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Histones are alkaline proteins that package DNA into nucleosomes. H3K4me3 is highly enriched in gene promoter

regions. A gain in H3K4me3 enrichment is associated with active gene transcription, open chromatin, and loss of DNA

methylation. H3K4me3 has been adopted as a marker to identify transcriptionally active genes.
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1. Introduction

Assisted reproductive technologies (ARTs) occur at a critical window of embryo development, overlapping with extensive

epigenetic reprogramming . Epigenetic reprogramming plays a vital role in embryo development with the possibility of

being influenced by environmental exposure . Studies in mice revealed that ARTs altered the cardiovascular phenotype

via epigenetic alterations under sub-optimal culturing conditions . A retrospective study based on a congenital mal-

formations registry in French revealed that ARTs conceived offspring have a 3-times higher risk of rare imprinting

disorders associated with epigenetic dysregulation than naturally-conceived-children [6]. Epigenetic syndromes such as

Beckwith-Wiedemann syndrome (BWS), Silver-Russell syndrome (SRS), Prader-Willi syndrome (PWS), and Angelman

syndrome (AS) have been observed in ART-offspring  . A meta-analysis of 18 studies concluded that children conceived

through in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) have an increasing risk of imprinting

disorders . Placentas from ART children also presented altered DNA methylation compared with those from natural

conception  . Interestingly, ART boy has been revealed to be more susceptible to ART-treatment-associated global DNA

dys-methylation  . However, the factors contributing to the differences observed in ART children are complex. The

infertility background of ART-parents  , in vitro manipulation of embryo  and the gonadotropin stimulation  are

possible causes for epigenetic alterations.

As important epigenetic components, histone modifications play crucial roles in responses to developmental and

environmental changes . Tri-methylated histone H3 lysine-4 (H3K4me3) is a common histone H3 methylated form and

a marker of active transcription, which is associated with open chromatin and stable up-regulation of the gene expression

downstream of H3K4me3 promoter regions . It is highly enriched in promoter regions , involved in mammalian

embryo development  . Acetylated histone H3 lysine-9 (H3K9ac) and acetylated histone H3 lysine-27 (H3K27ac) are

common histone H3 acetylated forms associated with open chromatin and active gene transcription. They are enriched in

active gene-regulatory regions, such as promoters and enhancers , involved in prenatal intrauterine programming

. The placenta is a multifunctional organ essential for fetal development and survival . It remains unclear whether

global levels of these histone modifications show differences in placentas between natural conception and ARTs.

Oxygen tension is a primary environmental factor influencing epigenetic modifications of the in vitro embryo . ART

laboratories have been culturing pre-implantation gametes/embryos under atmospheric O2 tension (20%), low O2 tension

(5%, similar to physiologic O2 tensions in human fallopian tubes and uterus), and ultra-low O2 tension (close or less than

5%) . Placentas derived from in vitro 20%-oxygen-culture condition showed significant difference in LINE1 methylation

than those from in vivo conceptions, while placentas from in vitro 5%-oxygen-culture condition did not show significant

differences . A Cochrane review meta-analysis concluded that, compared with atmospheric O2 tension, embryos

cultured in low O2 tension (5%) were better developed, bringing about higher probabilities of IVF/ICSI success, ongoing

clinical pregnancy, live birth, and the birth of healthier offspring  . Nevertheless, the mechanisms by which low-oxygen

culture improve the development of in vitro embryo are not fully clarified. It has been revealed that high-oxygen culture

perturbed gene expression, metabolism, and morphology in embryos . However, further studies are needed to provide

detailed data on the effects of low-oxygen culture during ARTs. In addition, despite the improvement in the O2 tension of

gametes/embryos culture systems, it is inevitable that ART practices are accompanied by the fluctuations of O2 tensions

. The impact of fluctuating O2 tensions on histone modifications has been seldom studied.
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Given the available evidence, we propose two hypotheses. The first hypothesis is that histone modifications might show

up as differences in comparisons between natural conception and ARTs, also in comparisons between ART-boys and

ART-girls. The second is that varying oxygen conditions might influence histone modifications. We aim to test these two

hypotheses and try to explore the potential regulators of histone modification.

2. Global Levels of H3K4me3 Are Reduced in Placentas from
Intracytoplasmic Sperm Injection (ICSI) Than Those from Natural
Conception

Firstly, we performed immunohistochemistry (IHC) staining and immune-reactive score (IRS) evaluation for H3K4me3,

H3K9ac, and H3K27ac enrichment in placental tissues from natural conception, IVF, and ICSI groups. H3K4me3,

H3K9ac, and H3K27ac were immunolocalized to the syncytium, fetal endothelium, and decidua. Global H3K4me3 was

significantly reduced in placental syncytium (P = 0.020) and fetal endothelium (P = 0.018) from ICSI group than those from

natural conception group (Figure 1). H3K4me3 showed no significant difference between natural conception and IVF

groups (P > 0.05, Figure 1). H3K9ac or H3K27ac levels showed no significant difference between groups (P > 0.05).

Similar findings were recently reported by Chen and colleagues , who found that H3K4me3 but not H3K4me1,

H3K27me3 or H3K27ac, showed differences in newborn cord blood mononuclear cell (CBMC) from natural conception

and ART groups. Herein, we found ICSI placentas showed lower levels of H3K4me3 than naturally-conceived-placentas.

While for IVF placentas, H3K4me3, H3K9ac or H3K27ac showed no significant difference in comparisons to the control

group. Considering that IVF is a process of natural selection whereas ICSI manipulation is invasive, there is biologic

plausibility to support our findings. Notably, H3K4me3 is a promising biomarker that could convey important information. A

gain in H3K4me3 enrichment is associated with loss of DNA methylation, open chromatin, and active gene transcription

; thus, it has been adopted as a marker to identify genes that were transcriptionally active . Besides, H3K4me3 is

the most affected histone modification in the in vitro culture system ; a previous study suggested that H3K4me3 may

potentially serve as a marker for evaluating the influence of ARTs .

Figure 1. Global H3K4me3 was reduced in ICSI-derived placentas. Compared with natural conception placentas, ICSI

placentas showed lower levels of H3K4me3 in syncytium and fetal endothelium, while IVF placentas showed no

significant difference. Boxplots showing the IRS distribution among natural conception (n = 27), IVF (n = 5), ICSI (n = 8)

groups along with significance levels indicated as P-value of the Mann-Whitney U-test. IRS = staining intensity ×

percentage of positive cells. Data were reported as mean ± SD. The arrows in the first, second, and third columns from
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left respectively pointed towards syncytial trophoblast cells, foetal endothelial cells and extravillous trophoblast cells. The

numbers in bar charts represented the mean value of the corresponding IRS. H3K4me3, tri-methylated histone H3 lysine-

4; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; IRS, immunoreactivity score; ns, non-significant. * P <

0.05.

3. The ICSI-Boys Present More Genes with Differentially Enriched
H3K4me3 (deH3K4me3) Than In Vitro Fertilization (IVF)-Boys, ICSI-Girls,
and IVF-Girls

To further compare the sex-stratified H3K4me3 levels in newborn CBMC from natural conception and ARTs, H3K4me3

ChIP-seq data was taken from NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). When

compared with the CBMC from same-gender naturally-conceived-children, the CBMC from ICSI-boys presented more

genes with differentially enriched H3K4me3 (deH3K4me3) (n = 198, |log fold change (FC)| >1 and false discovery rate

(FDR) < 0.05) than those from ICSI-girls (n = 79, |log FC| >1 and FDR < 0.05), IVF-girls (n = 5, |log FC| >1 and FDR <

0.05), and IVF-boys (n = 2, |log FC| >1 and FDR < 0.05) (Figure 2a). Likewise, Ghosh and colleagues  revealed that

ART boys were more susceptible to ART-treatment-associated global DNA dys-methylation. Another study also revealed

male offspring presented more robust responses and neurobehavior alterations to maternal inflammation . One

possible explanation is the sex-specific differences in the sensitivity to external exposure. But further studies are

encouraged to make an intensive study and elucidate the underlying mechanisms.

We found ICSI-boys showed three imprinted genes with deH3K4me3 (i.e., Small Nuclear Ribonucleoprotein Polypeptide

N [SNRPN], ZFP90 Zinc Finger Protein [ZFP90], and DiGeorge Syndrome Critical Region Gene 6 [DGCR6]) and ICSI-

girls showed one imprinted gene with deH3K4me3 (i.e., HNF1 Homeobox A [HNF1A]) at promoter. The H3K4me3

enrichment of imprinted gene SNRPN from naturally-conceived-boys, IVF-boys, and ICSI-boys was shown in Figure 2b.

Similarly, Choux and colleagues  checked five kinds of histone modifications in placentas from natural conception and

IVF/ICSI, found the permissive marker H3K4me2 enrichment at the differentially methylated regions of H19/IGF2 and

KCNQ1OT1 was significantly higher in IVF/ICSI group than those in natural conception group, and revealed that the

epigenetic changes of imprinted genes at birth might be an important developmental event caused by ART manipulations.

Rivera and colleagues  found that even the most basic manipulation (i.e., embryo transfer) could contribute to the mis-

expression of imprinted genes during post-implantation development. While the in vitro culture followed by embryo

transfer could make the situation worse, specifically by, increasing numbers of aberrant imprinted genes in mouse

embryos, yolk sacs, and placentas, with even some fetuses exhibiting aberrant imprinted genes. The disruption of SNRPN

has been revealed to play a role in AS and PWS, which are the major imprinting disorders in ART children .
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Figure 2. The ICSI-

boys presented more genes with deH3K4me3 than IVF-boys, ICSI-girls, and IVF-girls. (a) The bar chart showed the

comparison results of each gene promoter H3K4me3 read counts between natural conception-boys (n = 6) vs ICSI-boys

(n = 2), natural conception-boys (n = 6) vs IVF-boys (n = 4), natural conception-girls (n = 6) vs ICSI-girls (n = 4), and

natural conception-girls (n = 6) vs IVF-girls (n = 4). The comparison was performed via R package 'edgeR'. The numbers

above the columns were the numbers of genes with significant H3K4me3 alteration in promoter region (|log FC| >1 and

FDR < 0.05). (b) Genome browser snapshots of H3K4me3 ChIP-seq data at SNRPN loci in naturally-conceived-boys,

IVF-boys, and ICSI-boys. H3K4me3 data showed the log2 enrichment ratio between H3K4me3 ChIP and the input. The

data range was set at 0—8.00. deH3K4me3, differentially enriched H3K4me3; FC, fold change; FDR, false discovery rate;

SNRPN, small nuclear ribonucleoprotein polypeptide N.

4. RNA Polymerase II Subunit A (Polr2A) and Lysine Demethylase 5A
(KDM5A) Are the Regulators of H3K4me3

Typically, enzymes that catalyze H3K4me3 include both histone lysine methyltransferases (known as 'writers') and

demethylases (known as 'erasers'). These enzymes mediate the dynamic regulation of H3K4me3 . Other

proteins/molecules, such as Pygopus 2 (Pygo2) , Polycomb group ring finger 6 (PCGF6) [44] and Interleukin-13 (IL-13)

, have also been found to be involved in H3K4me3 regulation. In the current study, through transcription factor (TF)

analysis by 'RcisTarget' package and literature retrieval, we found RNA polymerase II subunit A (Polr2A) and lysine

demethylase 5A (KDM5A) were potentially involved in regulating H3K4me3 modification. We conducted IHC staining and

IRS evaluation for Polr2A and KDM5A in placental tissues from natural conception, IVF, and ICSI. Polr2A expression

showed no significant difference between groups (P > 0.05). KDM5A expression (Figure 3) was increased in the

syncytium (P < 0.001), fetal endothelium (P = 0.001), and decidua (P = 0.048) of ICSI placentas than those in naturally-

conceived-placentas. KDM5A expression showed no significant difference between natural conception and IVF groups (P
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> 0.05). We transfected HTR-8/SVneo cells with siRNA targeting Polr2A (si-Polr2A), KDM5A (si-KDM5A), and non-

targeting control siRNA (si-NT). Western blot analysis (Figure 4a—c) and Immunocytochemistry (ICC) staining (Figure
4d) revealed that knockdown of Polr2A and KDM5A respectively resulted in down- and up-regulation of H3K4me3.

Polr2A is the largest subunit of RNA polymerase II (Pol II), and it plays a fundamental part in the enzymatic activity of Pol

II . A previous study revealed that in oxidative stress conditions, Polr2A could be regulated by von Hippel–Lindau

protein (pVHL) and proline hydroxylases (PHDs) [46] (known as 'oxygen sensors' . Treatment of 786-O cells with

hydrogen peroxide (H2O2) resulted in significant induction of phosphorylated Polr2A . In addition, intermittent hypoxia

and UV irradiation have also been shown to be able to induce Polr2A ubiquitylation and degradation . As mentioned

above, Polr2A is a fundamental part of Pol II. And a previous study revealed that H3K4me3-associated active interacting

domains were mostly embedded in Pol II-associated transcriptional interacting domains . Herein, our study provided

the first evidence that Polr2A positively regulated H3K4me3 enrichment, revealing Polr2A might play a role in promoting a

more permissive chromatin conformation .

KDM5A is a histone lysine demethylase (KDM) and is described as an 'oxygen sensor', because the activity of KDM5A is

oxygen-sensitive in various cellular systems . In depleted oxygen conditions, KDMs' activity is inhibited, and as

compensation, the expressions of KDMs are commensurately increased   . A study of HepG2 hepatoma cells reported

that mRNA and protein levels of KDM5B were higher following exposure to low and severely low oxygen tensions .

However, in another study (on Beas-2B cells), low-oxygen treatment was not found to cause any significant change of

KDM5A in both mRNA and protein levels . The variability of the findings in these studies may, however, reflect different

experimental conditions and cell type specificities. Notably, the increased histone trimethylation under low oxygen

tensions mainly resulted from attenuated catalytic activities of histone demethylases and not from altered abundances of

histone demethylases . KDM5A is able to catalyze the removal of all three methyl groups from H3K4 lysine residue and

is essential for early embryo development . Knockdown of KDM5A in HeLa cells is stated to contribute to the global

increase of H3K4me3 . And our knockdown experiment in HTR-8/SVneo cells further verified that KDM5A is a negative

regulator of H3K4me3. In the IHC staining, KDM5A also showed an opposite expression trend compared to H3K4me3. 

Figure 3. KDM5A

expression was increased in ICSI-derived placentas. Compared with natural conception placentas, ICSI placentas

showed higher levels of KDM5A in syncytium, fetal endothelium, and decidua, while IVF placentas showed no significant

difference. Boxplots showing the IRS distribution among natural conception (n = 27), IVF (n = 5), ICSI (n = 8) groups

along with significance levels indicated as P-value of the Mann-Whitney U-test. IRS = staining intensity × percentage of

positive cells. Data were reported as mean ± SD. The arrows in the first, second, and third columns from left respectively
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pointed towards syncytial trophoblast cells, foetal endothelial cells and extravillous trophoblast cells. The numbers in bar

charts represented the mean value of the corresponding IRS. KDM5A, lysine demethylase 5A. * P < 0.05; ** P < 0.01; ***

P < 0.001.

 

Figure 4. Polr2A and

KDM5A regulated global levels of H3K4me3 in HTR-8/SVneo cells. (a—c) Western blot analysis and (d)
immunocytochemistry showed that, compared with si-NT-cells, si-Polr2A-cells showed lower levels of H3K4me3 and si-

KDM5A-cells showed higher levels of H3K4me3. In the boxplots, protein levels of Polr2A and KDM5A expressed relative

to β-actin levels, protein levels of H3K4me3 expressed relative to histone H3 levels, IRS = staining intensity × percentage

of positive cells. Three independent experiments were performed. Data were reported as mean ± SD. Independent

samples t-test was used for statistical analysis. H3, Histone H3; si-NT, non-targeting control small interfering RNA; si-

Polr2A, siRNA targeting Polr2A; si-KDM5A, siRNA targeting KDM5A. * P < 0.05; ** P < 0.01; *** P < 0.001.

5. Varying Oxygen Conditions Regulate Protein Levels of H3K4me3

Next, to investigate the influence of oxygen tensions on global levels of H3K4me3 and its regulators, we cultured HTR-

8/SVneo cells in different oxygen conditions. Western blot analysis (Figure 5) revealed after low-oxygen culture (1% and

5% O2), global levels of H3K4me3 were significantly higher than those after atmospheric oxygen culture. Besides, after

intermittent hyperoxia exposure, global H3K4me3 levels were significantly different from those after persistent

atmospheric culture and low-oxygen culture (5% O2). Our findings agree with previous studies , which have

reported that in low oxygen tensions (1% O2 and less than 0.5% O2), global levels of H3K4me3 increased in multiple

human cell lines (e.g., HeLa cells, HFF cells, A549 cells, Beas-2B cells, and hADSC Cells). Intermittent hyperoxia

exposure may also contribute to H3K4me3 alteration . Further, we hypothesize that the oxygen tensions and

intermittent hyperoxia exposure-associated H3K4me3 alteration in our cell culture system, may have been due to

increased production of reactive oxygen species (ROS); it is known that, higher O2 tension and re-oxygenation are both

accompanied by increased generation of ROS . Unlike the in vivo system, in vitro culturing conditions lack naturally

effective antioxidant systems . Excessive ROS produced in the impaired cellular antioxidant systems may further

contribute to redox imbalance , influencing redox-sensitive TFs and critical enzymes associated with histone

modifications . One previous study has also proposed that H3K4me3 is redox-regulated, and H2O2 (a ROS generator)

treatment in HeLa cells results in decreased levels of H3K4me3   Currently, in human embryo culturing systems, it is

common to supplement antioxidants, yet how to maintain a prooxidant-antioxidant equilibrium still deserves further

investigation.

[47][48][49]

[50]

[51][52]

[53]

[54]

[53]

[55]



Figure 5. Protein levels of Polr2A, KDM5A, and H3K4me3 in varying oxygen conditions. After low-oxygen culture at 1%

(a) and 5% O2 (b), protein levels of Polr2A, H3K4me3, and HIF 1α were higher than atmospheric oxygen culture. After

intermittent hyperoxia exposure (c), protein levels of H3K4me3 and HIF 1α were different from those after persistent

atmospheric oxygen culture or persistent low-oxygen culture (5% O2). In the boxplots, protein levels of Polr2A, KDM5A,

and HIF 1α expressed relative to β-actin levels, protein levels of H3K4me3 expressed relative to histone H3 levels. Three

independent experiments were performed. Data were reported as mean ± SD. One-way analysis of variance with

Dunnet's posthoc test and independent samples t-test were used for statistical analysis. HIF 1α was used as the indicator

for hypoxia. HIF 1α, hypoxia-inducible factor 1α. 'Re-oxy' referred to intermittent hyperoxia exposure (5% O2 8 hours +

20% O2 16 hours + 5% O2 8 hours). * P < 0.05; ** P < 0.01; *** P < 0.001.

6. Conclusions

Given the small sample size, our power to make a definitive conclusion is limited. Nevertheless, some interesting

observations still merit attention: when compared with the naturally-conceived-group, placenta and newborn CBMC from

ICSI, but not IVF, group showed H3K4me3 alteration. Besides, ICSI-boys presented more genes with deH3K4me3 than

ICSI-girls. Varying oxygen conditions, Polr2A and KDM5A impacted H3K4me3 levels. Considering the ICSI is usually

prepared for male oligospermia or asthenospermia or abnormal fertilization in previous conventional IVF, the alteration of

H3K4me3 in ICSI group may not only derive from ICSI technology per ser but also from the couple's infertility background.
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