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Placental insufficiency (Pl) and its complications are multifactorial conditions that cause perinatal morbidity and mortality. Since the
urokinase system is involved in placentation, it should have a role in Pl pathogenesis. The aim of this work was to study the
associations between single nucleotide polymorphisms (SNPs) of genes coding for protein components of the urokinase system
and PI, as well as investigate their effect on the expression of these proteins in the placenta and placental structure. We examined
114 women with uncomplicated pregnancy and delivery, 48 female patients with pre-eclampsia and/or intrauterine growth
restriction (IUGR), and 95 newborns, (pre-eclampsia and/or IUGR: n = 60; uncomplicated pregnancy and delivery: n = 35).
Maternal and fetal DNAs were genotyped using real-time PCR. Placenta fragments were subjected to morphometry and
immunohistochemistry. We discovered the associations between Pl and the maternal C allele of rs4065 (Pl group: CC-CT 64.1%,
TT 35.9%; controls: CC-CT 25.6%, TT 74.49%; OR (95%Cl): 6.83 (2.63-17.79)), the maternal A allele of rs2302524 (GG-GA
20.5%, AA 79.5% vs. GG-GA 48.1%, AA 51.9%, OR (95%ClI): 0.27 (0.1-0.71)), the fetal C allele of rs4065 (CC-CT 76.4 %, TT
23.6% vs. CC-CT 69.6%, TT 30.4%, OR (95%CI): 1.37 (0.45-4.17)), and the fetal C allele of rs344781 (TT-TC 69.1%, CC 30.9%
vs. TT-TC 95.7%, CC 4.3%, OR (95% Cl): 5.02 (1.07-23.6)). The multivariate analysis confirmed the significance of the fetal rs4065
genotype. In patients with Pl, uPA expression was lower (ME (95%CI): 116.45 (100.5; 128.74) vs. 126.09 (113.76; 139.19); p <
0.05). No associations were established between SNPs and protein expression. The degree of vascularization depended on the
maternal rs4065 genotype (the stroma-to-vessel ratio for the CC genotype was 0.17 (0.15; 0.19); for the CT genotype, 0.18 (0.15;
0.21) and for the TT genotype, 0.23 (0.2; 0.27); p < 0.05). We conclude that high placental uPA and the presence of the fetal TT
rs4065 genotype are protective against the risk of PI.
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Placental insufficiency (Pl) and the ensuing pregnancy complications, including intrauterine growth restriction (IJUGR) and pre-
eclampsia, are clinical manifestations of impaired placental perfusion. The mechanisms implicated in Pl involve abnormal placental
angiogenesis and villous maldevelopment caused by: 1) insufficient trophoblast invasion; 2) incomplete remodeling of spiral
arteries; 3) imbalance between pro- and antiangiogenic factors; 4) maternal coagulation defects [1]. Therefore, research into Pl
etiology should be focused on the potential role of multifunctional regulatory systems, including the urokinase system, as
contributors to the defects described above. The urokinase system consists of the urokinase-type plasminogen activator (UPA), its
main substrate (plasminogen), plasminogen activator inhibitors (PAI-1, PAI-2), and the uPA receptor (UPAR); the latter regulates and
improves the efficacy of urokinase-mediated proteolysis by binding to uPA [2]. The urokinase system can trigger a variety of
signaling cascades and thereby transform the cellular environment through proteolysis of the extracellular matrix, as well as induce
cell migration and proliferation in response to such transformations [3].

Almost all components of the urokinase system have genetic polymorphisms that affect uPA activity or the level of its expression.
Today, there is sufficient evidence confirming the role of some of those genetic variants in promoting pregnancy complications. So
far, associations between such polymorphisms and Pl have been best studied for PAI-1. For example, the indel mutation in the
SERPINET promoter (-675 5G/4G) has been reliably linked to early pregnancy loss/pre-eclampsia [4, 5].
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Polymorphisms of the urokinase and urokinase receptor genes are less studied. In this article, we investigate possible associations
between Pl and 4 SNPs: 2 of the PLAU gene (rs4065, rs2227564) and another 2 of the PLAUR gene (rs344781, rs2302524). PLAU
rs4065 C/T 3'-UTR is a C/T substitution in the noncoding gene region resulting in enhanced mRNA stability and hence aberrant
uPA levels [6]. PLAU Pro141Leu (rs2227564) results in the increased hydrophobicity of the kringle domain, which reduces uPA
affinity to fibrin and possibly the components of the extracellular matrix [7]. Although the role of the urokinase kringle domain is not
fully clear, this polymorphism can alter urokinase activity. PLAUR rs2302524 (A659G) is another missense mutation that
presumably affects the activity of the urokinase system [8]. PLAUR rs344781 affects the activity of the PLAUR promoter; the T
allele enhances transcription [9]. Considering the significance of assessing both maternal and fetal components of the mother-
placenta-fetus system, we analyzed the genotypes of the mother and the fetus. Genotyping data were compared to the results of a
histopathological examination of placental specimens so as to determine the effect of gene polymorphisms on placental tissue
morphology and the expression of urokinase system proteins. The aim of this work was to study the associations between Pl and
SNPs in the genes coding for the components of the uPA-uPAR-system, as well as their effects on the intensity of protein
expression in placental tissue and placental morphology.

METHODS

The study was conducted at the Medical Research and Educational Center of Lomonosov Moscow State University in 2018.
Samples of venous blood, placental tissue and umbilical cords, as well as clinical data, were obtained from the Center’s Biobank.
Originally, the samples had been collected from 162 female patients aged 20 to 49 years and 95 newborns immediately after

delivery.
The control group consisted of 114 healthy women with uncomplicated pregnancy and delivery. The PI group included 48 patients
with early pre-eclampsia (< 34 weeks into gestation) and/or early grade II-ll IUGR (< 32 gestational weeks). IUGR was diagnosed

based on a biometric lag of 2 weeks; the actual gestational age was inferred from the first day of the last menstrual period and
from the findings of the early ultrasound scan. Pre-eclampsia was defined as elevated systolic BP > 140 mmHg and diastolic BP >
90 mmHg on at least two occasions after week 20 into gestation in the presence of at least one of the following signs: proteinuria
> 300 mg/day, renal failure (hypercreatininemia > 90 pmol/L), liver dysfunction (ALT or AST > 40 IU/L), impaired blood flow in the
mother-placenta-fetus system on the Doppler scan, thrombocytopenia < 150,000/uL, and neurological symptoms. The exclusion
criteria were as follows: multifetal pregnancy, Rh-sensitization, gestational diabetes mellitus, severe extragenital pathology, drug
abuse, smoking, fetal abnormalities or genetic disorders. All pregnancies were spontaneous. In order to exclude “small for
gestational age” fetuses from the study, a Doppler scan of the umbilical artery was performed. Women with normal blood flow
parameters were excluded.

Umbilical cord samples were collected from 60 newborns in the Pl group (pregnancies complicated by pre-eclampsia and/ or
IUGR) and 35 newborns in the control group (uncomplicated pregnancies and delivery). For the analysis, we selected umbilical
cord fragments located 8-10 cm away from the placenta. The samples were fixed in 10% formalin or frozen at —80 °C. In 53 cases
(25 patients with Pl and 28 controls), we collected samples of maternal blood, umbilical cord fragments and placental tissue. For
each mother-newborn pair, 3 fragments of seemingly healthy tissue sized 1 x 0.5 x 0.5 cm were collected from the peripheral,
paracentral and central areas of the placenta; the fragments were fixed in 10% buffered formalin for 12 h; then the samples were
dehydrated and embedded in paraffin. All placenta donors in the Pl group gave birth by Caesarian section at >28 weeks gestation
(2 patients before gestational week 34; 6 patients after week 34); in the control group, the babies were delivered at term.

Genotyping

DNA was isolated from K2 EDTA-containing peripheral maternal blood using a QlAmp DNA Blood Mini Kit and from umbilical cord
fragments using a DNeasy Blood and Tissue Kit (QIAGEN; Germany) following the manufacturer's protocol. (the minimum sample
weight of 25 mg and prolonged overnight lysis).

PLAU C/T 3'-UTR (rs4065) and PLAUR T(-516)C (rs344781) polymorphisms were detected by real-time PCR. Amplification was
performed in a RotorGene Q thermocycler (QIAGEN; Germany). Allele-specific hydrolyzed probes were used. The following primers
and probes were used:

rs4065_F: 5'-TGGTTGTCATTTTTGCAGTAGAGTC-3';

rs4065_R: 5'-GGCCTATGCCTGAGGGTAAAG-3';

rs4065_prC: FAM-5'-AAGCTATTGTCGTTCGCCCTGGTGG-3'-BHQ1;

rs4065_prT: HEX-5'-AAGCTATTGTCGTTCACCCTGGTGGG- 3'-BHQT;

rs344781_F: 5'-ATCCTGAAATATGCATCTCTTAAACACT-3';

rs344781_R: 5'-TTAACATTTACCAAGGACCTACTTCG-3';

rs344781_prC: FAM-5'-CACAGCGGGAAGCAAAGCAAGGGT- 3'-BHQT;

rs344781_prT: HEX-5'-CACAGCAGGAAGCAAAGCAAGGGT- 3'-BHQ1).

PLAU C/T 7240 (rs2227564), PLAUR AB59G (rs2302524) and SERPINE1 -675 5G/4G polymorphisms were detected by real-time
PCR using commercial kits for SNP detection (DNA-Technology; Russia).

Morphometry and immunohistochemistry

Four-um thick sections were prepared from paraffin blocks and mounted on Polysine Slides (Menzel GmbH & Co KG; Germany).
Dewaxing, rehydrating and epitope retrieval were performed using Dewax and HIER BufferM (pH 8.0) (Thermo; UK) at 95-98 °C for
20 min in the pre-treatment PT-Module (Thermo; UK). Immunohistochemistry reactions were carried out in a Thermo Scientific
LabVision Autostainer 480S (Thermo; UK). The sections were incubated with 1 : 150 monoclonal rabbit anti-uPA antibodies
(@ab133563) and 1 : 100 polyclonal rabbit anti-uPAR antibodies (ab103791) (Abcam; UK) for 30 min. A chromogenic (DAB) Ultra
Vision Quanto Detection System (Thermo; UK) was used to detect staining. Then, the sections were treated with hematoxylin (1-3
min) and covered with a cover-glass. The slides were examined under a Leica DM 1000 microscope equipped with an HI PLAN
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40x%/0.65 «/0.17/0FN25 lens and a digital high-resolution camera Leica DMC 2900; the images were processed in Leica
Application Suite 8.0 (Leica; Germany). A total of 1,060 microphotographs were taken: 530 for uPAR-treated and 530 for uPA-
treated slides.

Image processing

On each image, an area of 7 x 7 pixels was selected in the background outside the specimen; this area was assigned an average
color value of all the pixels it contained. This average value was used to white-balance the image, so that the corrected color
would be white. As a result, the background on all images appeared very close to white and all microphotographs did not differ in
color tones. After color normalization, large clusters of red blood cells and artifacts were manually selected and removed on each
photograph. All images were resized to 1024 x 768 pixels.

Measured parameters

Using Imaged, v1.51s (National Institutes of Health; USA), we calculated the villi surface area (mm2) and the area occupied by the
intervillous space (mm2) for each image. To estimate the vessel surface area (% of the villi surface area), the stroma-to-vessel ratio
and the intensity of uPA/uUPAR expression in the villi, blood vessels were highlighted manually. The stroma-to-vessel ratio was
determined by the formula: vessel surface area / (villi surface area — vessel surface area). All parameters were calculated as a
geometric mean from 10 processed images per section.

Measurement of marker expression intensity

To estimate the intensity of uPA and uPAR expression, the Imaged color threshold function was applied to the areas representing
villi on the images. The following parameters were used: hue [0;37], saturation [46;255] and brightness [62;251], as they allow
detecting a vast variety of brown tones. The selected areas were converted into black and white to evaluate pixel color intensity.
Purely black pixels were assigned the value of 255, whereas purely white pixels, 0.

All pixels outside the villi or those outside the specified color range were assigned a 0 value. The mean color value was calculated
for each image based on non-white pixels (color=0). Expression intensity was calculated by the formula:

formula

where INT is intensity; c is the mean color value for non-white pixels; Nis the number of pixels with the specific c; Vis the area of
the image occupied by the villi expressed in the range from 0 to 1. The yielded values can be interpreted as uPA/uPAR expression
intensity in the range from 0 (no expression) to 255 (maximum expression) providing that staining of the villi is uniform.

Statistical analysis

Statistical analysis was conducted in RStudio v1.1.453 and the SNP Stats web tool [10] developed for the analysis of genetic
polymorphism data. The Akaike information criterion was used to choose the type of inheritance model (codominant, dominant,
recessive, overdominant, or log-additive). We selected models with the lowest AIC indicating better goodness of fit in the presence
of fewer parameters. Continuous variables were tested for normality using the Shapiro-Wilk test. Differences between the groups
were assessed using Student’s t-test, one-way ANOVA for parametric data, the Wilcoxon rank-sum test, or the Tukey test for
nonparametric data depending on the number of groups, the Kruskal-Wallis test. Categorical variables were assessed using the x2
test. Odds ratios for the risk of Pl were also calculated. Univariate binary logistic regression models were used to construct 95% Cl
and estimate OR pointwise. Statistical weight and significance of individual genotypes were analyzed using logistic regression.
Differences were considered significant at p < 0.05.

RESULTS

tab. 1 shows frequencies of maternal and fetal SNPs significantly associated with the risk of PI (corrected to maternal age).
Associations have been established between Pl and the following alleles: the maternal C allele PLAU rs4065, the maternal A allele
PLAUR rs2302524, the fetal C allele PLAUrs4065, and the fetal C allele PLAUR rs344781. To study the effects of both maternal
and fetal genotypes, we built a model in which Pl was the dependent variable and maternal and fetal genotypes were predictors
(the presence of 2 mutant alleles scored 2 points, heterozygous variants scored 1 point, and the presence of 2 referent alleles
scored 0). Then, we estimated the statistical significance of the predictors, their weight and effect (positive or negative).
Characteristics of the model are provided in tab. 2; a statistically significant effect was demonstrated for the fetal PLAU rs4065
polymorphism: the C to T substitution was protective against PI, i.e. reduced its probability; TT was the most prognostically
favorable genotype.

In the control group samples, villous tree architecture was normal, dominated by terminal villi with sinusoidally dilated capillaries
and showing an intimate contact between the trophoblastic surface and the vascular wall underneath. In the PI group, a variety of
histopathologic phenomena were observed. In some cases, nonbranching angiogenesis prevailed presenting as the lack of
terminal villi, small villous diameter and the absence of syncytial knotting. In 16 cases, an excessive compensatory placental
response was observed, including angiomatosis of the villi, extensive syncytial knotting in the aggregated terminal villi and the
narrowing of the intervillous space. These findings were fortified by the estimates of the villi surface area and the intervillous space
(tab. 3). No differences were found between the Pl and control groups in the vessel surface area and the stroma-to-vessel ratio
(tab. 3), which may be explained by the morphological heterogeneity observed in patients with preeclampsia and IUGR, as well as
by the difference in gestational age at delivery.

The data yielded by genotyping of maternal and fetal specimens were compared to the results of the microscopic examination of
the placenta (morphometric parameters and the immunohistochemical expression of uPA and uPAR). The intensity of uPA/uPAR
expression in syncytiotrophoblasts exceeded that in the stromal cells and the endothelium of villous vessels (fig. 1A-D). The
intensity of uPA expression was reliably lower in the placental tissue of patients with Pl (p = 0.033) (tab. 3; fig. 1A-B); no difference
in UPAR expression was observed between the groups (tab. 3; fig. 1C-D).
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No associations were established between the studied SNPs in PLAU and PLAUR and the intensity of protein expression in
placental tissue.

The protective effect of the C to T substitution in maternal PLAU rs4065 was confirmed by its relationship with the degree of villous
vascularization: the vessel surface area (% of the villi surface area) and the stroma-to-vessel ratio varied depending on the
genotype (fig. 2). The maximum vasculature corresponded to the TT genotype (tab. 4).

DISCUSSION

The uRA-uPAR system is multifunctional. It exerts fibrinolytic activity, participates in degrading the extracellular matrix, affects the
bioavailability of growth factors, and regulates cell migration and proliferation. Once the embryo has been implanted, trophoblast
cells start to express urokinase [11], and uPAR expression increases at the cell pole involved in trophoblast invasion; throughout
the process, uPA activity is regulated by PAI-1,2. Thus, the urokinase system takes an active part in the modulated trophoblast
invasion. Natural killers and macrophages are another source of uPA in the placenta. They ensure remodeling of spiral arteries in
the endometrium at trophoblast-independent stages; by interacting with NK and macrophages, uPAR-positive smooth muscle
cells and endothelial cells acquire their migration phenotype [12, 13]. The urokinase system (specifically, the cells expressing its
protein components) “supervises” formation and degradation of fibrin-type fibrinoid [14]. Proteolysis of the extracellular matrix by
serine proteases leads to the release of angiogenic factors from its scaffold, including vascular endothelial growth factor (VEGF).
The interaction between VEGF and its class 2 receptor results in the exposure of the proteolytic uPA-uPAR complex to integrins
[15], confirming the role of the urokinase system as a mediator of angiogenic factors and an active participant of angiogenesis in
the placenta.

In this study, we attempted to assess the risk of placenta-associated pregnancy complications based on the presence of SNPs in
maternal and fetal genes. We were able to demonstrate that the TT genotype of PLAU rs4065 was associated with the lowest risk
for PI. Considering that in the majority of cases the placental and the fetal genotypes are the same, the fetal T allele should be
regarded as more significant. Unfortunately, we could not prove that abnormal uPA levels in the placenta are determined by the
SNPs in the corresponding gene, which might be explained by the small sample size. However, the association between the TT
genotype and the greater vessel surface area in the villi confirms the observed phenomenon.

Previously uPAR expression in chorionic villi was demonstrated to be higher in females with uncomplicated pregnancies than in
those at risk of pregnancy loss [16]. The immunohistochemistry analysis conducted as part of our study revealed that uPAR levels
in the placenta did not differ between healthy females and patients with placenta-related pregnancy complications. However, the
groups did differ in terms of urokinase expression intensity.

There was no previous solid evidence of the direct effect of rs4065 on the level of uPA expression. Our findings suggest that the TT
genotype stimulates cell migration and proliferation, is proangiogenic and reduces the risk of Pl. Our observation is confirmed by
the fact that this polymorphism increases the risk of tumor growth and enhances tumor angiogenesis. There are reports of the
significantly increased risk for cancer in the presence of the T allele and the TT genotype [17-19]. At the same time, it is known
that high uPA levels in some tumors predict a poor outcome [20]. Besides, the T allele of rs4065 has been linked to Quebec
platelet disorder caused by excess fibrinolysis due to elevated uPA content in platelets [21].

CONCLUSIONS

High placental uPA and the fetal TT genotype (PLAU rs4065) are protective against the risk of Pl. We hope that our findings will
expand the potential of noninvasive prenatal screening and predict Pl by genotyping fetal DNA for rs4065 PLAU.

https://vestnikrgmu.ru/archive/2019/6/5/content?lang=en 4/7



12.12.2019 BectHuk PFMY — Bulletin of RSMU - ARCHIVE

A

! -
(UPAR, PI)

T

Fig. 1. Immunohistochemical expression of uPA (A, B) and uPAR (C, D) in the chorionic villi in the controls (A, C) and the PI
group (B, D). Staining of syncytiotrophoblast cells with anti- uPA and anti- uPAR antibodies produces intense coloration in
healthy tissue and samples of Pl patients (A-D). Placental tissue of patients with Pl (A) shows less intense coloration of
ssyncytiotrophoblast cells after uPA staining in comparison with the control group (B). No difference was observed in
immunohistochemical uPAR expression between the groups (C, D). Scale bar: 25 ym
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Fig. 2. The vessel surface area and the stroma-to-vessel ratio for different maternal PLAU rs4065 genotypes. The ends of the
box are Q1 and Q83; the vertical line inside the box is the median. The ends of the whiskers: Q1 minus 1.5 IQR; Q3 plus 1.5
IQR. Outliers are represented by dots. Confidence intervals are represented by notches

Table 1. Genotype frequencies for urokinase system SNPs associated with the risk of PI
=
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Note: * — OR (95% Cl) adjusted for maternal age.

Table 2. Parameters of the regression model showing the relationship between the risk of Pl and SNPs in the genes

encoding urokinase system proteins

=

Table 3. Morphological characteristics and immunohistochemical expression of uPA/uPAR in placental tissue

=

Table 4. The vessel surface area and the stroma-to-vessel ratio for different maternal PLAU rs4065 genotypes

Vessel surface area, mny? Stroma-to-vessel ratio
rs4065 genotype
Median 95% CI - Median 95% Cl o
cC 0.1655 [0.1461; 0.1849] 0.1715 [0.1524; 0.1907]
CcT 0.182 [0.1528; 0.2112] 0.0305 0.1804 [0.1485; 0.2123] 0.0265
TE 0.225 [0.1969; 0.2531] 0.2306 [0.1959; 0.2652]

Note: ™ — the Kruskal-Wallis test applied.
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