57, 58].
A limitation of the study is the small size of the control group.

The validity of the main analysis is supported by the biological
plausibility of the results, replication of findings using non-
parametric statistics, and the concordance with DNAm findings in
the same cohort [4, 11, 12, 51]. Moreover, the discovery of GC
responsive pathways as top-enriched calls for future investigations
to serially sample blood for expression assays before and after
cortisol peaks (example in [59]) to differentiate between
differences in glucocorticoid tone and transcriptional responsive-
ness to glucocorticoid fluctuations. An additional limitation is the
use microarray-based method instead of sequencing-based
method to access genome-wide gene expression. In this study
we were very rigorous on detection thresholds and probe
reannotation to remove any ambiguous microarray signals
following up on our prior work [20, 37]. RT-PCR of two genes
technically validated the expression values obtained by micro-
arrays (i.e., significant positive correlation). Importantly, MMP-8
was differentially expressed in both assays. Finally, our analyses
were not causative and, thus, we refrained from discussing
putative mechanisms.
To conclude, this study identified a set of genes in association

with parental Holocaust exposure that are linked with low GC
signaling and innate immunity in concordance with two decades
of work supporting GC alterations in Holocaust offspring [1]. Most
importantly, the identified genes, which included metalloprotei-
nases, were linked with functional inflammatory signals.
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