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Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a potent AhR ligand, is an environmental contaminant that is known for mediating tox-
icity across generations. However, whether TCDD can induce multigenerational changes in the expression of microRNAs (miRs) has
not been previously studied. In the current study, we investigated the effect of administration of TCDD in pregnant mice (F0) on ges-
tational day 14, on the expression of miRs in the thymus of FO and subsequent generations (F1 and F2). Of the 3200 miRs screened,
160 miRs were dysregulated similarly in FO, F1, and F2 generations, while 46 miRs were differentially altered in FO to F2 generations.
Pathway analysis revealed that the changes in miR signature profile mediated by TCDD affected the genes that regulate cell signaling,
apoptosis, thymic atrophy, cancer, immunosuppression, and other physiological pathways. A significant number of miRs that showed
altered expression exhibited dioxin response elements (DRE) on their promoters. Focusing on one such miR, namely miR-203 that
expressed DREs and was induced across FO to F2 by TCDD, promoter analysis showed that one of the DREs expressed by miR-203 was
functional to TCDD-mediated upregulation. Also, the histone methylation status of H3K4me3 in the miR-203 promoter was signifi-
cantly increased near the transcriptional start site in TCDD-treated thymocytes across FO to F2 generations. Genome-wide chromatin
immunoprecipitation sequencing study suggested that TCDD may cause alterations in histone methylation in certain genes across
the three generations. Together, the current study demonstrates that gestational exposure to TCDD can alter the expression of miRs
in FO through direct activation of DREs as well as across FO, F1, and F2 generations through epigenetic pathways.
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Significance Statement:

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an environmental contaminant that was found in Agent Orange used during the
Vietnam war. The US National Academy of Sciences reported that there was evidence demonstrating that TCDD exposure caused
birth defects. Subsequent studies confirmed the deleterious effects of TCDD on reproductive health across multiple generations.
The current study demonstrates for the first time that perinatal exposure to TCDD alters the expression of a large number of
miRNAs in a similar fashion in FO, F1, and F2 generations. We also provide evidence that such alterations in the miRNAs may
result from epigenetic changes involving histone methylation. Because miRNAs play a critical role in the epigenetic regulation of
gene expression, the current study provides new insights into the multigenerational impact of TCDD.

Introduction

The environmental factors affect and alter developmental pro-
gramming leading to the onset of diseases, including diabetes,
cancer, reproductive disorders, and cardiovascular disease in
adult animals and humans (1-6). To this end, exposure to en-
docrine disruptors, including 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), is of great significance and concern as they play impor-
tant roles in regulating transient and irreversible developmental
processes. There is evidence suggesting that gestational exposure
to chemicals, including TCDD, results in influencing the disease

status not only in the FO maternal life but also in subsequent
generations (7-10). Among the susceptibility to such diseases, the
most well characterized include reproductive disorders.

TCDD has been well characterized for causing a wide range of
toxicity, including immunotoxicity (10-18). The fetal basis of adult
disease hypothesis suggests that exposure to environmental fac-
tors, stress, or malnutrition during pregnancy, can have a long-
lasting impact on the developing fetus, leading to increased sus-
ceptibility to a wide range of diseases, including autoimmune dis-
eases, cardiovascular, cancer, and hypertension later in life (19,
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20). While the impact of toxic chemicals such as TCDD during
gestation on fetal health can be explained because such chem-
icals can cross the placenta and can directly affect the fetus,
as in the case of induction of thymic atrophy (21, 22), any ef-
fect on subsequent generations such as F3 and beyond can be
explained primarily by the ability of the chemicals to induce
epigenetic changes in the germ-line. This phenomenon is called
transgenerational epigenetic inheritance, a process that involves
the transmission of an altered epigenome and its impact on the
phenotype across generations through the germline even when
the chemical is not present to directly cause the toxicity [re-
viewed in (23)]. The pathways through which transgenerational
epigenetic inheritance is mediated include primarily DNA methy-
lation, histone modifications, and noncoding RNAs, including
microRNA (miR) (23).

miRs are a class of noncoding RNAs that have been shown to
play a key role in the regulation of gene expression. In most in-
stances, miRs interact with the 3’ untranslated regions (3’ UTR)
of target mRNAs to cause the degradation of mRNA and trans-
lational repression. However, miRs can also interact with other
regions such as the 5 UTR, coding sequence, and gene promot-
ers, as well as activate translation or regulate transcription (24).
Sperm miRs are very sensitive to environmental changes, which
can alter the sperm miR profile (25). Thus, after entering the zy-
gote, these miRs can induce epigenetic modifications in the em-
bryo, thereby causing changes in the physiological functions and
impacting health (25).

We have previously shown that TCDD causes thymic atrophy in
adult mice, which is associated with significant changes in miR ex-
pression in the thymocytes (10). Interestingly, we and others have
shown that many miRs express dioxin response elements (DREs)
in their 3 UTR, thereby directly regulating their expression (26, 27).
Thus, the alterations in the expression of such miRs in the thymi
of pregnant mice (FO) and the fetus (F1) following gestational ex-
posure to TCDD can be explained by direct exposure of the thymus
to TCDD and activation of DREs on miRs. However, whether ges-
tational exposure to TCDD alters the expression of miRs even in
the F2 generation, which would be indicative of TCDD not acting
directly on DREs of miRs in the thymus, but potentially through
epigenetic modulations involving germ cells, has not been previ-
ously investigated.

Therefore, in the current study, we investigated the effect of
gestational exposure to TCDD on miRs in thymocytes from FO,
F1, and F2 generations and found that a significant number of
miRs were similarly up- or downregulated across these genera-
tions. Such changes could be associated with histone modifica-
tions. For example, TCDD treatment led to an increased expres-
sion of miR-203, an important regulator of the immune response,
in all three generations, which correlated with its H3K4me3 signal
level in the promoter.

Results

TCDD triggers multigenerational alterations in
the miR profile

In this study, we first determined the multigenerational effect of
TCDD (Fig. 1) on miR expression in the thymi of mice following
gestational exposure of pregnant female mice using miR arrays.
The cluster analysis of variable miRs in VEH- and TCDD-treated
samples were performed using Ward’s method. Also, the measure
of miRs in the VEH and TCDD-treated groups in three generations
(FO, F1, and F2) were performed using the Half Square Euclidean
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Fig. 1. Showing a graphical sketch of the breeding protocol after
gestational exposure to TCDD or vehicle control.

Distance method. Similarly, the ordering function of miRs was per-
formed based on Input rank. The visualization of cluster analysis
of miRs has been shown as a dendrogram based on the similarity
between them (Fig. 2A) and their expression pattern was reflected
in a range from +326.5 to —71.9 (Fig. 2A). The data presented in
Fig. 2B demonstrated the heatmap of altered expression of miRs
in the three generations of TCDD-treated groups when compared
to their respective vehicle control groups.

Next, dysregulated (upregulated or downregulated) expression
of miRs was analyzed using a two-sample t-test, and the signifi-
cance of analysis of microarrays was performed using the Kaplan—
Meier method. A P-value of <0.05 in the t-test was considered sig-
nificant. Of the >3200 miRs screened, 160 miRs showed altered
expression by >1.5-fold in a similar fashion in TCDD groups of all
three generations, when compared to vehicle-treated groups of
the three respective generations (Table S1). We also observed that
miRs were differentially dysregulated in the three generations (Ta-
ble S2).

Linear Discriminant Analysis (LDA) to identify
TCDD-specific biomarkers and the role of
TCDD-mediated miRs in the regulation of
various pathways and diseases

Next, we performed LDA of miRs in TCDD vs VEH groups (Fig. 3A).
The VEH group included miRs profiles from VEH-treated FO, F1,
and F2 generations and the TCDD group included miRs pro-
files from TCDD-treated FO, F1, and F2 generations. LDA anal-
ysis, which was set at a threshold of 2.0 led to the identifica-
tion of 31 miRs as possible biomarkers, unique to the TCDD
group. All the miRs depicted are miR-biomarkers enriched in mice
treated with TCDD in FO, F1, and F2 generations. Together, these
data demonstrated that the TCDD group expressed unique sets
of miRs.

To analyze the role of miRs whose expression was altered by
TCDD, we next selected those expressing more than 1.5-fold (up-
regulated or downregulated) in FO, F1, and F2 generations, which
yielded 160 dysregulated miRs. These miRs were analyzed using
IPA software from Qiagen and the database of the company (Qia-
gen Inc., Hilden, Germany). Upon analysis, we observed that there
were as many as 27 pathways that might be affected by various
miRs altered by TCDD in the thymi of three generations (Fig. 3B).
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Fig. 2. Showing analysis of thymic miRs of F0, F1, and F2 generations exposed to VEH or TCDD. Total miRs from groups of five pooled mouse thymi of
FO, F1, and F2 generations of control or TCDD groups were analyzed. (A) Heat map depicting miR expression in thymi of VEH- or TCDD-exposed FO, F1,
and F2 generations. The spectrum of downregulated to the upregulated expression pattern of miRs expression is shown from green to red. (B) Showing
fold change (>1.5) expression profile of miRs of FO, F1, and F2 generations between the two groups (VEH- or TCDD-exposed). (C) Showing upregulation
or downregulation (>1.5-fold change) of miRs regulated by TCDD, when compared to miRs of VEH-treated groups.

There were at least six miRs involved in the regulation of en-
docrine system disorders, six miRs in gastrointestinal diseases,
and six miRs in metabolic diseases (Fig. 3B). Similarly, there were
at least four sets of different miRs involved in cellular develop-
ment, infectious diseases, organismal development, and hepatic
system disease (Fig. 3B). There were more than three different
sets of miRs involved in 10 different pathways/diseases including
cell death and survival, cell to cell signaling and interaction, cel-
lular assembly and organization, cellular functions and mainte-
nance, embryonic development, hair and skin development, ner-
vous system development and functions, organ development, tis-
sue development, tissue morphology, cardiovascular system de-
velopment, cell morphology, and skeletal and muscular system
development and function (Fig. 3B). We also observed that there
were at least three or more miRs involved in cancer, respiratory
diseases, and tumor morphology, and at least one miR or more
in drug metabolism, lipid metabolism, molecular transport, and
small molecule biochemistry (Fig. 3B). Figure 3C shows the role
of up- and downregulated miRs in signaling pathways involved
in various molecular and physiological mechanisms. For exam-
ple, the downregulation of miR-134 by TCDD may increase the ex-
pression of FoxP3, a transcription factor expressed by the regula-
tory T cells (Tregs) as shown in earlier studies (28). Taken together,

the analysis revealed that TCDD affects a large number of miRs
multigenerationally that play a role in regulating several signaling
pathways/diseases.

Real-time PCR (RT-qPCR) to validate the
expression of a few select miRs

To validate the data on the expression of TCDD-induced miRs
obtained from miR arrays, we performed RT-qPCR on a few se-
lect miRs that were immunologically relevant and either up-
regulated or downregulated in the thymi of mice of all genera-
tions. To that end, we selected upregulated miRs (miR-146a and
miR203) and downregulated miRs (miR-30a, miR-31, miR134, miR-
155, miR-182, and miR-499). RT-qPCR was performed using cD-
NAs converted from total RNA from thymocytes of mice treated
with TCDD or VEH (FO, F1, and F2 generations) as described in
the section “Materials and methods.” RT-qPCR analysis confirmed
the expression of all the selected miRs. There was upregulated
expression of miR-146a (Fig. 4A) and miR-203 (Fig. 4B) in thymo-
cytes from mice treated with TCDD when compared to vehicle-
treated thymocytes (Fig. 4A). Similarly, we observed downregula-
tion of miR-30a, miR-31, and miR-155 (Fig. 4A), miR-134 (Fig. 4B),
and miR-182 and miR-499 (Fig. 4C) in TCDD-treated thymocytes
when compared to vehicle controls (Fig. 4A to C). The RT-qPCR
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data on the expression profile of select miRs validated their ex-
pression in thymi of mice of all three generations (FO, F1, and F2)
obtained from the miR arrays.

Determination of select miR-specific gene
expression in the thymus

We investigated the expression of the target genes of the se-
lect miRs using RT-qPCR. To that end, we determined the ex-
pression of CYP1A1l (miR-134-specific), AhR (miR-182 and -499-
specific), FoxP3 (miR-31-specific), IL-17 (miR-203-specific), and
[FN-y (miR-146a-specific) genes in the thymocytes of TCDD- and
VEH-exposed mice of FO, F1, and F2 generations. The expression
of CYP1A1, AhR, and FoxP3 was significantly upregulated in thy-
mocytes of TCDD-exposed mice when compared to VEH-treated
mice in all FO, F1, and F2 generations (Fig. 5A and B). Also, the
expression of IL-17 and IFN-y was significantly downregulated in
thymocytes of FO, F1, and F2 groups treated with TCDD when com-
pared to those exposed to the vehicle (Fig. 5B). When we studied
the thymic cellularity, we found that TCDD-exposed mice showed
a slight decrease in thymic cellularity in FO mice, while the F1 and
F2 generations failed to exhibit significant change (Fig. 5C).

TCDD regulates miR-203 expression through
DREs present on its promoter

Our earlier studies demonstrated that TCDD downregulates the
expression of IL-17 (29). Also, in the current study, we noted that
miR-203, which was upregulated in FO, F1, and F2 generations
(Fig. 4B) was found to target the IL-17 gene (Fig. 6A). We, there-
fore, undertook additional studies on this miR to address if miR-
203 expressed DREs and if TCDD-mediated induction of miR-203
was dependent on DREs. We found that the promoter of miR-203
expressed four DREs (Fig. 5B). The role of DREs in the regulation
of the expression of miR-203 by TCDD was determined by per-
forming luciferase assay. As described in the section “Materials
and methods,” the four DREs present in the miR-203 promoter
were cloned in pGL4 vector. The pGL4 constructs with or with-
out the DRE regions, as detailed in Fig. 6B, were transfected into
mouse liver cell line Hepla. Twenty-four hours post-transfection,
the cells were treated with various concentrations of TCDD and
incubated at 37°C, 5% CO, in an incubator. Dual luciferase assays
were performed 24 h after the treatment using a kit from Promega
and following the protocol of the company. The data obtained
from luciferase assays demonstrated that the DRE domain located
near 430 bp upstream of transcriptional start site (TSS) of miR-203
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responded to TCDD in a dose-dependent manner (Fig. 6), suggest-
ing that TCDD may induce miR-203 through binding to this DRE
motif and not the other three motifs present on the promoter of
miR-203.

TCDD promotes histone methylation patterns in
the promoters that might have multigenerational
effects in mice

Because the histone methylation signals in the promoter region
affect gene expression, we determined whether TCDD affects the
overall histone methylation near the TSS. The genomic region be-
tween 3kb upstream and 3kb downstream of TSS was defined as
the promoter region. H3K4me3 was significantly increased near
the TSS of genes in the vehicle and TCDD-treated samples of all
three generations (Fig. 7). On the other hand, the methylation sig-
nal of H3K9me3 and H3K27me3 (Fig. 7) decreased significantly
within 1kb upstream and downstream of TSS in all samples.
These patterns were consistent with the notion that H3K4me3 is
associated with gene activation, while H3K27me3 and H3K9me3
are associated with gene expression repression. Overall, the treat-
ment with TCDD did not significantly affect the histone methy-
lation patterns in the promoter region. However, those histone
marks may differ significantly in individual genes. As seen in
Fig. 8, TCDD treatment altered the distribution of histone marks
as demonstrated by correlation analysis and visualization in a
genome browser (Fig. 8A to F).

Next, we examined the histone methylation status of miR-203
and found that H3K4me3 was significantly increased near the TSS
of miR-203 in TCDD-treated samples when compared to vehicle-
treated samples from all three generations (Fig. 9A). We also ex-
amined DNA methylation levels in the CpG island near the TSS
of miR-203. The TCDD-treated sample had less DNA methylation
in the CpG island when compared to the vehicle-treated sample

(Fig. 9B). Together, these data suggested that epigenetic regula-
tions such as histone methylation and DNA methylation of miR-
203 may be responsible for its overexpression multigenerationally.

Discussion

TCDD is an environmental pollutant and a very potent toxicant,
known to cause tumorigenesis, immunological dysfunction, and
teratogenesis (10-12, 14-18, 30-38). This has raised questions on
whether gestational exposure to TCDD would impact the health
of the fetus as well as the subsequent generations. Because TCDD
can cross the placental barrier (39), the direct effect of TCDD on
the thymus in F1 generation can be expected, however, whether
the toxic effects can be preserved even in the F2 and subsequent
generations remains an intriguing possibility. To that end, several
studies have focused on the transgenerational effects of TCDD on
the reproductive functions [reviewed in (40,41)] and shown that F1
mice exposed to TCDD in utero exhibit reduced fertility and an in-
creased incidence of premature birth, an effect that is maintained
for the next three generations (42). Similarly, female C57BL/6 mice
(F1), exposed in utero to TCDD (10 ng/kg) by oral gavage at ges-
tational day (GD) 15 exhibited endometriosis-like uterine pheno-
type in adult life (43). Also, even in the absence of direct TCDD
exposure, the three subsequent generations (F2 to F4) presented
adenomyosis [60] Such effects of TCDD on F2 and subsequent
generations even in the absence of direct TCDD exposure on tar-
get organs suggest TCDD-mediated alterations occurring in the
germline (41) through potential epigenetic pathways.

Several epigenetic pathways can regulate gene expression
without changing the DNA sequence in the genome. Such path-
ways include DNA methylation, histone modifications, noncoding
RNAs, chromatin structure, and RNA methylations (44). miRs are
small endogenous noncoding RNAs that negatively regulate the
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Fig. 7. Analysis of H3K4me3, H3k9me3, and H3K27me3 in TCDD-treated and VEH-treated samples. Showing signals for H3K4me3, H3K27me3, and
H3K9me3 FO, F1, and F2 generations. The data presented are representative of one of the three experiments.

protein production of their mRNA targets. There is significant in-
teraction between miR and epigenetic regulators (45), and miR can
also be controlled by epigenetic factors (44). The effects of TCDD
on miR across generations have not been studied thus far. The cur-
rent study demonstrated that gestational exposure to TCDD leads
to alterations in the miR expression in the thymus of FO, F1, and
F2 generations.

The data obtained from miR arrays showed that TCDD caused
dysregulation of a large number of miRs. More than 160 miRs
were >1.5-fold similarly up- or downregulated in all three gen-
erations (FO, F1, and F2). Furthermore, based on the LDA analy-
sis of dysregulated miRs amongst all the generations (FO, F1, and
F2), we identified 31 miRs that were altered and were unique to
the TCDD group. Moreover, we also identified miRs that were spe-
cific to AhR (miR-182 and miR-499), CYP1A1l (miR-134 and miR-
203), FoxP3 (miR-31), [FN-y (miR-146a), [L-17 (miR-203), and the
like. The common dysregulation of certain miRs across all three
generations (FO, F1, and F2) is intriguing and suggested epige-
netic regulation of the expression of such miRs. It is noteworthy
that the expression of miRs reciprocally correlated with the tar-
get genes expressed in the thymi of all three generations. It is
alsointeresting that while CYPIA1 was targeted by two miRs, miR-
134, which was downregulated and miR-203, which was upregu-
lated following TCDD exposure, the expression of CYPIA1 was up-
regulated. This can be explained by the fact that multiple miRs
can target the same gene, and that the combination of all these
activities ultimately determines the expression of miR target
genes (46).

Several studies have shown that TCDD triggers thymic atro-
phy (34, 47, 48). In the current multigenerational study, we found
that while FO showed slight decrease in thymic cellularity, the F1
and F2 generations did not show any decrease in thymic cellular-

ity. This can be explained by the fact that FO mice were directly
exposed to TCDD, whereas F1 was exposed as a fetus and as a
neonate, and by the time we harvested the thymi of F1 at the age
of 6 to 8 weeks, the effect of TCDD may have waned, consistent
with previous studies that the effect of TCDD on thymic atrophy
is reversible (34). Also, the F2 generation thymus was not directly
exposed to TCDD. The failure of TCDD-exposed F1 and F2 gener-
ation thymi to show atrophy also suggested that the changes in
miR expression caused by TCDD in F1 and F2 did not directly af-
fect the thymic cellularity.

It should be noted that because the FO and F1 generations were
directly exposed to TCDD, it is also likely that TCDD caused a di-
rect effect on the thymus thereby altering the expression of some
miRs through the regulation of DREs expressed on their promot-
ers. DREs play an important role in the TCDD-mediated regulation
of genes (16, 38). Upon analysis of select eight miRs for the pres-
ence DREs in their promoter, we observed that all the miRs that
we analyzed had DREs in their respective promoters (Table 4). To
further confirm that TCDD acts through DREs, we performed a lu-
ciferase assay, which demonstrated that the DRE domain located
near 430bp upstream of TSS of miR-203 responded to TCDD in a
dose-dependent manner. This suggested that TCDD induces miR-
203 through binding to this DRE motif present in the promoter of
miR-203. While TCDD may directly alter the expression of miRs
in the thymi of FO and F1 generations, because the thymi in F2
generation were not directly exposed to TCDD, any effect on F2
thymi is suggestive of the involvement of epigenetic pathways,
which may regulate such miRs through the action on germ cells.
It should be noted that some of the miRs that expressed DREs
were downregulated by TCDD. In this context, it is noteworthy
that AhR signaling can occur through canonical and noncanonical
pathways (49). Also, some of the miRs may be downregulated by
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Fig. 8. Analysis of H3K4me3, H3k9me3, and HK27me3 by performing chromatin immunoprecipitation sequencing (ChIP-seq). VEH- or TCDD-treated
thymocyte samples from FO, F1, and F2 generations were analyzed. A representative of histones mark, H3K4me3 (A), H3k9me3 (B), and HK27me3 (C)
ChIP-seq signal obtained after visualization of the sequencing data in Integrated Genome Browser (IGB) for mouse chromosome 1 are shown. The data

presented depict a representative experiment out of three.
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Fig. 9. Histone methylation of H3K4me3 in the promoter of miR-203. (A)
Showing the status of H3K4me3 in thymocyte samples exposed to TCDD
or VEH from FO, F1, and F2 generations. (B) Showing DNA methylation
status of CpG islands present in miR-203 promoter in thymocyte
samples treated with TCDD or VEH. The data presented depict a
representative experiment out of three.

TCDD through indirect pathways by enhancing the negative reg-
ulators of miRs or through epigenetic regulation as shown in this
study.

Histone modification is an important factor of epigenetic regu-
lation leading to alteration in gene expression and long-term ef-
fects. We also investigated the multigenerational effect of TCDD

on histone modifications and observed that TCDD caused his-
tone changes, especially in H3K4me3, H3K9me3, and H3K27me3.
H3K4me3 is a histone marker responsible for the upregulation of
genes (50). A higher H3K4me3 signal indicates that this histone
modification could lead to upregulated multigenerational expres-
sion of many genes by TCDD. In our study, we observed an in-
creased H3K4me3 signal near TSS (Fig. 7). In contrast, there were
opposite modifications in H3K9me3 and H3K27me3 histones in all
three generations examined (Fig. 7). Analysis of H3K4me3 signal in
miR-203 in TCDD- and vehicle-treated samples, showed a signifi-
cantly higher level of H3K4me3 in TCDD-treated samples when
compared to vehicle-treated samples. Furthermore, analysis of
the DNA methylation status of CpG islands in the promoter of
miR-203, showed that there was significantly less methylation of
CpG islands in TCDD-treated sample when compared to vehicle-
treated sample (Fig. 8B). Both indicated an increased expression
of miR-203 after TCDD treatment.

For the epigenetic changes to be maintained across multiple
generations, such changes need to occur at the germ cells and
previous studies suggested that TCDD may exert true transgen-
erational effects. For instance, exposure to TCDD in FO leads to a
decreased fertility in F1 to F3 (23, 41). A recent epigenome-wide
association study in rats to identify potential sperm DNA methy-
lation biomarkers for specific multigenerational toxicity showed
disease-specific epimutation in DNA methylation regions, which
could account for TCDD-mediated multigenerational suscepti-
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bility to certain diseases (48). Similarly, exposure of FO females
to TCDD led to reproductive disorders in F1 and F3 generations
that was associated with DNA methylation in gene promoters
in F3 epigenome (49). Transgenerational effects caused by his-
tone methylation have also been demonstrated. Overexpression
of KDM1A, a histone K4 demethylase during mouse spermatoge-
nesis in FO disrupts histone methylation causing reduced surviv-
ability and increased abnormal development in F1 to F3 genera-
tions, which do not have overexpressed KDM1A (51). Although the
mechanisms of transgenerational epigenetic inheritance are not
clear, such effects are likely gene specific. In Caenorhabditis elegans,
high fat dietis associated with inheritable changes of H3K4me3 at
lipid metabolism related genes. Further study indicated that wdr-
5.1, a component of H3K4me3 modifier is required for transmit-
ting high fat diet-induced histone mark transgenerationally (52),
suggesting thatinheritable epigenetic marks are gene-specific and
dependent on certain regulatory factors.

During the generation of sperms or eggs, primordial germ cells
undergo genome-wide DNA demethylation and erasure of his-
tone modification marks, a process called epigenetic reprogram-
ming, which is critical for the embryo development (53). How-
ever, increasing evidence suggests that not all epigenetic marks
are erased during reprogramming. There are some fractions of
genomic loci including the imprint control regions, differentially
methylated regions, intracisternal A particles, transposons, and
some enhancer elements, which are more resistant to the global
methylation reprogramming that is seen during early develop-
ment (53). While it is currently unclear why and how these re-
glons are refractory to methylation reprogramming, such sites
may facilitate methylation patterns to be transferred transgen-
erationally. We speculate that such factors may help explain the
epigenetic regulation of miR-203 multigenerationally from FO to
F2 following TCDD exposure.

There are some limitations in the current study. First, we in-
cluded only female mice for all three generations, and not the
male mice. It is well established that males and females of the
same species can display significant differences in the sensitiv-
ity to a wide range of TCDD-mediated toxicity (54, 55). There are
several sex-specific TCDD-responsive genes that account for such
sex-differences. Additionally, there are also complex interactions
between the AhR and sex hormone receptors that contribute to
the observable differences seen in the sexes (56). It is for this rea-
son that we felt that the inclusion of male mice in this study
may further complicate the interpretation of the complex epige-
netic data. We currently plan to pursue studies on male mice as
well as compare sex differences as it relates to multigenerational
epigenetic changes. Secondly, we used one of the miRs (miR-203)
comprehensively for the epigenetic marks and used these data
to suggest that such a pathway may lead to altered expression
of miRs across generations. Clearly, additional studies are neces-
sary to test if other miRs are similarly regulated by histone mod-
ifications. Lastly, while we used some well-established marks like
H3K4me3 and H3K27me3, there are other marks such as H3K27ac,
which could be significant marks of active promoter. In the fu-
ture, we will examine other histone marks including acetylation
and mono-, di-, and tri-methylation. Besides the promoters, we
will also examine histone modification in other genomic regions.

In summary, in this study, we demonstrate for the first time
that perinatal exposure to TCDD can alter the expression of miRs
across FO to F2 generations. Some of these changes in miRs are
identical across the FO to F2 generations, while others are unique
to the specific generations. The impact of TCDD on miRs in FO
and F1 can be explained in part by the direct action of TCDD on

the thymus through the DREs expressed on miRs. However, the
continued TCDD-mediated alterations in the expression of certain
miRs even in F2 generation in the absence of a direct effect on the
thymus suggest epigenetic changes induced by TCDD in the germ
cells.

Materials and methods

Mice

C57BL/6 pregnant mice were purchased from the Jackson Labo-
ratories (Bar Harbor, ME, USA). All mice were housed in the ani-
mal facility of the School of Medicine (SOM), University of South
Carolina. Care and maintenance of animals were carried out in
accordance with the guidelines for the care and use of laboratory
animals as adopted by Institutional and NIH guidelines. The pro-
tocol for this research was approved by the University of South
Carolina Animal Care and Use Committee.

TCDD

Dr Stephen Safe, Institute of Biosciences and Technology, Texas
A&M Health Sciences Center, Houston, Texas, USA, kindly pro-
vided TCDD. Acetone was first used to dissolve TCDD and DMSO
was used to dilute TCDD for in-vitro studies and TCDD diluted in
corn oil was used for in-vivo studies, as described previously (10).

Chemical reagents and antibodies

The following reagents (RPMI 1640, HEPES, L-Glutamine,
Penn/Strep, FBS, and PBS) were purchased from Invitrogen
Life Technologies (Carlsbad, CA, USA). RNeasy Mini kit, iScript
cDNA synthesis kit, miScript primer assays kit, and miScript SYBR
Green PCR kit were purchased from Qiagen (Valencia, CA, USA).
MicroChIP and MicroPlex Library Preparation Package, MicroPlex
Library kits, and antibodies against mouse H3K4me3, H3k9me,
and H3K27me were purchased from Diagenode Inc. (Diagenode
Inc., Denville, NJ, USA).

Gestational exposure to TCDD and breeding of
mice

Groups of five pregnant mice on GD 14 were injected intraperi-
toneally (i.p.) with the vehicle (VEH; corn oil) or with TCDD
dissolved in acetone and suspended in corn oil (10 pug/kg body
weight), as described previously (10).

The pups (F1) from the pregnant mothers (FO) exposed to VEH
or TCDD, were bred to obtain F2 generation in the SOM Animal
facility. The details of the breeding procedure are described in the
graphical sketch (Fig. 1). Female F1 and F2 mice at the age of 6 to 8
weeks were used for studying the miR expression in the thymus.
We used only female mice for all three generations (FO to F2) to
avoid any differences between the generations based on sex.

Multigenerational effect of TCDD on thymi

We have previously shown that TCDD causes thymic atrophy
(10, 12). In this study also, we determined the effect of TCDD on
thymi of multigeneration (FO, F1, and F2). To this end, thymi from
VEH- and TCDD-treated mice were harvested and single-cell sus-
pensions were prepared. Thymic cellularity was measured as de-
scribed earlier (11, 12).

miR arrays and analysis

To evaluate the multigenerational effects of TCDD, we performed
miR arrays as described earlier (27, 57). In brief, total RNA, includ-
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ing miR, was isolated from groups of five pooled thymi of VEH- or
TCDD-treated FO, F1, and F2 generations using miRNeasy kit from
Qiagen and following their protocol. miR array consisting of 3200
miRs was performed using the Affymetrix instrument (GCS2000;
version 4.1). MicroRNA array data has been submitted to NIH Geo
database (accession number: GSE220204) and DOI: https://www:.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE220204. Analysis of
obtained miR data was performed using Transcriptome Analysis
Console (TAC) software. Change in miR expression in the TCDD
group when compared to the control group with 1.5-fold or higher
was considered for further analysis. Altered miRs were then an-
alyzed using Ingenuity Pathway Analysis (IPA) software (Qiagen)
for their role in various pathways, as described previously (10, 58).
We used several databases including MicroRNA.org, miRwalk, Tar-
getScan, Tools4miRs, etc. to identify the sequence alignment re-
gions between miRs and their target genes.

RT-qPCR to confirm the expression of miRs in the
thymocytes of VEH- or TCDD-treated mice

We performed RT-qPCR on thymocytes from groups of five FO, F1,
and F2 mice to validate the expression of a few significantly al-
tered miRs identified from miR array data, as described previ-
ously (10, 58). Because TCDD is well known for its immunotox-
icity, we chose Th1 (IFNy-specific miR-146a), Th17 (IL17-specific
miR-203), Tregs (FoxP3-specific miR-31), and additionally, CYP1A1-
specific miRs (miR-134 and miR-203), and AhR-specific miRs (miR-
182, miR-203, and miR-499). We also chose miR-155 and miR-30a
because of their role in inflammation. To that end, cDNA was gen-
erated from total RNAs including miRs isolated from thymocytes
of mice (FO, F1, and F2 generations) exposed to VEH or TCDD. We
used miScript primer assay kit (details in Table 1) and miScript
SYBR Green PCR kit from Qiagen and followed the protocol of the
company (Qlagen, Valencia, CA, USA).

RT-qPCR was performed on StepOnePlus system V2.1 (Applied
Biosystems, Carlsbad, CA, USA). The following conditions were
used: 40 cycles using the following conditions: 15 min at 95°C (ini-
tial activation step), 15s at 94°C (denaturing temperature), 30s at
55°C (annealing temperature), and 30s at 70°C (extension tem-
perature and fluorescence data collection) were used. We calcu-
lated normalized expression (NE) of miRs using NE 1 2_DDCt,
where Ct is the threshold cycle to detect fluorescence. The data
of the above miRs were normalized against internal control miR
(SNORDY6) and fold change of miRs was calculated against the
control miR, and the treatment group (TCDD) was compared with
the vehicle group. To define significant differences in the ex-
pression miRs, ANOVA was performed using GraphPad version
6.0 (GraphPad Software, Inc., San Diego, CA, USA). Differences
between treatment groups were considered significant when
P <0.05.

Validation of target gene expression in FO, F1, and F2 genera-
tions by RT-qPCR.

To confirm the role of miRs in the regulation of their tar
get genes, we performed RT-qPCR. We chose miR-146a-specific
[FNy, miR-203-specific IL-17, miR-31-specific FoxP3, miR-134-
specific CYP1A1, and miR-182- and miR-499-specific AhR genes
for their expression in thymocytes of FO, F1, and F2 generations.
Details of miRs and their binding target are described in Table 2.
To this end, RT-qPCR on cDNAs generated from total RNAs iso-
lated from thymocytes of FO, F1, and F2 mice were performed as
described previously (10, 58). The details of the primers used are
presented in Table 3.

RT-qPCR was performed on the following conditions: 40 cycles:
S5min at 95°C (initial activation step), 15s at 94°C, 30s at 60°C,
and 45s at 72°C were used. The value of genes was normalized
against the housekeeping gene (18S) and fold-change of genes
was calculated against 18S and the TCDD group was compared
with the vehicle group. To define significant differences in the
expression of genes, ANOVA was performed using GraphPad ver-
sion 6.0 (GraphPad Software, Inc., San Diego, CA, USA), and dif-
ferences between the groups were considered significant when
P <0.05.

Identification of DRE on the promoter of select
miR-203

We selected miR-203 for further analysis. The selection of miR-
203 was due to its role in the regulation of IL-17A expressed
by Th17 cells. To this end, we first analyzed the promoter of
miR-203 for the presence of DREs as described previously (38).
The details of DREs in the promoter of miR-203 are described in
Table 4.

Generation of constructs containing miR-203
promoter DRE regions

To test the regulation of miR-203 by TCDD through DRE, we gen-
erated a construct using pGL4 vector and regions containing DRE
in the promoter of miR-203. We selected miR-203 based on its
3'UTR’s high binding affinity with the IL-17 gene (Fig. SA). In brief,
within 1kb upstream and downstream of the TSS of miR-203, as
shown in Table 4, there are four DRE-binding sites (GCGTG). They
are located near —430, —395, —380, and +310 of the miR-203 pro-
moter. To determine which DREs would respond to TCDD, we de-
signed several sets of primers (Table 5). Various promoter frag-
ments of miR-203 containing different regions of the promoter
with or without DRE motifs were generated by high-fidelity PCR
and subcloned into luciferase reporter pGL4 vector, as described
previously (38). After verification of the construct, the transfor-
mation was performed using competent Escherichia coli. The posi-
tive clones were selected and cultured in a liquid growth medium.
Plasmids were isolated using a Qiagen kit (Qiagen, Valencia, CA,
USA). After determining the quality and quantity of the isolated
pGL4 plasmid, aliquots were prepared and stored at a temperature
of —80°C for future use.

Luciferase assays to determine the role of
various DREs of miR-203

To determine the role of TCDD in the regulation of miRs (miR-
203), a luciferase assay was performed, as described (59). In brief,
the mouse liver cell line, Hepla, was transfected with various
pGL4 constructs containing DRE regions present in the promoter
of miR-203. We used the Effectane Transfection reagents kit from
Qiagen and followed the protocol of the company (Qiagen Inc.,
Hilden, Germany). After transfection, the cells were treated with
various concentrations (0, 2.5, 5, 10, and 20nM) of TCDD and were
incubated at 37°C, 5% CO,. Dual luciferase assays were performed
24 h after the treatment using a Promega kit (Promega, Madison,
WI, USA).

Chromatin immunoprecipitation sequencing

To determine TCDD-induced multigenerational effects on his-
tones modifications, we performed ChIP-seq as described previ-
ously using True MicroChIP & MicroPlex Library Preparation Pack-
age and MicroPlex Library Preparation Kit v2 from Diagenode
(Denville, NJ, USA) (50). In brief, thymocytes from FO, F1, and F2
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Table 1. Details of miRs targeted for RT-qPCR.

miRBase ID

Target sequences

Qiagen Cat number

Mmu-miR-30a_st
Mmu-miR-31_st
Mmu-miR-134a_st
Mmu-miR-146a_st
Mmu-miR-155_st
Mmu-miR-182_st
Mmu-miR-203_st
Mmu-miR-499_st

UGUAAACAUCCUCGACUGGAAG MS00011704
AGGCAAGAUGCUGGCAUAGCUG MS00001407
UGUGACUGGUUGACCAGAGGGG MS00001568
UGAGAACUGAAUUCCAUGGGUU MIMAT0000158
UUAAUGCUAAUUGUGAUAGGGGU MIMAT0000165
GUGGUUCUAGACUUGCCAACU MIMAT0016995
GUGAAAUGUUUAGGACCACUAG MS00001848
UUAAGACUUGCAGUGAUGUUU MS00002576

Table 2. Details of miRs and their target gene with binding affinity.

Predicted pairing of target gene and miR

3’ CCACUGAUCCACCGGGUGUC mmu-miR-134
FEEETTT

724:5'. . . CUGGGCACAGCAGAGGCCCACAG CYP1A1
3" AUUGGCUAAAGUUUACCACGAU mmu-miR-499
(NRRRRRN

511:5". . UUAAAGUAAAUGGUUUGGUGCUA AhR
3'gucgauacggUC-GUAGAACGGa 5 mmu-miR-31
NRRRRRARN

1088:5" gguugcucaaAGUCUUCUUGCCc 3’ Foxp3

3’ gaucaccaggauuugUAAAGUgS mmu-miR-203
(ARRR

443:5" uaaauauuaauggaaAUUUCAg 3" IL17A

3’ UGGUCUUGACUCAGGGAUCCCG mmu-miR-146a
[RRRRRN

524:5". . ACUUGACACCUGGUCCUAGGGCA IFN-gamma

Weighted score
—0.16

—031

-0.18

—0.09

-0.12

Table 3. Primer pairs used for RT-qPCR.

Genes Forward primer Reverse primer

AhR 5’-GCGGCCGCAGGAAGTGA G-3 5’-GTGCCGTTGATTTGCGTGTGCT-3
CYP1A1 5’-CCACAGCACCACAAGAGATA-3’ 5-AAGTAGGAGGCAGGCACAATGTC-3’
FOXP3 5’-CCCATCCCCAGGAGTCTTG-3' 5’-ACCATGACTAGGGGCACTGTA-3'
IL-17A 5’-TTTAACTCCCTTGGCGCAAAA-3 5’-CTTTCCCTCCGCATTGACAC-3'
IFN-y 5’-GAGTGTGGAGACCATGGCAAG-3' 5'-TGCTTTGCGTTGGACATTCAAGTGC-3’
18S 5’-GCCCGAGCCGCCTGGATAC-3’ 5’-CCGGCGGGTCATGGGAATAAC-3'

Table 4. Showing DRE sites in the promoters of selected miRs.

DREs in the promoter

miRs of miRs Sequences
miR-30a 4 TCAGGCGTGTT, AAATGCGTGA, CTGGGCGTGC, and GCGCGCGTGAGCTC
miR-31 2 CCGCGTGAAA and ACGTGCGTGCAATT
miR-134 2 GGAGCGTGGTTAG and CCCGCGTGAGCA
miR-146a 3 CTAGCGTGAT, TCAGCGTGGGG, and TTTGCGTGTCAA
miR-155 3 GCAGCGTGACAAT, TGTGTGCGTGTGTG, and CTGCTCTGCGTGACC
miR-182 4 GGTGGCGTGC, GTGCGTGCGT, GCGTGCGTGTGTG, and GCTGGCGTGTAC
miR-203 4 TGAAGCGTGGTTC,

CATGCGTGTGCCT,

AGCGCGTGCCC, and

TGCATGCGTGCCTT
miR-499 4 GCCGTGCGTGCCA, CCTCGCGTGTGCC, GACTGCGTGTATA, and GTGTGCGTGTGCAT

generations of VEH- or TCDD-exposed mice were isolated, and
the histone and DNA were cross-linked using 1% formaldehyde
by incubating for 10min at room temperature with gentle shak-
ing followed by quenching with 0.5 M glycine, and the cells were

then collected after washing twice with cold PBS. Next, nuclear
membrane disruption and chromatin shearing were performed
in lysis buffer and by sonicating the samples at 4°C in a tem-
perature controlled Bioruptor sonicator (Diagenode Inc. Denville,
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Table 5. Showing primers used to clone miR-203 promoter regions
containing DRE region into luciferase vector.

Primer F1: 5-GGGGGTACCAAACCCTACACTGTTCACCCTACAA-3'
Primer F2: 5-GGGGGTACCGCGCCGCCCGTCGGGCTCGG-3
Primer F3: 5-GGGGGTACCGCCCCTTGGCGAGCATTGCAAA-3
Primer R1: 5'-GGGCTCGAGGCGCCTGCACACAGAAGTTCT-3
Primer R2: 5'-GGGCTCGAGAGATGACTACCAAGGGCTCGGC-3'

NJ, USA). The samples were centrifuged at 13,000 rpm for 10 min
and the supernatant was used for chromatin immunoprecipita-
tion (ChIP) with antibodies against mouse H3K4me3 or H3K9me3
or H3K27me3 purchased from Abcam (Waltham, MA, USA). Af-
ter overnight immunoprecipitation at 4°C with gentle rotation,
protein G beads were added and incubated further for 2h. Chro-
matin was re-suspended in elution buffer and the crosslink was
reversed by treating the immunoprecipitated chromatin with pro-
teinase K at 65°C for 45 min with constant vortexing. Size selection
of the fragments was performed using SPRI beads from Beckman
Coulter (Brea, CA, USA) and DNA fragments of the desired size
were then re-suspended in water and quantified. The sequenc-
ing library was then constructed using MicroPlex Library Prepa-
ration Kit v2 (Diagenode Inc.). Sequencing was performed using
[llumina NextSeq550 at the University of South Carolina School
of Medicine.

ChIP-seq data analysis

The sequencing reads were aligned to mouse genome build mm9
using Bowtie (60). Uniquely mapped reads were used for peak call-
ing by SICER with the statistic threshold value (E value) set as 0.01
(61-64). The peaks in WIG file format were visualized in the UCSC
genome browser. The heat map sample-to-sample correlation of
the overall histone methylation signal was generated using Diff-
Bind software (65). The signal distribution pattern within 3bp up-
stream and downstream of the TSS was calculated using CEAS
software (66-68).

Statistical analysis

We used groups of five randomized female pregnant mice treated
with vehicle or TCDD (F0). In subsequent generations (F1 and F2),
we also included five randomized female mice for each group. The
thymi from each group were pooled to study the miR profile. This
was necessary because of the small size of the thymus. The details
on the number of mice used and the replicates have been provided
under each figure legend. We used GraphPad Prism version 6.01 to
generate graphs and statistical analyses. We used Student’s t-test
for paired observations if data followed a normal distribution to
compare between two groups, while two-factor ANOVA variance
was used to compare more than two groups. P-value of < 0.05 was
considered statistically significant.
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