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Introduction

Preeclampsia (PE) is a common disease of human gestation, 
affecting 5 to 10% of pregnancies1 and is one of the first causes 
of pregnancy-associated maternal mortality and morbidity. This 
disease is defined by the occurrence of gestational hypertension 
and proteinuria. The only definitive treatment is to deliver the 
placenta (and the fetus), often leading to the birth of premature 
babies. PE can be associated with intrauterine growth retardation 
(IUGR), in around one third of the cases. Despite the late onset 
of the symptoms, the causes are thought to occur early during the 
first trimester of pregnancy, notably with an abnormal placenta-
tion leading to shallow invasion of the maternal uterine arteries 
and hypoperfusion (responsible of a pathological hypoxia).2

Others and we have shown previously that several serine 
protease inhibitors (SERPIN) are transcriptionally modified in 
the context of placental diseases.3,4 Indeed, these proteins are 
involved in various pathways affected in these diseases, such as 
inflammation, coagulation, fibrinolysis, complement activation, 
and phagocytosis. In particular, we have recently shown that 
SERPINA3 is upregulated in PE and even more in PE+IUGR 

and IUGR placentas. Furthermore, its promoter is hypometh-
ylated in PE and IUGR placentas in a region possibly binding 
several transcription factors (such as HIF1α, Hypoxia Inducible 
Factor).4,5 SERPINA3 is a specific inhibitor of elastase, a member 
of the matrix metalloprotease family, a family of factors known 
to play a crucial role during the implantation process, suggest-
ing that this protein could play a role in the pathophysiology 
of placental diseases. In addition, we have shown an associa-
tion between SNPs located in this gene and preeclampsia, these 
SNPs regulating the fixation of transcription factors according to 
the methylation status.6 Outside DNA methylation, epigenetic 
regulation of transcription can be achieved by modulating the 
histone code and, notably, by shifting the cell content in small 
non-coding RNAs.

Among those, microRNAs (miRNAs) are well-known post-
transcriptional regulators. They are encoded in different parts of 
the genome, such as intergenic regions, but also intronic regions; 
they can also be polycistronic. Their precursors are generally 
transcribed by RNAPol II. First, they are transcribed as primary-
miRNA (pri-miRNA), constituted by a hairpin and flanking 
sequences. This pri-miRNA is processed by the complex Drosha 

*Correspondence to: Daniel Vaiman; Email: daniel.vaiman@inserm.fr
Submitted: 05/06/13; Revised: 08/01/13; Accepted: 08/17/13; Published Online: 09/30/2013
http://dx.doi.org/10.4161/epi.26196

miR-34a expression, epigenetic regulation,  
and function in human placental diseases

Ludivine Doridot†, Dorothée Houry†, Harald Gaillard, Sonia T Chelbi, Sandrine Barbaux, and Daniel Vaiman*

INSERM U1016; Institut Cochin; Paris, France; CNRS UMRS 8104; Paris, France; Université Paris Descartes; Paris, France

†These authors contributed equally to this work.

Keywords: preeclampsia, miR-34a, SERPINA3, intra-uterine growth restriction, placenta

Preeclampsia (PE) is the major pregnancy-induced hypertensive disorder responsible for maternal and fetal morbid-
ity and mortality that can be associated with intrauterine growth restriction (IUGR). PE and IUGR are thought to be due 
to a placental defect, occurring early during pregnancy. Several placental microRNAs (miRNAs) have been shown to be 
deregulated in the context of placental diseases and could thus play a role in the pathophysiology of PE. Here, we show 
that pri-miR-34a is overexpressed in preeclamptic placentas and that its placental expression is much higher during the 
first trimester of pregnancy than at term, suggesting a possible developmental role. We explored pri-miR-34a regulation 
and showed that P53, a known activator of miR-34a, is reduced in all pathological placentas and that hypoxia can induce 
pri-miR-34a expression in JEG-3 cells. We also studied the methylation status of the miR-34a promoter and revealed 
hypomethylation in all preeclamptic placentas (associated or not with IUGR), whereas hypoxia induced a hypermethyl-
ation in JEG-3 cells at 72 h. Despite the overexpression of pri-miR-34a in preeclampsia, there was a striking decrease of 
the mature miR-34a in this condition, suggesting preeclampsia-driven alteration of pri-miR-34a maturation. SERPINA3, a 
protease inhibitor involved in placental diseases, is elevated in IUGR and PE. We show here that miR-34a overexpression 
in JEG-3 downregulates SERPINA3. The low level of mature miR-34a could thus be an important mechanism contributing 
to SERPINA3 upregulation in placental diseases. Overall, our results support a role for miR-34a in the pathophysiology of 
preeclampsia, through deregulation of the pri-miRNA expression and its altered maturation.
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(an RNase III enzyme), into a precursor-miRNA (pre-miRNA), 
which is only composed of the hairpin. The pre-miRNA is then 
exported to the cytoplasm by the protein Exportin 5. In the cyto-
plasm, the pre-miRNA is processed by the Dicer complex, a sec-
ond RNase III enzyme, into a mature miRNA-miRNA* duplex. 
This double stranded molecule is composed of a mature guide 
strand miRNA and a passenger strand miRNA. The mature 
miRNA is then loaded into RISC (RNA-induced silencing com-
plex), while the passenger strand miRNA is degraded. miRNA in 
RISC can interact with the UTR of its mRNA targets and could 
function via two silencing mechanisms: mRNA-targeted degra-
dation or mRNA-targeted translational inhibition.7,8

Numerous miRNAs have already been described to play 
essential roles during placental development and in pathologies 
of the placenta (reviewed in ref. 9). Several miRNAs are specific 
of the trophoblast and may be able to regulate invasion, prolif-
eration, and iron metabolism, especially when this regulation 
involves hypoxia, to which miR-210, for instance, seems to be 
very responsive.10 Therefore, miRNAs may function in fail-safe 
mechanisms, assuring fidelity of expression domains crucial for 
patterning/development. They could therefore be important 
for placentation, which is a finely regulated step for a harmo-
nious pregnancy. Herein, we wished to specifically study miR-
34a putative effects on SERPINA3 expression. This is based 
upon the observation that miR-34a overexpression in HTC116 
cells (a colon cancer cell line) leads to a decrease of SERPINA3 
mRNA.11 miR-34a involvement in placental physiology is also 
substantiated by observations showing that it downregulates the 
Notch and Jagged pathways in choriocarcinoma, thus suppress-
ing their invasive properties12 and by its possible involvement in 
the enhanced invasive capacities of trophoblasts in the context 
of placenta accreta.13 The miR-34a gene is located on chromo-
some 1p36, it has two exons, the mature miRNA being encoded 
by the second one, like all miRNAs from the miR-34 family. 
miR-34a has the particularity to have a very large intron of about 
30 kb. It was shown that miR-34a is regulated by P53, via P53 
binding sites in its promoter, in the context of cancer.14 Several 
direct miR-34a targets implicated in different biological path-
ways have been validated. For example, miR-34a inhibits the 
apoptosis regulator BCL2. It is also involved in the inhibition 
of CyclinD1 and E2, as well as cyclin dependent kinases CDK4 
and CDK6, MET, the hepatocyte growth factor receptor, and the 
proto-oncogene N-MYC, all involved in cell cycle, leading to G1 
arrest and E2F3 transcription factor inhibition, which leads to 
proliferation inhibition. Delta-like protein DLL1, a notch ligand, 
is also inhibited by miR-34a, which means that Notch signaling, 
important for placenta vascularization and development, as men-
tioned above,15,16 can be disturbed by miR-34a. Lastly, SIRT1, 
a NAD-dependent deacetylase, is a miR-34a target; since it has 
also been shown to inhibit several pro-apoptotic proteins includ-
ing P53, SIRT1 inhibition may initiate a positive feedback loop 
leading to P53 overexpression17,18

Here, we hypothesized that abnormal miR-34a expression 
could contribute to placental diseases, for instance, by dereg-
ulating SERPINA3. In this study, we show for the first time 
that pri-miR-34a and mature miR-34a expression, as well as the 

promoter methylation of the gene, is affected in pathological 
placentas. P53, known as a key regulator of miR-34a expression, 
is reduced in all pathological placentas. We also show that miR-
34a is induced by hypoxia in choriocarcinoma cells (24–48 h), 
but not after 72h, time at which there is an important increase 
of miR-34a promoter methylation. Finally, we show in this 
cell model that miR-34a is indeed able to inhibit SERPINA3 
expression, presumably indirectly.

Results

Abnormal expression of pri-miR-34a in pathological 
placentas

First, we assessed pri-miR-34a expression in control and 
pathological placentas. miRNAs quantification is not straight-
forward due to their small size, so we first estimated miR-34a 
expression by the quantification of the spliced primary miRNA 
(pri-miR-34a), as previously described.18 When the complete 
data set was analyzed by ANOVA, no significant values were 
reached. However, in preeclamptic placentas, pri-miR-34a was 
increased (3-fold) compared with control placentas (Fig. 1A; P 
= 1.9 × 10-2 by the Student test).

Differential expression of pri-miR-34a according to term
We then investigated whether there was a difference in pri-

miR-34a expression in early placentas (at the first trimester of 
pregnancy) vs. term placentas and showed a striking elevation 
(20-fold) of pri-miR-34a RNA at early terms (Fig. 1B; P = 1.3 × 
10−7 by the Student test).

We then wondered whether the increase observed in pre-
eclamptic placentas was due to placental term rather than to 
pathological state. Due to obvious limited access to control 
samples, preeclamptic placentas are somewhat younger than 
control placentas in the large majority of studies. Transcriptome 
analysis demonstrated nevertheless that expression variations 
are quite limited during the last trimester of gestation.19 In the 
present studies, gestational ages were 33 weeks and 4 d ± 5 d 
of amenorrhea (preeclampsia) vs. 39 weeks and 3 d ± 1 d (con-
trols). To assess whether miR-34a expression diminishes accord-
ing to placental term, we performed correlation analyses, using 
all the values obtained for term placentas (controls and patho-
logical) and we could not find any significant correlation. The 
observed increase of pri-miR-34a in preeclamptic placentas is 
thus not linked to the gestational age.

Putative links between P53 and miR-34a expression in the 
placental context

As miR-34a is regulated by P53,17 we analyzed the expression 
of this factor in control and pathological placentas (Fig. 2A). 
There was a systematic decrease of P53 mRNA level in all the 
pathological placentas studied. In preeclamptic placentas, a 3.2- 
to 3.7-fold decrease was observed (P = 5.5 × 10−6 and P = 2.2 × 
10-3 for PE and PE+IUGR placentas, respectively). In IUGR 
placentas, we observed a 2.2- to 2.7-fold decrease (P = 1.3 × 
10-3 and P = 4.1 × 10-3 for IUGR and vascular IUGR placen-
tas, respectively). We also assessed P53 expression in first tri-
mester placentas (Fig. 2B) and observed a slight not significant 
increase.
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Consequently, P53 does not seem responsible for pri-miR-
34a increase in preeclamptic placentas, since it is reduced in 
this pathology. It could however participate in the pri-miR-34a 
increase observed in first trimester placentas.

Epigenetic analysis (DNA methylation) of the miR-34a pro-
moter in placentas

Other mechanisms could explain miR-34a regulation, such 
as promoter methylation. Indeed, the miR-34a promoter con-
tains a CpG island, which could constitute a target for DNA 

methylation. We assessed the methylation level of the promoter 
by McrBC digestion followed by quantitative PCR in normal and 
pathological placentas. In this experiment, a systematic hypo-
methylation of the promoters was observed in all preeclamptic 
placentas, associated or not with IUGR, compared with control 
placentas (Fig. 3; P = 4.6 × 10-2 and P = 6.6 × 10-3 by post hoc 
Student test, respectively, for PE and PE+IUGR group compared 
with control group). This could contribute to the elevated expres-
sion of pri-miR-34a in preeclamptic placentas.

Figure  2. P53 mRNAs is significantly decreased in all the pathological placentas. (A) Expression was assessed by qRT-PCR in 11 control placentas 
(Controls), 13 preeclamptic placentas (PE), 4 preeclamptic placentas associated with IUGR (PER), 7 IUGR placentas (IUGR) and 7 vascular IUGR (vasc IUGR). 
The Ct values of each sample were normalized by those obtained for SDHA. The expression level obtained for the control placentas was arbitrary set 
to one. P = 1.3 × 10−5 by ANOVA. **P < 0.01, ***P < 0 0.001. (B) Expression was assessed by qRT-PCR in 8 control term placentas (Term placentas) and 8 
placentas from first trimester of pregnancy (Early placentas). The Ct values of each sample were normalized by those obtained for SDHA. The expression 
level obtained for the control term placentas was arbitrarily set to one.

Figure 1. Pri-miR-34a quantity is significantly higher in PE and first trimester placentas. (A) Expression was assessed by qRT-PCR in 10 term control pla-
centas (Controls), 10 preeclamptic placentas (PE), 5 preeclamptic placentas associated with IUGR (PE+IUGR), 7 IUGR placentas (IUGR) and 6 vascular IUGR 
(vasc IUGR). The Ct values of each sample were normalized by those obtained for SDHA. The expression level obtained for the control placentas was 
arbitrary set to one. *P < 0.05 by the Student t-test relative to the control samples. (B) Expression was assessed by qRT-PCR in 10 term control placentas 
(Term placentas) and 26 placentas from first trimester of pregnancy (Early placentas). The Ct values of each sample were normalized by those obtained 
for SDHA. The expression level obtained for the control term placentas was arbitrary set to one. ***P < 0.001.
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In addition, we analyzed the methylation level in first trimes-
ter placentas, but could not find any significant difference com-
pared with term placentas (Fig. S1A).

Oxygen pressure is an important regulator of pri-miR-34a 
expression in choriocarcinoma cells

In order to better understand how the pri-miR-34a is increased 
in pathophysiological placentas, we assessed the hypothesis of a 
regulation by hypoxia, since it is known that pathological placen-
tas have an increased level of hypoxia inducible factor (HIF).20 
Therefore, we used JEG-3 cells as a proxy of trophoblasts, cul-
tivated them in hypoxia (2% O

2
) and kinetically evaluated pri-

miR-34a expression (Fig. 4A). This revealed a strong induction 
of pri-miR-34a expression after 24 and 36 h of hypoxia (23 fold, 
P = 2.2 × 10-2 and 6 fold, P = 2.4 × 10-2 by Student test com-
paring normoxia and hypoxia ΔCt values, for 24 h and 36 h of 
hypoxia respectively). Quite interestingly, however, at 72 h the 
level of miR-34a was back to normal (oxygen atmospheric pres-
sure) values.

To understand how hypoxia regulates pri-miR-34a, we ana-
lyzed its effect on P53 (Fig. 4B) and on miR-34a promoter meth-
ylation (Fig. 5). P53 is rapidly induced by hypoxia: around 2-fold 
after 3h (P = 1.1 × 10-2 by Student test comparing normoxia 
and hypoxia). However, after 36h, P53 mRNA is significantly 
decreased (around 8-fold, P = 3.4 × 10-2, by Student test compar-
ing normoxia and hypoxia). Then, we checked whether hypoxia 
could influence miR-34a promoter methylation (Fig. 5). Indeed, 
at 72 h of hypoxia, methylation of the promoter was increased 
by ~3-fold in choriocarcinoma cells (P = 2.4 × 10-2 by Post hoc 
Student test compared with 72 h in normoxic conditions). This 
hypermethylation was not present at 24 h (Fig. S1B).

Mature miR-34a expression in placentas and choriocarci-
noma cells exposed to hypoxia

In order to check whether the mature miR-34a displays the 
same profile than the pri-miR-34a, we performed qPCR fol-
lowing a polyadenylation step on extracted RNA (Fig.  6), as 

described in reference 21. In first trimester placentas, we did not 
observe an increase of mature miR-34a (Fig.  6A), despite the 
20-fold increase of pri-miR-34a. This probably indicates that the 
maturation of the pri-miRNA is occurring with a very low effi-
ciency during the first trimester. When we looked at the patho-
logical placentas (Fig. 6B), we observed a striking reduction of 
the mature miR-34a in PE placentas (more than 250-fold, P = 
6.6 × 10-3, by Student test comparing control and PE placentas), 
and a 7-fold decrease in IUGR placentas (non significant). This 
is in opposition with the observed increase of pri-miR-34a in PE 
placentas. Thus, the maturation process seems defective in path-
ological placentas. The pri-miR34a increase that we observed 
could be a failed attempt to compensate the almost absence 
of mature miRNA. In this sense, we showed that in cells, the 
mature miR-34a is also strikingly decreased by 3 h and 6 h of 
hypoxia (Fig. 6C), compared with normoxia (P = 1.0 × 10-3 and P 
= 3.8 × 10-2, for 3 h and 6 h, respectively, by Student test compar-
ing normoxia and hypoxia). After 24 h and 48 h of hypoxia, this 
reduction is not present anymore, suggesting that, upon induc-
tion of the pri-miR-34a, the amount available could compensate 
for the low maturation of the pri-miRNA. Finally, after 72 h 

Figure 4. Hypoxia induces the expression of pri-miR-34a following that 
of P53. (A) Pri-miR-34a level was assessed by qRT-PCR in cells submit-
ted to 3, 6, 24, 36, or 72 h of hypoxia (2% O2) or under classical normoxic 
culture condition (20% O2). The Ct values of each sample were normal-
ized by those obtained for SDHA. The graphical representation shows 
the relative expression in hypoxia compared with normoxia. P = 2.2 × 
10−4 by two-factor ANOVA. *P  < 0.05. (B) P53 expression was assessed by 
qRT-PCR in cells submitted to 3, 6, 24, 36, 48, or 72 h of hypoxia (2% O2) 
or under classical normoxic culture condition (20% O2). The Ct values of 
each sample were normalized by those obtained for CyclophilinA. The 
graphical representation shows the relative expression in hypoxia com-
pared with normoxia. P = 4.3 × 10-3 by two-factor ANOVA. *P < 0.05.

Figure  3. miR-34a promoter methylation is significantly decreased in 
PE placentas (associated or not with IUGR). Methylation was assessed by 
McrBC digestion followed by quantitative PCR in 5 term control placen-
tas (Controls), 5 preeclamptic placentas (PE), 5 preeclamptic placentas 
associated with IUGR (PE+IUGR) and 5 IUGR placentas (IUGR). The Ct val-
ues of each sample were normalized by those obtained for non-digested 
DNA. The methylation level obtained for the control placentas was arbi-
trary set to one. *P < 0.05 and **P < 0.01.
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of hypoxia, when the pri-miR-34a is not anymore induced, the 
mature miR-34a seems, once again, decreased, compared with 
normoxia (non-significant).

Effects of miR-34a expression on SERPINA3 regulation
In order to know whether miR-34a regulates SERPINA3, we 

overexpressed it in JEG-3 cells (Fig. 7A). As a positive control, we 
assessed BCL2 expression in these cells, as it is a known target 
of miR-34a, and we could indeed show that its mRNA level was 
decreased 3-fold compared with cells transfected with an empty 
vector (P = 1.6 × 10-2 by Student test). In the same conditions, 
we showed a 2.2-fold decrease of SERPINA3 mRNA in cells 
transfected with miR-34a compared with cells transfected with 
an empty vector (P = 1.0 × 10-2 by Student test), thus confirming 
the ability of miR-34a to downregulate SERPINA3 expression.

Since the negative regulatory effect of miR-34a on SERPINA3 
expression can be direct or indirect, we tested the possibility of a 
direct interaction between the miRNA and SERPINA3 mRNA 
as a target. First, in silico, we scanned SERPINA3 for identifying 
a miR-34a target using predicting algorithms (such as TargetScan 
and miRanda), but without evincing a specific sequence. Second, 
we explored SERPINA3 3′UTR manually for sequence com-
plementarity to the seed region of miR-34a. The seed region is 
located in position 2 to 7 in the mature RNA, where it seems 
necessary to have an almost perfect match to this part to have 
an inhibitory effect. In the SERPINA3 3′UTR, we found only 
an imperfect match. Third, to eventually determine if this may 
be enough to induce silencing, we cloned the complete 3′UTR 
of SERPINA3 downstream of the luciferase gene and performed 
transfections of this constructions in JEG-3 cells, in parallel with 
either the miR-34a plasmid or an empty vector (Fig.  7B). We 
could not prove any difference in luciferase activity following 
miR-34a transfection, suggesting that, apparently, miR-34a does 
not target directly the 3′UTR of SERPINA3.

Discussion

Previously, several placental miRNAs have been shown to be 
deregulated in the context of placental disease or trophoblast dif-
ferentiation.22-28 Here, we show that pri-miR-34a is overexpressed 
in preeclamptic placentas and that its placental expression is 
much higher during the first trimester of pregnancy than at 
term, suggesting a possible developmental role for this miRNA. 
However, these differences are not translated into a mature miR-
34a increase, and, in fact, for PE placentas, the opposite profile 
is observed. This could be explained by a very low maturation 
of the pri-miRNA in early pregnancy, and a completely defec-
tive maturation in PE placentas. The maturation of pri-miR-34a 
consists in several steps: splicing, a first cleavage into pre-miRNA 
and a second cleavage into mature miRNA; all these steps can 
be finely regulated. In preeclampsia, the higher level of pri-miR-
34a could be a compensation for a defective maturation (negative 
feedback?).

Concerning miR-34a regulation, on the one hand, we showed 
that P53, a known activator of miR-34a, is reduced in all patho-
logical placentas and, on the other hand, that hypoxia induced 
pri-miR-34a expression in JEG-3 cells. We observed that, con-
sistently, this induction is preceded by that of P53. Hypoxia also 
seems to influence the maturation process, as the level of mature 
miR-34a is dramatically reduced after 3 h of hypoxia compared 
with normoxia. Later on, at 24 h and 36 h of hypoxia expo-
sure, the quantity of pri-miR-34a increases, the level of mature 
miRNA is progressively brought back to that observed in nor-
moxia, suggesting an efficient compensation of the altered matu-
ration process.

We also studied the methylation status of the miR-34a pro-
moter (around the putative P53 binding sites present in this 
promoter). We found hypomethylation in all placentas from pre-
eclamptic pregnancies (associated or not with IUGR). On the 
other hand, hypoxia induced a hypermethylation in JEG-3 cells 
at 72 h.

Finally, we show that SERPINA3 is downregulated by miR-
34a overexpression in JEG-3, this regulation being independent 
of the 3′UTR of SERPINA3. Previously, we have demonstrated 
that SERPINA3 is upregulated in placental diseases, in associa-
tion with the abnormal methylation of its promoter.6 Here, we 
show that another mechanism could be at work in regulating 
this gene: the quasi-absence of mature miR-34a in pathological 
placentas compared with controls could partly be responsible 
for SERPINA3 upregulation in placental diseases.

It is generally admitted that the placental defects leading 
to preeclampsia occur early in pregnancy, when pri-miR-34a 
is the most expressed, suggesting that it could play a role in 
early stages of preeclampsia. As we did not observe a high level 
of mature miR-34a in early placentas, maturation probably has 
low efficiency. However, having high levels of pri-miR-34a in 
early pregnancies (probably stored within the cells) could be a 
physiological strategy to allow a rapid response when the mature 
miRNA becomes necessary in the placenta.

Based on our present results, we propose here the follow-
ing model (Fig.  8): during normal pregnancies, the miR-34a 

Figure  5. miR-34a promoter methylation is significantly increased in 
cells submitted to 72 h of hypoxia. McrBC digestion followed by quan-
titative PCR in cells submitted to 3 and 72 h of normoxia or hypoxia was 
performed to assess methylation status. The Ct values of each sample 
were normalized by those obtained for non-digested DNA. P = 3.9 × 10-3 
by two-factor ANOVA. The graphical representation shows the relative 
methylation status in hypoxia compared with normoxia. *P < 0.05.
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promoter is methylated; in these cases, 
even if P53 is expressed at a relatively 
high level, it is not able to induce pri-
miR-34a expression; reciprocally, in pre-
eclampsia, there is a smaller amount of 
P53, but the promoter is hypomethylated 
and may have a better responsiveness to 
the inducer. In these cases, pri-miR-34a 
expression is increased, but this is not 
sufficient to completely compensate the 
defective maturation, and the mature 
miR-34a is much reduced compared 
with normal placentas, contributing 
probably to the observed increase of 
SERPINA3 expression in placental dis-
eases. At the beginning of pregnancy, 
the higher expression of pri-miR-34a 
could be explained by the abundance 
of HIF1α in physiological hypoxia, and 
probably even more so in preeclamp-
sia.20 Indeed, several HIF binding sites 
(RCGTG) are presents in the miR-34a 
promoter (near the P53-box), and we 
showed in JEG-3 cells that pri-miR-
34a is robustly induced by hypoxia. 
However, this activation by hypoxia is 
certainly mediated by a cofactor present 
in trophoblast cells since miR-34a has 
been previously found to be decreased 
by hypoxia in another cell type (renal 
tubular epithelial cell).29 Furthermore, 
pri-miR-34a induction by hypoxia in 
the cell did not last more than 36 h, 
probably due to progressive promoter 
methylation. While the miR34a level 
was considerably reduced at 3 and 6 h of 
hypoxia, its level tended to be restored 
at 36–48 h. Overexpression of the pri-
miRNA can therefore be considered as 
an efficient compensatory mechanism 
to the defective maturation triggered by 
hypoxia.

At the beginning of pregnancy, a 
pathological long hypoxia could induce a low level of pri-
miR-34a by promoter hypermethylation (such as observed in 
the cells at 72 h of hypoxia), associated to a lessened level of 
mature miRNA, aggravated by hypoxia-dependent defective 
maturation. This could contribute to the physiopathology of 
preeclampsia by inducing higher levels of SERPINA3, with del-
eterious effects on invasion.6 Indeed, we already proposed a role 
of this protein in placental diseases.4-6 However, how miR-34a 
regulates SERPINA3 remains elusive. We show here that it is 
probably indirect, hypothetically by downregulating an activa-
tor of SERPINA3 expression. Nevertheless, it could be through 
another part of SERPINA3 mRNA, as it is now demonstrated 
that miRNAs can act on coding regions.30

In conclusion, we bring new evidences about an involvement 
of miR-34a in the pathophysiology of placental disease, thus 
reinforcing previous studies showing that miR-34a regulates the 
invasive capacity of trophoblast cells,12,31 consistently with its 
involvement in preeclampsia and placental development.

Material and Methods

Human material samples and ethics
Placentas from normal and pathological pregnancies (PE and 

IUGR) were collected after caesarean delivery from 3 maternities 
(St Antoine, Port-Royal, and Institut de Puériculture) following 
the indications of the Cochin Hospital ethical committee. We 

Figure 6. Mature miR-34a in first trimester placentas, term placentas (control and pathological) and 
in cells submitted to hypoxia. (A) Mature miR-34a quantity was assessed by qRT-PCR preceded by a 
polyadenylation step in 8 Term control placentas (Term placentas) and 8 placentas from first trimes-
ter of pregnancy (Early placentas). The Ct values of each sample were normalized by a geometric 
mean of those obtained for 5S RNA and SDHA. The expression level obtained for the control placen-
tas was arbitrarily set to one. (B) Mature miR-34a quantity was assessed by qRT-PCR preceded by a 
polyadenylation step in 8 control placentas (Controls), 5 preeclamptic placentas (PE) and 4 IUGR pla-
centas (IUGR). The Ct values of each sample were normalized by a geometric mean of those obtained 
for 5S RNA and SDHA. The expression level obtained for the control placentas was arbitrarily set to 
one. **P < 0.01 by the Student t-test relative to the control samples. (C) Mature miR-34a level was 
assessed by qRT-PCR preceded by a polyadenylation step in cells submitted to 3, 6, 24, 48, or 72 
h of hypoxia (2% O2) or under classical normoxic culture condition (20% O2). The Ct values of each 
sample were normalized by a geometric mean of those obtained for 5S RNA and SDHA. The graphi-
cal representation shows the relative expression in hypoxia compared with normoxia. P = 1.1 × 10−4 
by two-factor ANOVA. *P < 0.05, **P < 0.01.
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had access to complete clinical data for each individual. Placental 
fragments from voluntary termination of pregnancy were also 
collected and formed the “early placenta” group.

The inclusion criteria used for PE patients were the following 
clinical thresholds: systolic pressure > 140 mmHg, diastolic pres-
sure > 90 mmHg, and proteinuria > 0.3 g per 24 h. The inclu-
sion criteria used for IUGR was weight at birth < 10th percentile, 
and it was characterized as vascular if a notch was observed dur-
ing uterine Doppler at the second or/and the third trimester 
assessment.

We classified the patients in 4 groups: isolated PE (PE), PE 
associated with IUGR (PE+IUGR), isolated IUGR (IUGR), and 
vascular IUGR (vasc IUGR). Women who underwent caesarean 
surgery without suffering any disease during pregnancy formed 
the control group.

Fragments (10 to 20 mm) from the placental subchorial zone 
were dissected as described previously.32,33 Maternal membranes 
were eliminated, and floating villi were washed in Hanks’ bal-
anced salt solution (HBSS). A fraction of these samples was kept 
frozen and another kept in TRIzol (5 mL/g, Invitrogen).

RNA extraction, poly-adenylation, and quantitative 
RT-PCR conditions

Total RNA from collected tissues was extracted using TRIzol 
Reagent (Invitrogen) in accordance with the manufacturer’s 
instructions, treated with RNase-free DNase, and quantified by 
spectrophotometry.

For mature miRNA quantification, a polyadenylation step 
was performed as described in.21 Briefly, 4 µg of total RNA were 
treated with poly(A) polymerase (Ambion) according to manu-
facturer’s instructions. Then a phenol-chloroform extraction fol-
lowed by an isopropanol precipitation was performed in order to 
eliminate all reagents (enzymes, ions). A specific reverse tran-
scription was then made with a specific universal primer (con-
taining a poly(T) part followed by a universal sequence, which 
will be used for the qPCR amplification, Table S1).

For mRNA and pri-miR-34a quantification, reverse tran-
scription (RT) was performed according to a standardized pro-
tocol. Briefly, 4 µg of total DNase-treated RNA was reverse 
transcribed in a volume of 25 µL at 39 °C using the M-MLV 
Reverse Transcriptase (Invitrogen) and random primers during 
1 h.

Quantitative RT-PCR was performed using the LightCycler® 
480 SYBR Green I Master Mix (Roche Applied Science) in 
accordance with the manufacturer’s instructions. The reaction 
was performed in a Light-Cycler 480 Thermocycler (Roche 
Applied Science). Primers were designed for the coding sequences 
of the different genes using the PRIMER3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3) and aligned with basic local 
alignment search tool software (BLAST) to avoid nonspecific 
annealing. Samples were submitted to cycling according to 
the following PCR program: 95 °C for 5 min followed by 45 
cycles of 3 temperature steps (94 °C for 10 s, 58 °C for 15 s, and  
72 °C for 15 s). Finally, samples were submitted to a progressive 
temperature elevation (from 65 to 99 °C at 0.1 °C/s), resulting 
in a melting curve, enabling to check the PCR products homo-
geneity. In addition, amplification products were systematically 
controlled by agarose gel electrophoresis.

The threshold cycle number (Ct) values were collected with 
the LightCycler480 software (Roche Applied Science) in the 
exponential phase of the PCR reaction. These Cts were normal-
ized by the Ct values obtained for the succinate dehydrogenase 
subunit A (SDHA) for mRNA and by those of 5S RNA for 
miRNA used as normalizing genes.

All primers are presented as Table S1.
Plasmid construction
To produce the pcDNA-miR-34a vector, a 1025 bp fragment 

encompassing the miR-34a hairpin was amplified from pla-
cental genomic DNA and cloned into pcDNA3.1 vector (Life 
Technologies) digested by EcoRV (Fermentas). It was already 
described that such construction could allow the expression and 
maturation of miRNA.34

Figure 7. SERPINA3 expression is downregulated in cells transfected by a 
plasmid encoding miR-34a, but this effect is not mediated by SERPINA3 
3′UTR. (A) Expression of BCL2 and SERPINA3 was assessed by qRT-PCR in 
cells transfected by an empty vector (Empty) or a plasmid encoding miR-
34a (miR-34a). The Ct values of each sample were normalized by those 
obtained for SDHA. The expression level obtained for the control cells 
(empty vector) was arbitrarily set to one. *P < 0.05. (B) Luciferase activity 
was measured in JEG-3 cells transfected with two different firefly lucif-
erase vectors (CMV-luc to measure the basal level, and CMV-luc-3′UTR-
SERPINA3, which contains the 3′UTR sequence of SERPINA3 downstream 
of the luciferase gene) and with an empty vector or a plasmid encoding 
miR-34a. The values of each sample were normalized by those obtained 
for Renilla luciferase. The graphical representation shows the fold induc-
tion following miR-34a expression. NS, Non Significant.
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For Luc-3′UTR-SERPINA3, a 353 bp fragment correspond-
ing to the 3′UTR of SERPINA3 was amplified from placental 
genomic DNA and cloned into a modified pGL3 basic vec-
tor (Promega, modified by the integration of a minimal CMV 
upstream of the luciferase gene) digested by XbaI (Fermentas).

Cell culture, hypoxia, and transfection
The JEG-3 cell line is a conventionally used model of tro-

phoblast cells.35 JEG-3 cells were grown in Dulbecco’s modified 
Eagle’s medium Glutamax (Life Technologies) supplemented 
with 10% of heat inactivated fetal calf serum (Life Technologies) 
and 1% penicillin/streptomycin, at 37 °C in the presence of 5% 
CO2.

To analyze the effect of hypoxia on gene expression, cells were 
seeded in 60 mm diameter glass dishes, placed in a Lwoff cham-
ber at 37 °C and exposed to an oxygen-depleted atmosphere (2% 
O2, 5% CO2) or maintained as control at 37 °C in humidified 

normal atmosphere (20% O2 – 5% CO2). Cells were then har-
vested for RNA extraction using TRIzol Reagent (Invitrogen) at 
3, 24, 36, and 72 h. The kinetics was done twice independently. 
For 3, 24, and 72 h, a part of the cells was kept for genomic DNA 
extraction.

To assess BCL2 and SERPINA3 expression following miR-
34a transfection, cells were seeded the day before transfection 
at 80% of confluence, and then transfected using lipofectamine 
2000 (Life technologies) according to manufacturer’s instruc-
tion. Three independent experiments each including three rep-
licates for both conditions (empty vector and pcDNA-miR-34a) 
were performed.

For luciferase assay, cells were seeded the day before trans-
fection at 30% of confluence, and then transfected using the 
calcium phosphate method as previously described.6 For lucif-
erase assays (see below), cells were seeded in 24-well plates and 

Figure 8. miR-34a regulation along pregnancy in physiological and pathological cases. In this model, we propose that miR-34a regulation is mediated 
by the combined effect of methylation status and transcription factors binding. At the end of pregnancy, P53 could bind the hypomethylated promoter 
of pathological placentas and induce a higher expression of the pri-miR. At the beginning of pregnancy, when the placenta is rather hypoxic, HIF1α 
would induce a high expression level of miR-34a in physiological cases and a higher one in pathological cases, leading to an enhanced downregulation 
of target genes. We have shown previously that the SERPINA3 promoter is demethylated in pathological placentas and that this is associated with an 
increased expression. In IUGR, we have shown that specific transcription factors (ZBTB7B) are specific mediators of this high induction. The induction 
of SERPINA3 in pathology could be partly explained by the low level of the mature miR-34a, resulting of an inefficient activity of the miRNA maturation 
machinery, even though the precursor is present at a high level, may be through the absence of a feedback regulation.
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harvested after 48 h. Quantities of plasmid DNA used for trans-
fections were, respectively, 1 μg per well total for luciferase assays 
(i.e., 590 ng of reporter luciferase, 400 ng of miR-34a-expressing 
vector and 10 ng of renilla, pRL-RSV, Promega). DNA quanti-
fications were performed using a Nanodrop spectrophotometer. 
Each experiment included three to five replicates for each condi-
tion and was repeated thrice independently.

Luciferase assay
miR-34a activity on the 3′UTR of SERPINA3 was assessed by 

the Dual-Luciferase Reporter Assay System (Promega). A Renilla 
luciferase vector (pRL-RSV, Promega) was co-transfected in all 
experiments to monitor transfection efficiency. Luminescence 
was measured using a Berthold Lumat LB9507 luminometer 
(EG&G Berthold). The experiment was performed twice inde-
pendently with three to six replicates per condition. The observed 
firefly activity was divided by the activity recorded from Renilla 
luciferase vector (pRL-RSV, Promega), and the mean values 
of the replicates were calculated. These mean values were then 
divided by the mean values of the corresponding condition to 
obtain the fold induction by miR-34a expression compared with 
the empty vector.

Genomic DNA extraction and methylation analysis with 
McrBC digestion

DNA was isolated following the protocol of Jeanpierre.36 
DNA was purified by phenol chloroform extraction followed by 
ethanol precipitation and subsequently dissolved in water over-
night. The DNA concentration and quality were determined by 
measuring the absorbance at 260 nm and 280 nm in a spectro-
photometer (NanoDrop 1000; Thermo Scientific).

The methylation status of the miR-34a promoter was deter-
mined by methylation-sensitive McrBC-PCR assay, as previously 
described.37-39

Genomic DNA (1 μg) was treated either with 25 U of McrBC 
endonuclease (New England Biolabs, Beverly, MA) or mock 
treated with an equivalent volume of water in a 50-μl reac-
tion mixture containing 1× NEB2 buffer, 0.1 mg/ml BSA, and  
2 mm GTP. Treated and mock-treated reactions were incubated 
at 37 °C during 6 h. Then, the enzyme was inactivated (65 °C, 
20 min), and the samples were precipitated, washed, and resus-
pended in 30 μl of H

2
O. After the McrBC treatment, subse-

quent fluorescence-based quantitative PCR was used, starting 
from 2 μl of resuspended DNAs. Quantitative PCR was per-
formed using the LightCycler® 480 SYBR Green I Master Mix 

(Roche Applied Science) in accordance with the manufacturer’s 
instructions. The reaction was performed in a Light-Cycler 480 
Thermocycler (Roche Applied Science).

Specific PCR primers for miR-34a promoter and a region 
without McrBC restriction site (as a reference for normalizing) 
were used. Samples were submitted to cycling according to the 
following PCR program: 95 °C for 5 min followed by 45 cycles 
of 3 temperature steps (94 °C for 10 s, 58 °C for 15 s, and 72 
°C for 15 s). Finally, samples were submitted to a progressive 
temperature elevation (from 65 to 99 °C at 0.1 °C/s), resulting 
in a melting curve, enabling to check the PCR products homo-
geneity. In addition, amplification products were systematically 
controlled by agarose gel electrophoresis.

The Ct (threshold cycle number) values were collected with 
the LightCycler software (Roche) in the exponential phase of the 
PCR. Cleavage of methylated DNA by McrBC induces DNA 
strand breaks and abrogates PCR amplification. Conversely, the 
presence of unmethylated cytosines in DNA prevents enzyme 
cleavage and can be detected by PCR amplification. Mock-
treated DNA (undigested) served as a control and was consid-
ered as the maximal PCR product recovery. Methylated DNA 
has decreased amounts of PCR product after McrBC digestion. 
Thus, the Ct values of treated samples were normalized by the Ct 
values of the mock-treated DNA (ΔCt). The results are presented 
as fold induction of PCR product recovery after the digestion of 
DNA with McrBC relative to undigested DNA (computed by 
2-ΔCt).

Statistical analysis
Statistical significance was evaluated using one or two-ways 

ANOVA followed by post-hoc tests (Student-Neuman Keuls) 
on the Ct differences (ΔCt) or normalized Relative Light Units. 
The calculations were made using the Excel® Add-in StatistiXL 
package. For the correlation analysis, a linear regression was per-
formed on Excel and the significance of the observed value of R 
was calculated with VassarStats website (http://www.vassarstats.
net). The threshold for significance was fixed at 0.05.
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