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Abstract: microRNAs are important regulators of cell processes and have been proposed as potential
preeclampsia biomarkers. We evaluated serum microRNA expression profiling to identify microR-
NAs involved in preeclampsia development. Serum microRNA expression profiling was evaluated
at 12, 16, and 20 weeks of gestation (WG), and at the time of preeclampsia diagnosis. Two groups
were evaluated using TagMan low-density array plates: a control group with 18 normotensive preg-
nant women and a case group with 16 patients who developed preeclampsia during the follow-up
period. Fifty-three circulating microRNAs were differentially expressed between groups (p < 0.05).
Compared with controls, hsa-miR-628-3p showed the highest relative quantity values (at 12 WG =7.7
and at 20 WG = 3.45) and the hsa-miRs -151a-3p and -573 remained differentially expressed from
16 to 20 WG (p < 0.05). Signaling pathways including cancer-related, axon guidance, Neurotrophin,
GnRH, VEGEF, and B/T cell receptor, were most commonly altered. Further target gene prediction
revealed that nuclear factor of activated T-cells 5 gene was included among the transcriptional
targets of preeclampsia-modulated microRNAs. Specific microRNAs including hsa-miRs -628-3p,
-151a-3p, and -573 were differentially expressed in serum of pregnant women before they devel-
oped preeclampsia compared with controls and their participation in the preeclampsia development
should be considered.
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1. Introduction

The microRNAs (miRNA) are small non-coding RNAs of 17-25 nucleotides in length
that regulate the expression of target genes by binding to the 3’ untranslated region of the
mRNAs [1-3]. One miRNA can regulate the mRNA degradation of many genes and thus
they have the ability to regulate many biological processes including fetal and placental de-
velopment [4,5]. In a normal pregnancy, the miRNA expression profile undergoes dynamic
changes depending on the gestational stage [6-9]. Moreover, it has been demonstrated
placental miRNAs may be released into the maternal circulation and because they have in-
creased stability compared with that of mRNA, miRNAs have been considered as potential
biomarkers for pregnancy monitoring [10].

Since placental and fetal development and vascular homeostasis are disturbed in
preeclampsia (PE; a hypertensive disorder of pregnancy defined as new-onset hyperten-
sion and either proteinuria or end-organ dysfunction after 20 weeks of gestation) [11,12],
important regulatory events such as epigenetic factors and miRNAs could, in turn, become
deregulated in PE [12,13]. In fact, aberrant miRINA expression patterns in both the circulation
and in the placenta had been associated with PE in previous reports [8,10,14-18]. However, the
results of these studies have shown contrasting results; for example, while an up-regulation
of serum hsa-miR-520a and hsa-miR-518b at 12-14 weeks of gestation (WG) was reported
in women who later developed severe PE [18], in a second study which quantified miRNA
profiles in first-trimester serum samples from pregnant women who subsequently developed
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early PE, significant miRNA signatures were not identified [13]. With the aim to contribute to
these efforts, recently, we evaluated the expression profile of 51 members of chromosome 19
miRNA cluster (C19MC) during the first and early second trimesters of pregnancy in serum
from women who later developed PE and from normotensive controls. Our results showed
circulating levels of hsa-miRs 512-3p, 518f- 3p, 520c-3p, and 520d-3p, were differentially
expressed between groups and the serum levels of hsa-miR-518f-3p at 20 WG were useful
for identifying women who developed severe PE [19]. Little is known about the contribution
of these molecules to the pathogenesis of PE; however, these results demonstrate differen-
tial miRNA signatures during the development of pregnancy-related disease. Considering
no consensus has been reached regarding which miRNAs are involved in the origin of the
clinical manifestations of PE, the aim of this study was to evaluate the circulating miRNA
expression profile of 768 miRNAs during the early pregnancy and at the time of PE diagnosis
to identify miRNA biomarkers associated with the development of PE. We report differences
in circulating miRNA expression patterns over the course of pregnancy; additionally, these

patterns were modulated with increased PE severity.

2. Materials and Methods
2.1. Patients and Study Design

This was a retrospective nested cohort case-control study in which the participants
were drawn from a cohort of pregnant women who were followed from the first trimester
to delivery as part of a screening study for adverse pregnancy outcomes, in Zacatecas

Mexico [20,21] (Figure 1).

Screening for adverse pregnancy outcomes: miRNA samples selection
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Figure 1. Schematic diagram of the workflow used for the sample selection. A total of 34 participants (16 WWD-PE and
18 controls) donned serum samples, with 24 samples collected at 12 WG, 28 at 16 WG, 32 at 20 WG, and the remaining 15
from the WWD-PE group at the time of PE diagnosis. Each pooled sample (*) was prepared using 20 uL of serum from 13
additional controls with similar characteristics of the WWD-PE. Three WWD-PE were excluded from the study because of

the insufficient quantity of samples for the determinations.
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Sixteen women who later developed PE (WWD-PE) during the follow-up period were
selected and matched to 18 women in the cohort who had healthy pregnancies without
complications (controls). The PE diagnosis, its severity and onset sub-classifications were
established as described in previous investigations [22-26]. Patients with clinical data of
other pregnancy-related disorders and/or underlying medical diseases were excluded
from the study. In spite of this type of study (retrospective) formal consent is not required,
when the recruitment was carried out, all procedures were in accordance with the ethical
standards of the institutional research committees and with the Helsinki declaration and
its later amendments, and informed consent was obtained from all the participants which
agreed with the publication of research data. Participating institutions approved the pro-
tocol (protocol ID approvals: ACS/UAZ. Ofc. Nos.0072009, 0062010, HMZ-5020/318/11,
HMZ-520/281/11).

2.2. Biological Samples

The bank of biological samples of Molecular Medicine Laboratory provided all sam-
ples used in the study. Stored miRNA samples (—80 °C) obtained of serum samples from
pregnant women were selected. The serum samples were donned at the 12, 16, and/or
20 WG upon enrolling in the study, and at the moment of PE diagnosis (Figure 1). For this
study, we used a total of 99 miRNA samples from the 34 participants: 24 from samples
donated at 12 WG (6 from WWD-PE and 18 from controls), 28 at 16 WG (10 from WWD-PE
and 18 from controls), 32 at 20 WG (14 from WWD-PE and 18 from controls), and the
remaining 15 from the WWD-PE group at the time of PE diagnosis [19].

2.3. Maternal Serum miRNA Profiling

The miRNA profiling was quantified for each of the 45 PE samples, while only 25 serum
samples from 5 normotensive pregnant women were individually quantified at 12, 16, and
20 WG. Additionally, one pooled sample from the 13 additional controls was included for
each time point (Figure 1). TagMan human microRNA array set v2.0 (Applied Biosystems,
Foster City, CA, USA) was used for the quantification of the expression of 768 miRNAs ac-
cording to the manufacturer’s instructions. Quantification cycle (Cq) values were calculated
using ViiA™ 7 Software, and the automatic baselines and thresholds were homogenized
across multiple runs using Expression Suite software v1.0.3 (Applied Biosystems).

2.4. Data Analysis

Comparisons of categorical data among groups were performed using the chi-squared
test or Fisher’s exact test. Continuous variables were compared between the groups using
the Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks coupled to Dunn’s
Method as a multiple comparison procedure. Relative quantity (RQ) of circulating miRNAs
was done using the global normalization method, the control group as reference, and a
confidence level of 95%. At the time of PE diagnosis, the comparison between the mild
and severe PE groups was carried out using the mild PE data as a reference. ACq val-
ues and standard errors were calculated using Expression Suite software v1.0.3 (Applied
Biosystems). The signaling pathways associated with PE development were determined
for each pregnancy time point by bioinformatics modeling, using the differentially ex-
pressed miRNAs as the input. For this analysis, annotations of the miRNAs of interest
had previously been updated using miRBase Tracker (miRNA history). Pathway’s analy-
sis, including miRNA target gene prediction, was performed online via multiple miRNA
analysis using DIANA miRPath v2.0 software coupled to the KEGG PATHWAY database
(http:/ /www.genome.jp/kegg/pathway.html, accessed on 20 November 2019). In this
model, a constant p-value threshold of 0.05 and a MicroT threshold of 0.8 were considered.
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3. Results
3.1. General Characteristics of the Study Participants

Thirty-four patients were selected for the study: 16 WWD-PE during the follow-
up (cases) and the control group included 18 women with healthy pregnancies without
complications. The mean maternal age was 23.5 years old for the WWD-PE group and
23.4 years old for the control group (p = 0.913). No differences in clinical data were observed
between the study groups (Table 1 and Supplementary Table S1). At the time of the PE
diagnosis, the patients showed a mean systolic blood pressure of 151.3 mm/Hg and a mean
diastolic blood pressure of 100 mm/Hg, and their urine protein values ranged between
300 and 619.3 mg/dl. 75% of patients had late-onset PE (range: 34-37 WG) and 69% were
sub-classified as mild PE.

Table 1. General characteristics of the study population.

Characteristic WWD-PE (n=16)  Control (n =18) p-Value

Maternal Age (years) 235+51 23.4+£58 0.913

Body mass index 28.1£5.5 27.2+49 0.639

Number of pregnancies 2(1-5) 1(1-4) 0.387

First pregnancy 6 (37.5) 9 (50.0) 0.699
Weeks of gestation at PE diagnosis 346 +54 - -
Early preeclampsia 1 (%) 4 (25.0) - -
Severe preeclampsia 1 (%) 5 (31.25) - -

3.2. Early Circulating miRNA Expression Profiles and PE Development

Considering a 2-fold change and a p-value < 0.05, a total of 53 circulating miRNAs
showed differences between the WWD-PE and control groups: 3 at 12 WG, 39 at 16 WG,
and 11 at 20 WG (Figure 2 and Supplementary Table S2).
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Figure 2. Circulating miRNA expression profiles from the WWD-PE and control groups. The figure shows volcano
plots (p-value vs. fold change) generated from 768 miRNAs evaluated during the three pregnancy time points (T1-T3:
T1 =12 WG; T2 = 16 WG; T3 = 20 WG) between the WWD-PE and control groups (A), the WWD-mild PE and control groups
(B), and the WWD-severe PE and control groups (C). Throughout the analysis, the boundary value for the fold change was 2,
and the p-value boundary was 0.05. The green and red points correspond to the markers that were under- or overexpressed,
while the black points represent miRNAs with expression values outside of the fixed boundaries in the analysis.



Cells 2021, 10, 1003

50f 10

hsa-miR-151a-5p - I
hsa-miR-28-5p - e
hsa-miR-30e-3p {7 [ HNNENGG
hsa-miR-151a-3p { |G
hsa-miR-573{ N
hsa-miR-628-3p

The highest RQ values observed for a miRNA at each time point were 7.7 for hsa-
miR-628-3p at 12 WG (p = 0.02), 11.74 for hsa-miR-142-3p at 16 WG (p = 0.014), and 7.22
for hsa-miR-512-3p at 20 WG (p = 0.023), respectively. A total of six circulating miRNAs
showed differential expression in at least two of the pregnancy time points evaluated
(Figure 3); hsa-miR-628-3p had the highest RQ values (RQ values: at 12 WG = 7.7 and at
20 WG = 3.45).

12 WG @016 WG EE20 WG HEEPE Diagnosis
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Figure 3. Differentially expressed miRNAs between the groups in at least two of the pregnancy time points evaluated.

Circulating miRNA Expression Signatures and PE Severity

To identify miRNA expression signatures associated with the severity of PE, the par-
ticipants were classified as women who developed mild PE (WWD-mild-PE), women who
developed severe PE (WWD-severe-PE), and controls. The expression of 50 miRNAs differed
between the groups (see Figure 2B-C and Supplementary Table S3). At 12 WG, 6 miRNAs
were differentially expressed: three between the WWD-mild-PE and control groups (hsa-
miR-628-3p, -769-5p, -425-5p), and the remaining three between the WWD-severe-PE and
control groups (hsa-miR-365a-3p, -132-3p,-218-5p). At 16 WG, hsa-miR-411-5p was the most
significantly overexpressed miRNA in the WWD-mild-PE group (RQ = 9.22; p = 0.0095),
whereas hsa-miR-197-3p was the miRNA with more significant differences between the
WWD-severe-PE and control groups (RQ = 0.14; p = 0.0099). At 20 WG, a total of 19 serum
miRNAs were differentially expressed between the groups: 6 between the WWD-Mild-PE
and control groups, and the remaining 13 between the WWD-severe-PE and control groups
(p <0.05). Using the WWD-mild-PE group as a reference, the expression of 20 circulating
miRNAs differed between WWD-mild-PE and WWD-severe-PE (p < 0.05) at the time of PE
diagnosis, with hsa-miR-532-5p as the most significant (p = 0.0001) and hsa-miR-106b-3p
as the marker with the highest RQ value (RQ = 26.11). Overexpression of the circulating
hsa-miR-30e-3p, hsa-miR-28-5p, and hsa-miR-151a-5p markers, which was significant at 16
WG, was also a characteristic finding at the time of the PE diagnosis (Figure 3).

3.3. Signaling Pathways Targeted by miRNA Clusters and the Biological Targets

Differentially-expressed miRNAs between the groups with p-values < 0.03 were
selected to identify the signaling pathways associated with PE development. At 12 WG,
the largest number of genes regulated by two of the three differentially miRNAs expressed
was grouped into 2 main KEGG pathways: the axon guidance and the prostate cancer
signaling pathways (Supplementary Figure S1A). In the gene intersection analysis, NLK
was identified as the common gene targeted by the 3 miRNAs. At 16 WG, 39 significant
KEGG pathways were regulated by at least one miRNA (Supplementary Figure S1B). The
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MAPK signaling pathway, transcriptional misregulation in cancer, and the GnRH signaling
pathway grouped 7 of the 19 miRNAs involved in the analysis (Table 2).

The cluster of hsa-miRs 126-5p, 151a-3p, 199a-3p, 520c-3p, and 27b-3p defined group-
ings of KEGG cancer-related pathways that included chronic and acute myeloid leukemia
pathways and endometrial, non-small cell lung, prostate, and renal cell carcinoma path-
ways, as well as the cellular junction pathway. Using a cutoff of seven miRNAs, gene
intersection analysis identified UBE2W, TAOK1, and [MJDIC as the target genes. Supple-
mentary Figure S1C shows the signaling pathway results for 20 WG. Six of the 9 miRNAs
regulated the neurotrophin, axon guidance, and chronic myeloid leukemia pathways,
whereas five miRNAs showed significant interactions with the ErbB signaling, transcrip-
tional misregulation in cancer, endometrial cancer, TGF-3, pancreatic cancer, and acute
myeloid leukemia pathways. REV3L and ELK4 were the common genes in miRNA in-
tersection analysis of the largest number of miRNAs (6). At the time of PE diagnosis,
the neurotrophin signaling pathway had the largest number of genes (19) targeted by
seven of the miRNAs involved in the analysis, followed by the pathways regulating the
actin cytoskeleton (36 genes) and axon guidance (30 genes), which were regulated by five
miRNAs (Supplementary Figure S1D). The target genes that significantly interacted with 5
of the 14 miRNAs evaluated were KMT2C, NFAT5, JM]D1C, and NR3C1 (Table 2).

Table 2. Signaling pathway analysis and miRNA target predictions.

No. of miRNAs

Gestational Age miRNAs m KEGG Pathway Enrichment No. of Target in the Gene Gene
the Analysis p-Value Genes I . Name
ntersection
Adherens junction 0.0007 1 3
12WG 3 Wnt signaling pathway 0.0009 1 3 NLK
MAPK signaling pathway 0.0013 1 3
Ubiquitin mediated proteolysis 0.0011 1 7 UBE2W
MAPK signaling pathway 0.0013 1 7 TAOK1
16 WG 19 Transcriptional misregulation in JMJD1C
0.0013 1 7
cancer
Fanconi anemia pathway 0.0009 1 6
MAPK signaling pathway 0.0009 1 6
. REV3L
Metabolic pathways 0.0055 1 6
20WG 9 Transcriptional misregulation in ELK4
P & 0.0068 1 6
cancer
HTLV-I infection 0.0079 1 6
Lysine degradation 1.62 x 1075 1 5 KMT2C
VEGF signaling pathway 0.0072 1 5 NFAT5
B cell receptor signaling pathway 0.0072 1 5 JMJD1C
T cell receptor signaling pathway 0.0105 1 5 NR3C1
Wnt signaling pathway 0.0139 1 5
Axon guidance 0.0139 1 5
. L . } .
PE diagnosis time 14 Natural killer C?H. mediated 0.0139 1 5
cytotoxicity
Hepatitis B 0.0139 1 5
Transcriptional misregulation in 0.0191 1 5
cancer
Neuroactilve hga.nd—receptor 0.0229 1 5
interaction
HTLV-I infection 0.0229 1 5

! Included only PE cases classified by severe and mild PE. Bold letters indicate the signaling pathways in which the gene intersection is

represented by NFATS5.

4. Discussion

In this study, we carried out serum miRNA expression profiling to identify potential
miRNAs involved in the development of PE. The circulating miRNA expression profile
was evaluated at 12, 16, 20 WG, and at the time of PE diagnosis. Our study identified a
total of 53 circulating miRNAs differentially expressed in WWD-PE at the early stages
of pregnancy (first and second trimesters) compared with healthy pregnant women. No
studies have performed a dynamic determination of the circulating miRNA expression
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profiles at different time points in early pregnancy; however, two previous reports trans-
versely evaluated the utility of serum miRNAs as early markers of PE. In the first study,
Ura B et al. (2014) analyzed miRNAs at 12-14 WG in sera from pregnant women who
later developed severe PE [18]. In the second study, Luque A et al. (2014) performed
miRNA quantification in first-trimester serum samples from pregnant women who sub-
sequently developed early PE [13]. The results of these studies and ours are divergent,
likely because of the differences in the PE patients involved in the study (women who
developed severe PE vs. women who developed early PE vs. women who developed PE
without stratification), the pregnancy stage in which the miRNA profile was quantified
(12-14 WG vs. the first trimester vs. first and second trimester), the biological sample
used for miRNA quantification (plasma vs. serum) and the technology used for miRNA
detection (microarrays vs. qRT-PCR tools) among others [13,18]. In agreement with before,
in our study, circulating miRNA signatures were highly variable when the patients were
sub-classified according to disease severity, demonstrating that molecular divergence exists
in relation to the current PE stratification criteria. Although our results are not entirely
comparable with the previous reports, PE-related modulation of the serum hsa-miR-126
and hsa-miR-144 markers at 12-14 WG, as observed by Ura B et al. (2014) [18], was also
detected in this study at 16 WG. Our results showed the hsa-miR-628-3p was the earliest
miRNA and had the highest RQ values both at 12 and at 20 WG, positioning them as
stable biomarkers associated with the development of PE. In the same sense, the hsa-miRs
-151a-3p and -573 remained differentially expressed from 16 to 20 WG demonstrating good
potential for an early prediction for PE development.

Is important to note that in our study, differences between the circulating miRNA
expression profiles obtained with and without PE classification at 12, 16 and 20 WG were
evident. These results highlight the known complexity of PE pathogenesis, yet allowed
us to separately identify the individual differentially expressed markers in WWD-severe
or mild PE at early pregnancy stages. Although future studies should be performed
to validate these markers, our results provide a molecular basis for establishing clinical
approaches to improve the prognosis of PE patients. At the time of PE diagnosis, a total of
20 circulating miRNAs were differentially expressed between women with severe and mild
PE in this study. The overexpression of hsa-miRs 30e-3p, -28-5p, and -151a-5p was constant,
indicating these miRs as both early markers of PE (16 WG) and diagnostic markers of
severe PE. Together, these results also provide a new set of markers that may be potentially
useful to classify the disease by its severity and it demonstrates that specific miRNAs may
have more than one expression peak throughout the pathological stages of the disease.

Abnormal trophoblast implantation is tightly related to the proliferative and invasive
capacities of trophoblastic cells [20]. Considering the molecular mechanisms involved
during implantation, recent evidence suggests common links between PE and cancer
progression pathways [20,27-29]. In agreement with these reports and with the findings
regarding circulating PE-modulated members of the C19MC cluster (some of which are
cancer-related) [30], the signaling pathways modeling results showed that in addition to
cancer-related KEGG pathways, Wnt, MAPK, PI3K-Akt, ErbB, GnRH, VEGEF, B/T cell re-
ceptors, and ubiquitin-mediated proteolysis signaling pathways, were the most commonly
modulated by the miRNAs altered in WWD-PE in our study. Aberrant regulation of these
signaling pathways has been directly or indirectly associated with PE and/or several types
of tumors [29,31-35], emphasizing the involvement and modulation of similar signaling
pathways in both pathology types. Further target prediction analysis allowed us to identify
a total of 9 miRNA target genes. Circulating miRNAs may be released into the maternal
circulation from blood cells or from other tissues that are secondarily affected by the disease,
not just by the organ directly associated with the pathology [36,37]. Consequently, both the
circulating miRNAs reported in this study and their target genes reflect in a global manner
which molecules could be deregulated. Additional studies are necessary to identify the cells
or tissues that are responsible for the aberrant miRNA production and to assess whether
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the release of these miRNA into the maternal circulation results in systemic deregulation of
the predicted target genes.

In summary, this study provided the signatures of 768 circulating miRNAs at 4 preg-
nancy time points, assessing their association with the development and severity of PE,
and proposing signaling pathways and transcriptional targets involved in PE based on
these altered miRNA signatures. This knowledge provides a new basis for understanding
the complex etiopathogenesis of PE, for developing early screening and diagnostic tests,
and/or for establishing potential pharmacological therapies for PE.

Study limitations. The number of samples included in the study and from which the
miRNA signatures were obtained was small and therefore further studies with a larger
number of participants are required to validate the miRNAs identified. Clinical data, like
gestational age at the moment of delivery, birth weight, or baby sex, were not available and
this fact did not allow more robust analysis of its clinical implications and/or to evaluate
the influence that these factors had on the variability found in the miRNA signatures in the
early stages of pregnancy.

5. Conclusions

Serum levels of specific miRNAs implicated in the regulation of cell differentiation,
cell proliferation, and/or cancer-related signaling pathways were differentially expressed
between WWD-PE and controls. These miRNNA patterns were different to those observed
according to PE severity and showed usefulness for the identification of altered target
genes in PE. Hsa-miR-628-3p was the earliest miRNA with the highest RQ values at 12 WG,
demonstrating good potential for an early prediction for PE development. Hsa-miRs -151a-
3p and -573 remained differentially expressed from 16 to 20 WG, positioning themselves as
stable biomarkers associated with the development of PE. This study provides a new basis
for understanding PE etiopathogenesis, for developing early screening tests and/or for
establishing potential pharmacological therapies for PE.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10051003 /51, Table S1: Comparison of the clinical data between the groups at the three
follow-up time points. Table S2: Differentially expressed circulating miRNAs between the WWD-PE
and control groups during the pregnancy time points evaluated. Table S3: Differentially expressed
circulating miRNAs between healthy pregnancies and WWD-PE, classified as mild or severe PE.
Figure S1: Signaling pathway analysis.

Author Contributions: Conceptualization, M.L.M.-F.; methodology, validation, formal analysis,
investigation and resources M.L.M.-F. and 1.G.-V.; data curation, M.L.M.-E,; writing—original draft
preparation, M.L.M.-F. and 1.G.-V,; writing—review and editing, M.L.M.-E. and 1.G.-V.; project
administration, M.L.M.-E,; funding acquisition, M.L.M.-F. and 1.G.-V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded in part by the following CONACYT Grants to M.L.M.-E.: -SEP-
CB-2009-01-0128567, -FOMIX M0024-2013-01-203220, -SALUD-2010-138721, -SALUD-2012-01-181124,
and -INFR-225520.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board as follows: Comité de
Bioética del Area de Ciencias de la Salud-UAZ (protocol code: ACS/UAZ-Ofc-Nos-0072009, and
0062010; approval date: 2009 and 2010) and Comité de Ensefianza, Investigacién, Capacitacion y Etica
from Hospital de la Mujer Zacatecana (protocol code: HMZ-520/281/11 and HMZ-5020/318/11;
approval date: 2011).

Informed Consent Statement: Informed consent was obtained from all participants involved in the
study and they provided written authorization for the publication of this paper.

Data Availability Statement: Data are contained within the Supplementary Materials. The data
presented in this study are available in Tables S1-S3 and Figure S1.


https://www.mdpi.com/article/10.3390/cells10051003/s1
https://www.mdpi.com/article/10.3390/cells10051003/s1

Cells 2021, 10, 1003 9 of 10

Acknowledgments: The authors thank all of the study participants. This work was funded in
part by the following CONACYT Grants to M.L.M.-E.: -SEP-CB-2009-01-0128567, -FOMIX M0024-
2013-01-203220, -SALUD-2010-138721, -SALUD-2012-01-181124, and -INFR-225520. The manuscript
edition costs were covered in part by the Doctorate Program of Molecular Medicine support (to
CA-UAZ-207).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

LN

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Aslam, M.I. MicroRNAs are novel biomarkers of colorectal cancer. Br. J. Surg. 2009, 96, 702-710. [CrossRef] [PubMed]

Maccani, M.A. Epigenetics in the placenta. Am. J. Reprod. Immunol. 2009, 62, 78-89. [CrossRef]

Kim, V.N. MicroRNA biogenesis: Coordinated cropping and dicing. Nat. Rev. Mol. Cell Biol. 2005, 6, 376-385. [CrossRef] [PubMed]
Ji, L.; Brkic, J.; Liu, M.; Fu, G.; Peng, C.; Wang, Y.L. Placental trophoblast cell differentiation: Physiological regulation and
pathological relevance to preeclampsia. Mol. Asp. Med. 2013, 34, 981-1023. [CrossRef] [PubMed]

Enquobahrie, D.A.; Abetew, D.E; Sorensen, T.K.; Willoughby, D.; Chidambaram, K.; Williams, M.A. Placental microRNA
expression in pregnancies complicated by preeclampsia. Am. J. Obs. Gynecol. 2011, 204, 178.e112-178.e121. [CrossRef]

Fu, G.; Brkic, J.; Hayder, H.; Peng, C. MicroRNAs in Human Placental Development and Pregnancy Complications. Int. J. Mol.
Sci. 2013, 14, 5519-5544. [CrossRef]

Pineles, B.L.; Romero, R.; Montenegro, D.; Tarca, A.L.; Han, Y.M.; Kim, Y.M.; Draghici, S.; Espinoza, J.; Kusanovic, J.P.; Mittal, P.;
et al. Distinct subsets of microRNAs are expressed differentially in the human placentas of patients with preeclampsia. Am. |.
Obs. Gynecol. 2007, 196, 261.e1-261.e6. [CrossRef]

Chen, D.B.; Wang, W. Human placental microRNAs and preeclampsia. Biol. Reprod. 2013, 88, 130. [CrossRef]

Doridot, L.; Miralles, F.; Barbaux, S.; Vaiman, D. Trophoblasts, invasion, and microRNA. Front. Genet. 2013, 4, 248. [CrossRef]
Chim, S.S.; Shing, TK.; Hung, E.C; Leung, T.Y.; Lau, T.K.; Chiu, RW.; Lo, YM. Detection and characterization of placental
microRNAs in maternal plasma. Clin. Chem. 2008, 54, 482—490. [CrossRef] [PubMed]

American College of Obstetricians and Gynecologists. Hypertension in pregnancy. Report of the American College of Obstetri-
cians and Gynecologists’ task force on hypertension in pregnancy. Obs. Gynecol. 2013, 122, 1122-1131. [CrossRef]
Martinez-Fierro, M.L.; Hernandez-Delgadillo, G.P.; Flores-Morales, V.; Cardenas-Vargas, E.; Mercado-Reyes, M.; Rodriguez-
Sanchez, I.P,; Delgado-Enciso, I.; Galvan-Tejada, C.E.; Galvan-Tejada, ].I; Celaya-Padilla, ].M.; et al. Current model systems for
the study of preeclampsia. Exp. Biol. Med. 2018, 243, 576-585. [CrossRef] [PubMed]

Luque, A; Farwati, A.; Crovetto, F; Crispi, F,; Figueras, F.; Gratacos, E.; Aran, ].M. Usefulness of circulating microRNAs for the
prediction of early preeclampsia at first-trimester of pregnancy. Sci. Rep. 2014, 4, 4882. [CrossRef] [PubMed]

Xu, P; Zhao, Y,; Liu, M.; Wang, Y.; Wang, H.; Li, Y.X.; Zhu, X,; Yao, Y; Qiao, J.; Ji, L.; et al. Variations of microRNAs in human
placentas and plasma from preeclamptic pregnancy. Hypertension 2014, 63, 1276-1284. [CrossRef] [PubMed]

Li, H; Ge, Q.; Guo, L.; Lu, Z. Maternal plasma miRNAs expression in preeclamptic pregnancies. BioMed Res. Int. 2013, 2013,
970265. [CrossRef]

Yang, Q.; Lu, J.; Wang, S.; Li, H.; Ge, Q.; Lu, Z. Application of next-generation sequencing technology to profile the circulating
microRNAs in the serum of preeclampsia versus normal pregnant women. Clin. Chim. Acta Int. ]. Clin. Chem. 2011, 412, 2167-2173.
[CrossRef] [PubMed]

Wu, L.; Zhou, H,; Lin, H.; Qi, J.; Zhu, C.; Gao, Z.; Wang, H. Circulating microRNAs are elevated in plasma from severe
preeclamptic pregnancies. Reproduction 2012, 143, 389-397. [CrossRef] [PubMed]

Ura, B.; Feriotto, G.; Monasta, L.; Bilel, S.; Zweyer, M.; Celeghini, C. Potential role of circulating microRNAs as early markers of
preeclampsia. Taiwan. J. Obstet. Gynecol. 2014, 53, 232-234. [CrossRef]

Martinez-Fierro, M.L.; Garza-Veloz, I.; Gutierrez-Arteaga, C.; Delgado-Enciso, I.; Barbosa-Cisneros, O.Y.; Flores-Morales, V.;
Hernandez-Delgadillo, G.P.; Rocha-Pizana, M.R.; Rodriguez-Sanchez, I.P.; Badillo-Almaraz, J.I; et al. Circulating levels of specific
members of chromosome 19 microRNA cluster are associated with preeclampsia development. Arch. Gynecol. Obstet. 2018, 297,
365-371. [CrossRef]

Martinez-Fierro, M.L.; Garza-Veloz, I.; Castruita-Dela Rosa, C.; Ortiz-Castro, Y.; Aceves-Medina, M.C.; Vazquez-Castro, R,;
Delgado-Enciso, I.; Castaneda-Lopez, M.E. Plasma cancer biomarker multiplex screening and the risk of subsequent preeclampsia.
Int. ]. Cardiol. 2015, 179, 58-60. [CrossRef]

Martinez-Fierro, M.L.; Castruita-De La Rosa, C.; Garza-Veloz, I.; Cardiel-Hernandez, R.M.; Espinoza-Juarez, M.A.; Delgado-Enciso,
I.; Castaneda-Lopez, M.E.; Cardenas-Vargas, E.; Trejo-Vazquez, F.; Sotelo-Ham, E.L; et al. Early pregnancy protein multiplex
screening reflects circulating and urinary divergences associated with the development of preeclampsia. Hypertens. Pregnancy
2018, 37, 37-50. [CrossRef]

Brown, M.A,; Lindheimer, M.D.; de Swiet, M.; Van Assche, A.; Moutquin, ].M. The classification and diagnosis of the hyper-
tensive disorders of pregnancy: Statement from the International Society for the Study of Hypertension in Pregnancy (ISSHP).
Hypertens. Pregnancy 2001, 20, IX-=XIV. [CrossRef]


http://doi.org/10.1002/bjs.6628
http://www.ncbi.nlm.nih.gov/pubmed/19526617
http://doi.org/10.1111/j.1600-0897.2009.00716.x
http://doi.org/10.1038/nrm1644
http://www.ncbi.nlm.nih.gov/pubmed/15852042
http://doi.org/10.1016/j.mam.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23276825
http://doi.org/10.1016/j.ajog.2010.09.004
http://doi.org/10.3390/ijms14035519
http://doi.org/10.1016/j.ajog.2007.01.008
http://doi.org/10.1095/biolreprod.113.107805
http://doi.org/10.3389/fgene.2013.00248
http://doi.org/10.1373/clinchem.2007.097972
http://www.ncbi.nlm.nih.gov/pubmed/18218722
http://doi.org/10.1097/01.AOG.0000437382.03963.88
http://doi.org/10.1177/1535370218755690
http://www.ncbi.nlm.nih.gov/pubmed/29415560
http://doi.org/10.1038/srep04882
http://www.ncbi.nlm.nih.gov/pubmed/24811064
http://doi.org/10.1161/HYPERTENSIONAHA.113.02647
http://www.ncbi.nlm.nih.gov/pubmed/24664294
http://doi.org/10.1155/2013/970265
http://doi.org/10.1016/j.cca.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21840305
http://doi.org/10.1530/REP-11-0304
http://www.ncbi.nlm.nih.gov/pubmed/22187671
http://doi.org/10.1016/j.tjog.2014.03.001
http://doi.org/10.1007/s00404-017-4611-6
http://doi.org/10.1016/j.ijcard.2014.10.168
http://doi.org/10.1080/10641955.2017.1411946
http://doi.org/10.3109/10641950109152635

Cells 2021, 10, 1003 10 of 10

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Garza-Veloz, I.; Castruita-De la Rosa, C.; Cortes-Flores, R.; Martinez-Gaytan, V.; Rivera-Munoz, J.E.; Garcia-Mayorga, E.A.;
Meza-Lamas, E.; Rojas-Martinez, A.; Ortiz-Lopez, R.; Martinez-Fierro, M.L. No association between polymorphisms/haplotypes
of the vascular endothelial growth factor gene and preeclampsia. BMC Pregnancy Childbirth 2011, 11, 35. [CrossRef] [PubMed]
Martinez-Fierro, M.L.; Garza-Veloz, I.; Carrillo-Sanchez, K.; Martinez-Gaytan, V.; Cortes-Flores, R.; Ochoa-Torres, M.A.; Guerrero,
G.G.; Rodriguez-Sanchez, I.P,; Cancela-Murrieta, C.O.; Zamudio-Osuna, M.; et al. Expression levels of seven candidate genes in
human peripheral blood mononuclear cells and their association with preeclampsia. Hypertens Pregnancy 2014, 33, 191-203. [CrossRef]
von Dadelszen, P.; Magee, L.A.; Roberts, ]. M. Subclassification of preeclampsia. Hypertens Pregnancy 2003, 22, 143-148. [CrossRef]
[PubMed]

Fang, R.; Dawson, A.; Lohsoonthorn, V.; Williams, M.A. Risk Factors of Early and Late Onset Preeclampsia among Thai Women.
Asian Biomed 2009, 3, 477-486.

Louwen, E; Muschol-Steinmetz, C.; Reinhard, J.; Reitter, A.; Yuan, J. A lesson for cancer research: Placental microarray gene
analysis in preeclampsia. Oncotarget 2012, 3, 759-773. [CrossRef] [PubMed]

Moslehi, R.; Mills, J.L.; Signore, C.; Kumar, A.; Ambroggio, X.; Dzutsev, A. Integrative transcriptome analysis reveals dysregulation
of canonical cancer molecular pathways in placenta leading to preeclampsia. Sci. Rep. 2013, 3, 2407. [CrossRef] [PubMed]
Ferretti, C.; Bruni, L.; Dangles-Marie, V.; Pecking, A.P.; Bellet, D. Molecular circuits shared by placental and cancer cells, and
their implications in the proliferative, invasive and migratory capacities of trophoblasts. Hum. Reprod. Update 2007, 13, 121-141.
[CrossRef]

Huang, Y.S.; Dai, Y.; Yu, X.F; Bao, S.Y,; Yin, Y.B.; Tang, M.; Hu, C.X. Microarray analysis of microRNA expression in hepatocellular
carcinoma and non-tumorous tissues without viral hepatitis. ]. Gastroenterol. Hepatol. 2008, 23, 87-94. [CrossRef] [PubMed]
Patel, B.S.; Co, W.S.; Donat, C.; Wang, M.; Che, W.; Prabhala, P; Schuster, F.; Schulz, V.; Martin, J.L.; Ammit, A.J. Repression of
breast cancer cell growth by proteasome inhibitors in vitro: Impact of mitogen-activated protein kinase phosphatase 1. Cancer Biol.
Ther. 2015. [CrossRef] [PubMed]

Garza-Veloz, I.; Martinez-Fierro, M.L.; Jaime-Perez, ].C.; Carrillo-Sanchez, K.; Hoyo, R.-D.; Guadalupe, M.; Lugo-Trampe, A.;
Rojas-Martinez, A.; Gutierrez-Aguirre, C.H.; Gonzalez-Llano, O. Identification of differentially expressed genes associated with
prognosis of B acute lymphoblastic leukemia. Dis. Markers 2015, 2015, 828145. [CrossRef] [PubMed]

Bielskiene, K.; Bagdoniene, L.; Mozuraitiene, ].; Kazbariene, B.; Janulionis, E. E3 ubiquitin ligases as drug targets and prognostic
biomarkers in melanoma. Medicina 2015, 51, 1-9. [CrossRef] [PubMed]

Tian, J.; Zhang, L.; Zhou, Y.; Xiao, J.; Li, S.; Chen, Y.; Qiao, Z.; Niu, J.; Gu, Y. Angiotensin-(1-7) attenuates damage to podocytes
induced by preeclamptic serum through MAPK pathways. Int. J. Mol. Med. 2014, 34, 1057-1064. [CrossRef]

Knofler, M.; Pollheimer, J. Human placental trophoblast invasion and differentiation: A particular focus on Wnt signaling.
Front. Genet. 2013, 4, 190. [CrossRef] [PubMed]

Chin, L.J; Slack, EJ. A truth serum for cancer—-microRNAs have major potential as cancer biomarkers. Cell Res. 2008, 18, 983-984.
[CrossRef] [PubMed]

Chen, X.; Ba, Y;; Ma, L,; Cai, X;; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization of microRNAs in
serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997-1006. [CrossRef]


http://doi.org/10.1186/1471-2393-11-35
http://www.ncbi.nlm.nih.gov/pubmed/21575227
http://doi.org/10.3109/10641955.2013.853777
http://doi.org/10.1081/PRG-120021060
http://www.ncbi.nlm.nih.gov/pubmed/12908998
http://doi.org/10.18632/oncotarget.595
http://www.ncbi.nlm.nih.gov/pubmed/22929622
http://doi.org/10.1038/srep02407
http://www.ncbi.nlm.nih.gov/pubmed/23989136
http://doi.org/10.1093/humupd/dml048
http://doi.org/10.1111/j.1440-1746.2007.05223.x
http://www.ncbi.nlm.nih.gov/pubmed/18171346
http://doi.org/10.1080/15384047.2015.1026465
http://www.ncbi.nlm.nih.gov/pubmed/25774547
http://doi.org/10.1155/2015/828145
http://www.ncbi.nlm.nih.gov/pubmed/25802479
http://doi.org/10.1016/j.medici.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25744769
http://doi.org/10.3892/ijmm.2014.1870
http://doi.org/10.3389/fgene.2013.00190
http://www.ncbi.nlm.nih.gov/pubmed/24133501
http://doi.org/10.1038/cr.2008.290
http://www.ncbi.nlm.nih.gov/pubmed/18833286
http://doi.org/10.1038/cr.2008.282

	Introduction 
	Materials and Methods 
	Patients and Study Design 
	Biological Samples 
	Maternal Serum miRNA Profiling 
	Data Analysis 

	Results 
	General Characteristics of the Study Participants 
	Early Circulating miRNA Expression Profiles and PE Development 
	Signaling Pathways Targeted by miRNA Clusters and the Biological Targets 

	Discussion 
	Conclusions 
	References

