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1 | INTRODUCTION

Preeclampsia (PE) is a severe obstetrical hypertension-related com-
plication characterized by high blood pressure and increased levels

Abstract

Preeclampsia (PE) is characterized by placental ischemia and hypoxia, resulting in ab-
normal casting of the uterine spiral artery, which is mainly caused by insufficient
trophoblastic cell infiltration. A reduction in levels of growth factor-based signalling
via Neuropilin-1 (NRP1) has been shown to contribute to dysfunctional trophoblast
development. In this study, we showed that the RNA-binding protein, QKI5, regu-
lated NRP1 expression and significantly improved trophoblast proliferation in vitro
and in vivo. QKI5 and NRP1 expressions were significantly reduced in human PE
placentas and in trophoblasts during hypoxia. Overexpression of these factors sig-
nificantly improved cell proliferation and migration in vitro, in contrast to a decrease
upon siRNA knockdown of QKI5 and NRP1 in HTR-8/SVneo cells. Using RIP and
RNA pull-down assays, we further showed that QKI5 directly interacted with the
3'-UTR region of NRP1, to mediate cell proliferation and migration via matrix metal-
loprotease-9. Further, similar to NRP1, QKI5 also targets matrix metalloproteinase 9
(MMP9) involved in secretion of growth factors and its effects can be counteracted
by NRP1 overexpression. In vivo studies using a PE mouse model revealed that QKI5
overexpression alleviated PE-related symptoms such as elevated blood pressure and
proteinuria. Taken together, we found that QKI5 was a novel regulator, of VEGF-R/
NRP1 signalling pathway functioning in trophoblast proliferation and migration,
resulting in major contributors to the pathogenesis of PE. While careful evaluation
of the broad implications of QKI5 expression is still necessary, this study identified

QKI5 as a promising target for treatment strategies in acute PE patients.
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of protein in the urine (proteinuria). It is one of the major causes
of mortality in pregnant women, responsible for approximately
18% of all pregnancy-related deaths.?® PE is a multifactorial disor-
der and broad-spectrum antihypertensive drugs cannot be used for
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treatment due to severe neonatal side effects.*> Progression of PE
involves oxidative stress, induction of systemic inflammation and
release of angiogenic factors into the circulatory system.®~® This re-
sults in placental damage due to prolonged hypoxic conditions that
trigger apoptosis-induced cell death in trophoblasts.”** Prolonged
hypoxia causes irreversible changes in cells including transcriptional
reprogramming and regulation of gene expression that in turn af-
fects intrinsic cell properties towards development and migration.
Understanding these mechanisms in the context of PE remains key
towards identifying alternative treatment strategies.

Several factors regulate gene expression including microRNAs,
long non-coding (Inc) RNAs and RNA-binding proteins. Quaking
homolog KH domain RNA-binding (QKI) protein, belonging to the
Signal Transduction and Activation of RNA (STAR) family of pro-
teins, has been known to play a role in altering cellular differenti-
ation processes in myeloid cells.*?>'® Under hypoxia, QKI directly
regulated hypoxia-induced factor-1a (HIF-1a) expression to support
tumorigenesis.** QKI isoforms have also been implicated in altering
vascular endothelial growth factor receptor (VEGF-R)/ Neuropilin-1
(NRP1) co-receptor signalling pathway in endothelial cell differentia-
tion and functions.*>*® They can compete with microRNASs to inhibit
gene expression of NRP-1/2 that are essential for early cell devel-
opment.13 More specifically, QKI isoform 5 (QKI5) has been shown
to play a role in altering stem cell differentiation and RNA-splicing
events in cancer.”*8 It regulates key differentiation pathways during
erythropoiesis, osteoclastogenesis and angiogenesis.’> However,
QKI proteins and their possible regulatory roles in trophoblast dif-
ferentiation nor dysregulation in the context of PE have not been
elucidated so far.

Placental trophoblasts ensure differentiation via an interplay
between different growth factor signalling pathways including
VEGF-R/NRP1 and are strictly controlled by regulators of gene
expression.’”?° Analysis of placental tissue samples from PE pa-
tients revealed that both NRP1 expression and VEGF-R-binding
protein VEGF expression were significantly decreased;?! however,
the mechanism behind its regulation remains elusive. VEGF sig-
nalling requires its secretion from extracellular matrices that are
mediated by a specific class of proteinases called matrix metallo-
proteinases (MMPs). MMPs are capable of degrading the extracel-
lular matrix proteins including collagen and fibronectin to facilitate
release of growth factors required for cell growth and differentia-
tion.22 MMPs have also been studied in the context of PE for their

role in altering tissue architecture and promoting trophoblast in-
vasion.?®> MMP2 and MMP9 are implicated in the release of VEGF
that is required for placental growth and uterine remodelling
during the early stages of pregnancy.?* MMPs are up-regulated
during tumorigenesis to promote cell proliferation and invasion in
a VEGF-NRP1-dependent manner.?>?¢ In contrast, lower expres-
sion of MMPs is associated with various pregnancy-related com-
plications, including PE, by inducing apoptosis of trophoblasts and
maternal intolerance.?’?? Although the role of MMPs has been
broadly described in the context of trophoblast development and
invasion, identifying their mechanism of regulation will lead to the
development of efficient treatment alternatives.

In the present study, we showed that QKI5 was a novel regulator
of NRP1 and MMP9 expression in trophoblasts during hypoxia. In
addition to studying its effects in vitro in the HTR-8/SVneo tropho-
blast cell line, we used an in vivo PE mouse model to evaluate the
effects of QKI5 expression in regulating PE symptoms during preg-
nancy. Our findings identified QKI5-mediated regulation of NRP1
expression as an important pathway in trophoblast development.

2 | METHODS
2.1 | Placental tissue collection

Human placental tissues were obtained from 20 patients dur-
ing post-normotensive pregnancy and from 20 patients who
were prediagnosed with PE. Diagnosis for PE was in accord-
ance with the criteria established by the National High Blood
Pressure Education Working Group (Shanghai, China). Samples
were obtained after written informed consent from the partici-
pants, and all procedures were approved by the Ethics Board of
The International Peace Maternity and Child Health Hospital
(Shanghai, China). The clinical informations from control and pa-

tients are recorded in Table 1.

2.2 | Cell culture and transfection

In vitro experiments were conducted using the HTR-8/SVneo
human villous trophoblast cell line (Bio Life Technologies, Beijing,
China), which were cultured in RPMI 1640 medium (Nacalai

X TABLE 1 clinical informations of the
Preeclampsia P study population
Characteristic Normal (n = 20) (n=20) value Yy pop
Age of woman (years) 30.6 +0.8 311+1 >.05
Body mass index (BMI; kg/m?) 274 + 0.5 30.2+0.9 <.01
Gestational age at delivery (weeks) 38.7+0.2 355+1 <.01
Systolic blood pressure (mmHg) 110.7 + 23.15 169.5 + 28.11 <.01
Diastolic blood pressure (mmHg) 75.6 +12.78 101.3 + 14.6 <.01

Data are presented as mean + SD
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Tesque) supplemented with 5% foetal bovine serum (FBS) (Sigma-
Aldrich), 100 U/mL penicillin and 100 mg/mL streptomycin (Nacalai
Tesque) at 37°C/5% CO,. Conditions for hypoxia treatment in-
volved 1%-2% oxygen for 48 h as compared to 20% oxygen under
normal conditions. Plasmids and siRNA transfections were per-
formed with Lipofectamine 2000 (Life Technologies) according
to the manufacturer's protocol. Briefly, QKI5 or NRP1 expression
plasmids (pcDNA vector purchased from Addgene), or QKI5 siRNA
or NRP1 (siRNA#1 107267, siRNA#2 107269 purchased from
Thermo Fisher) were mixed with OptiMEM and added together
with Lipofectamine in a 1:3 ratio. Two siRNAs (si-QKI5#1 and si-
QKI5#2) specifically for QKI5 and the control siRNAs (si-NC) were
synthesized by Dharmacon as previously described.®® The DNA-
Lipofectamine complex was added to cells, and a fresh medium
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exchange was conducted after 6 h. The cells were then used 24 h
post-transfection.

2.3 | Western blotting

Protein expression was analysed by harvesting cells in RIPA lysis
buffer containing freshly added 1% phenylmethylsulfonyl fluoride
for inhibiting proteases. The total protein content of cell lysates
was estimated using the standard bicinchoninic acid (BCA) method
(Abcam). Forty pg of protein per sample was denatured and loaded
onto a 10% SDS-PAGE gel and subjected to electrophoresis at
100 V for 1.5 h. The separated protein bands were transferred to
a polyvinylidene difluoride membrane by semi-dry blotting and
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FIGURE 1 QKI5 is down-regulated in placentas from preeclampsia patients. A, Representative images from immunohistochemistry
analysis of QKI5 expression in human placentas under normal and preeclampsia conditions. Scale bar: 100 pm. B, QKI5 mRNA expression
in placentas detected by gPCR. N = 20 per group. C, Representative Western blotting and densitometric quantification of QKI5 protein
expression levels in four out of 20 normal and preeclampsia placentas. Shown is the mean + standard deviation (SD) from at least three
independent experiments. Statistical significance was calculated using Student's t test. ""p<.0001; 'P<.01


www.wileyonlinelibrary.com

8
%% | wiLEY

YANG ET AL.

probed with primary antibodies against QKI5 (anti-human QKI5,
1:1,000, AB9904, Millipore), NRP1 (anti-human NRP1, 1:1,000,
ab81321, Abcam) or MMP9 (anti-human MMP9, 1:2,000, ab38898,
Abcam). B-actin (anti-human B-actin, 1:1,000, ab8226, Abcam)
or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (anti-
human GAPDH, 1:3,000, ab181602, Abcam) were used as load-
ing controls. Membranes were incubated with primary antibodies
overnight at 4°C and further incubated with the corresponding
horseradish peroxidase-conjugated secondary antibodies, goat anti-
rabbit 1gG-HRP (1:10 000, ab6721) for 1 h at room temperature.
Immunodetection of proteins using chemiluminescence was per-

formed with Image-Pro Plus 6.0 (Media Cybernetics).

2.4 | RNA purification and qPCR

The mRNA levels of QKI5, NRP1 and MMP9 were quantified from
total RNA using qPCR. Cells or tissues were harvested, and total
RNA was isolated using TRIzol reagent (Invitrogen). Reactions for
gPCR were set up using SYBR Green Master Mix (TaKaRa BIO,
Shiga, Japan), and Ct values obtained for different genes of inter-
est were normalized to levels of GAPDH. The primers used were
as follows: QKI5 (forward: 5-AACATTAAATCACCAGCCCTTGC-3,
reverse: 5-CAGCTGGCGTAGGAGTACG-3'), NRP1 (forward:
5'-CATCTCCCGGTTACCCTCATTCTT-3', reverse: 5- GCGGCCGC
CTTCATTCTC-3'), and MMP9 (forward: 5- GGGACGCAGACATC
GTCATC-3', reverse: 5'- GGGACGCAGACATCGTCATC-3').

2.5 | MTT assay

Cell proliferation was measured using the MTT assay (Invitrogen).
Briefly, 3.5 x 10% HTR-8/SVneo cells per well were seeded in a 96-

well flat-bottom plate and viability was measured every 24 h by

staining with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide dye. Absorbance was measured at 450 nm using an ELx-
800 University Microplate Reader (BioTek).

2.6 | Immunofluorescence

To visualize proteins by immunofluorescence, HTR-8/SVneo cells
were fixed 24 h post-transfection using 4% paraformaldehyde. Cells
were permeabilized with 0.1% Triton X-100 and stained with primary
antibody against QKI5 (anti-human QKI5, 1:500, AB9904, Millipore)
overnight at 4°C followed by addition of Cy3-labeled secondary an-
tibody ( 1:1000, ab6939, Abcam) for 50 min at room temperature.
Nuclei were visualized by 4',6-diamidino-2-phenylindole staining for
10 min at room temperature. Cell proliferation was determined by
staining for the Ki-67 nuclear antigen, which is constitutively ex-
pressed throughout cell cycle progression. Images were taken using
an Axio Observer microscope (Carl ZEISS) with image processing
software.

2.7 | Immunohistochemistry

Sections from the placenta were immediately fixed with for-
malin and embedded with paraffin. Sections of 5 pm thickness
were then deparaffinized with ethanol following hydration. The
sections were then washed in Tris-buffered saline and further
incubated in sodium citrate buffer containing 3% hydrogen per-
oxide and 50% methanol for antigen exposure. The slides were
blocked using 5% blocking serum for 30 min and stained with
biotin-conjugated primary antibody against QKI5 (1:500, AB9904,
Millipore) or NRP1 (1:1000, ab81321, Abcam) overnight at 4°C.
Streptavidin-conjugated secondary antibody was added along

with haematoxylin for counterstaining.

FIGURE 2 QKI5 promotes cell proliferation and migration in HTR-8/SVneo cells during hypoxia. A, Representative micrographs of HTR-
8/5Vneo cells showing the subcellular distribution of QKI5. HTR-8/SVneo cells were fixed, permeabilized and stained with anti-QKI5 primary
antibody followed by Cy3-labeled secondary antibody. The nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI) and visualized

by epifluorescence. Scale bar: 20 pm. B, Relative mRNA expression of QKI5 upon siRNA knockdown of QKI5 using two different targets. A
scrambled non-targeting siRNA (NC) was used as a control. The cells were transfected with siRNA for 24 h, then harvested for total RNA
extraction, followed by cDNA synthesis and analysed by gPCR. C, Representative Western blotting (left) and densitometric quantification
of cells used in panel B. D, QKI5 mRNA expression evaluated by gPCR in HTR-8/SVneo cells cultured under normal and hypoxic conditions.
E-F, Cell proliferation of HTR-8/SVneo cells upon knockdown or overexpression of QKI5. At 24 h post-transfection by si-QKI5 or the QKI5
overexpression plasmid, cell proliferation at the indicated time-points (O h, 24 h, 48 h and 72 h) was detected using MTT assays during
normal and hypoxia conditions. Absorbance was measured at 450 nm. G, Representative merged micrographs and quantification of HTR-8/
SVneo cells upon knockdown or overexpression of QKI5 under normal or hypoxia conditions, respectively. At 24 h post-transfection, the
cells were stained with the Ki-67 proliferation marker (green) and the nucleus was stained with DAPI (blue). At least 100 cells were counted
per condition, per experiment. Scale bar: 50 pm. H-I, Cell migration and wound healing assays. At 24 h post-transfection using siRNA or

the overexpression vector, HTR-8/SVneo cells were added to the upper chamber of a Transwell system for migration towards the serum
gradient. Cells migrating to the lower chamber 24 h post-migration were stained using 0.1% Crystal Violet and counted to determine the
migration. For the wound healing assay, a wound scratch was made in cells seeded in a 6-well plate and images from different fields taken

at the time of wound scratching and 72 h post-wound scratching were compared to calculate the area of the wound closure. All bars show
the means + SD from at least three independent experiments. Statistical significance was calculated using Student's t test for comparing
two groups and one-way analysis of variance for more than two groups. P <.001; P < .0001 compared with the si-NC group, ** and ##*#
denote P < .01, P <.0001, respectively, compared with the hypoxia +pcDNA3.1 group


www.wileyonlinelibrary.com
www.wileyonlinelibrary.com

YANG ET AL. 5659
Wi LEY¥

A QKIS DAPI Merge
B 1.5 c
£ @ si-NC
Z 151 si-QKIS5 #1
g g $i-QKI5 #2
S QKI5 ~ e - 40'kDa é;
< ¢ -5 1.04
zZ o % =9
& —_— -y *%
s T P-acti 42kDa 3
@ -actin Z
£ - A A
= k|
~ &
0.0-
b si-NC si-QKIS #1  si-QKI5 #2 si-NC Si-QKIS#1  si-QKI5 #2
1.5 157 157+ Hypoxia+QKI5
- i
. = si-QKL#2 = -= Hypoxia+pcDNA3.1
2 2 - si-NC z ;
g - - -&- Hypoxia
5 a 1.0 a 1.04
3w =) = *%
<5 S *%% 3
Zo g E %
& = 2
E S ok T 0.5 £ 054
2 h— — 2 2
£ < <
9
~ .0 : r . T 0.0
T h h
Control Hypoxia (h) 0 24 48 72 (h) 0 24 48 72
G Normal Hypoxia “
Si-NC Si-QKIS #2 NC pcDNA3.1
. aks 5 = O 604 ##

Hkk
Hkk

)
S

Ki-67 positive cells (%)
&
rd

Ay
H Normal Hypoxia RS & S
. & K
Si-QKIS #2 pcDNA3.1 R
<
. T e L it el .
~ > 2 ]
E
E kK
3
a\i 204
ol
. o v N o
I Normal Hypoxia RS & o &
& D $ g
: ' <
Si-NC Si-QKIS #2 _ pcDNA3.1 &
. . 80 Q\%Q
##
g 60
g sk
I} kK
= 40
=
H
Z 2
=
2
0
< D > > J
s ¥ & > &
& ;},0*'\ & 8%"' ;&x@
{g& so'
AQQ& Q.




YANG ET AL.

0
%0 | WiLEY

2.8 | Cell migration assay

HTR-8/SVneo cells were starved prior to invasion assays in media
containing 1% FBS. A total of 5 x 10° starved cells were seeded into
the upper well of a Transwell chamber (8 pm pore size; Millipore) and
the lower chamber containing medium supplemented with 10% FBS
served as the chemoattractant. The chambers were incubated at
37°C/5% CO, for 24 h. Post-migration cells in the lower chambers were
stained with 0.1% Crystal Violet (in 20% methanol), and the number of

migrated cells was quantified using five random fields per sample.

2.9 | Wound healing assay

Pre-seeded HTR8/SVneo cells were transfected with expression con-
structs or siRNA for knockdown, followed by the scratch wound heal-
ing assay 72 h later. The cells were washed in 1x phosphate-buffered
saline (PBS) and photographed. At 24 h post-wound scratching, the
cells were stained with 0.1% Crystal Violet and photographed again
in the same field of view. Wound closure was calculated based on the

ratio of areas uncovered by cells before and after wound scratching.

2.10 | Luciferase reporter assay

NRP1 3'-UTR was subcloned into a standard pGL3 luciferase re-
porter vector (Promega), and Renilla firefly luciferase expression
was used to drive the NRP1 3'-UTR element. The reporter construct
was co-transfected into HTR-8/SVneo cells along with QKI5 overex-
pression or siRNA knockdown constructs. At 48 h post-transfection,
the cells were lysed and the lysates were incubated with luciferin.
Luciferase activity as relative luciferase units (RLU) was measured

using a luminometer in triplicate for each sample.

2.11 | RNA-protein pull-down assay

Standard RNA pull-down assays were conducted as follows. Cell
lysates from HTR-8/SVneo cells were incubated with biotin-16-UTP-
conjugated HOTAIR against 5'UTR, CDS and 3'UTR regions of NRP1,
or antisense HOTAIR in immunoprecipitation (IP) buffer for 30 min
at 25°C. Five pL of Dynabeads MyOne Streptavidin T1 (Invitrogen)
was added to the IP mixture and incubated for 30 min. The beads
containing bound RNA-protein complexes were washed five times in
500 pL input buffer, then resuspended in protein-loading buffer and
following elution. The samples were loaded onto SDS-PAGE gels and

subjected to electrophoresis.

2.12 | RNA immunoprecipitation (RIP) assay

The RIP assay was performed with the EZMagna RIP kit (Millipore)

according to the manufacturer's instructions. Briefly, HTR-8/SVneo

cells were transfected with HOTAIR RNA antisense or control RNA
oligonucleotides. At 12 h post-transfection, the cells were harvested
in ice-cold 1x PBS and lysed in RIPA buffer. IP was conducted using
RIP Ab+against QKI5 or non-specific control rabbit IgG antibody
(Millipore). The antibody-lysate mixture was incubated overnight at
4°C with rotation. Proteins bound to the antibody were digested with
proteinase K, and bound RNA was further purified from supernatant
and evaluated by gPCR.

2.13 | The PE mouse model

The PE mouse model was established using a combination of intra-
peritoneal injections of 125 mg/kg bodyweight of L-NAME (eNOS
inhibitor) (to mimic hypertension) and an intragastric dose of 20 mg/
kg per day of resveratrol (post-pregnancy) to female albino Wistar
mice weighing at least 250 g. Control mice with no treatment and
mice administered only with LLNAME were also included. Each group
consists of at least five mice. HTR-8/SVneo cells expressing QKI5 or
the respective control were transferred intravenously via tail vein
injections. Urine and blood samples were collected on different ges-
tational days (0.5, 4.5, 9, 12.5 and 18.5 days) and stored at -80°C for
analysis. On gestational day 18.5, the mice were killed by cervical
dislocation and the placenta and uterus were collected. All animal
protocols were approved prior to experimentation.

2.14 | Statistical analysis

Statistical analyses between data sets from at least three independ-
ent experiments were conducted using paired or unpaired Student's
t tests to compare two groups, and one-way analysis of variance was
used to compare more than two groups. Statistics were performed
with SPSS statistical software for Windows (SPSS), and a value of

P < .5 was considered statistically significant.

3 | RESULTS

3.1 | Human PE placentas show reduced QKI5
expression

To examine the role of the QKI5 RNA-binding protein in PE, we ex-
amined 20 human placental PE sections and 20 sections from healthy
placentas. PE placental sections showed reduced staining for QKI5
in comparison with healthy placentas, indicating lower expression
(Figure 1A). To evaluate this quantitatively, total RNA was isolated
from different tissues from both groups, and mRNA levels of QKI5
were determined by gPCR. QKI5 expression was significantly re-
duced in PE placentas at the mRNA level when compared to healthy
donors, which further confirmed the immunohistochemistry results
(Figure 1B). Analysing protein expression in tissues by Western blot

revealed that QKI5 expression was significantly reduced in PE tissues
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(Figure 1C). These initial characterizations show that QKI5 was down-
regulated in PE.

3.2 | QKI5 expression is influenced by hypoxia and
promotes cell proliferation and migration in vitro

To further study the role of QKI5 in PE, we performed knockdown
and overexpression studies in vitro using trophoblast HTR-8/SVneo
cells. Immunofluorescence assays revealed that the subcellular
distribution of QKI5 was restricted to the cytoplasm (Figure 2A).
Knockdown of QKI5 by two different siRNA targets significantly re-
duced mRNA expression levels of QKI5 when compared to the non-
targeting control (NC), with si-QKI5 #2 showing a stronger effect
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(Figure 2B). However, both targets did not reduce mRNA expression
more than twofold. This effect was also seen at the protein level
with approximately 50% reduction in QKI5 when compared to si-
NC (Figure 2C). Because one of the major pathophysiological condi-
tions of PE is hypoxia, we further tested the levels of QKI5 under
hypoxic conditions (1%-2% oxygen). A twofold reduction in mRNA
expression level was found when HTR-8/SVneo cells were cultured
for 24 h under hypoxic conditions, when compared to normal con-
ditions (Figure 2D). Because siRNA #2 showed better knockdown,
we chose this target for further experiments. To further assess the
role of QKI5 in altering the metabolic activity and proliferative ca-
pacity of HTR-8/SVneo cells, QKI5 was either knocked down under
normal conditions or overexpressed under hypoxic conditions, then
measured using the MTT procedure. The siRNA knockdown of QKI5
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FIGURE 3 NRP1 expression is decreased in preeclampsia (PE) placentas compared with normal healthy placentas. A, Representative
images from immunohistochemistry analysis of NRP1 expression in human placentas under normal and PE conditions. Scale bar: 100 pm. B,
NRP1 mRNA expression in human normal placentas and PE placentas determined by gPCR. N = 20 per group. C, Representative Western
blotting (left) and densitometric quantification of NRP1 protein expression in samples shown in Figure 1C. N = 20 per group. Shown are
the means + SD from at least three independent experiments. Statistical significance was calculated using Student's t test. "'p <.0001;

“P<.01
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significantly impaired cell proliferation of HTR-8/SVneo cells over stained for Ki-67 expression to show induction of cell prolifera-

a period of 72 h (Figure 2E), whereas under hypoxic conditions, tion. QKI5 knockdown significantly impaired cell proliferation when
overexpression of QKI5 significantly increased their proliferative ca- compared with the NC, and overexpression of QKI5 alleviated this
pacities (Figure 2F). Similar results were observed when cells were effect (Figure 2G). Because we established that QKI5 levels were
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FIGURE 4 NRP1 promotes cell migration and proliferation in trophoblasts. A, Relative NRP1 mRNA levels as detected by gPCR under
normal and hypoxia conditions, P < .01. B, Representative Western blotting and densitometric quantification of NRP1 protein expression
in HTR-8/SVneo in non-targeting control (NC) or NRP1 siRNA-targeted cells. Statistics were calculated using one-way analysis of variance.
“P<.01; P <.001 (compared with the si-NC group); ##P < .001 (compared with the pcDNA3.1 group). C-D, Proliferation efficiency using
the MTT assay measured as absorbance at 450 nm of trophoblast cells under normal and hypoxia conditions at 24 h post-transfection using
NRP1 siRNA or the overexpression plasmid. Statistical significance was calculated using Student's t test for C and one-way analysis of
variance for D. P<.05; P <.01; P <.001. E, Representative merged micrographs and quantification of HTR-8/SVneo NC or NRP1 siRNA-
targeted cells under normal conditions and HTR-8/SVneo cells overexpressing NRP1 during hypoxia stained with the Ki-67 proliferation
marker (green). Nuclei were stained with DAPI (blue). At least 100 cells were counted per condition, per experiment. Scale bar: 50 pm F-G,
Cell migration efficiency. HTR-8/SVneo NC or NRP1 siRNA-targeted cells under normal conditions or HTR-8/SVneo cells overexpressing
NRP1 during hypoxia were assessed for their abilities to migrate in a Transwell system or by wound healing assays as mentioned in Figure 2.
Shown are the means + SD from at least three independent experiments. Statistics for panel E to G were calculated by one-way analysis of
variance. P <.001; P < .0001 (compared with the si-NC group); ¥P < .01; #*#P < .001 (compared with the hypoxia +pcDNA3.1 group)

modulated under hypoxic conditions, we further tested if this con-
tributed to cell migration. Transwell experiments revealed that only
30% of HTR-8/SVneo cells with QKI5 knockdown migrated towards
a FBS gradient when compared to over 80% in the NC (Figure 2H).
In addition, hypoxia also reduced cell migration to approximately
30%, which was restored to 70% when QKI5 was ectopically over-
expressed (Figure 2H). Furthermore, wound healing assays also
revealed that reduced QKI5 expression reduced cell migration and
that this effect was reversed upon overexpression (Figure 2l). Taken
together, these results showed that QKI5 was influenced by hypoxic
microenvironments and was a mediator of cell proliferation and

migration.

3.3 | NRP1is also influenced by hypoxia and is
required for cell proliferation and migration

Neuropilin-1 (NRP1) has been previously reported to be expressed
at reduced levels in women with PE, along with reduced vascular
endothelial growth factor (VEGF) expression.21'31 We further con-
firmed this by evaluating expression levels of NRP1 in our cohort of
healthy and PE tissues. NRP1 expression levels were reduced in PE
placental tissues as observed by immunohistochemistry (Figure 3A),
and similar reduction was also observed in NRP1 mRNA and protein
expressions when compared to normal healthy tissues (Figure 3B,
C). Under hypoxic conditions, NRP1 mRNA expression was reduced
twofold in HTR-8/SVneo cells (Figure 4A). Two different siRNAs
targeting NRP1 reduced protein expression more than twofold in
HTR-8/SVneo cells, which could be overcome by ectopic expression
of NRP1 (Figure 4B). Because the second siRNA target (si-NRP1 #2)
showed more efficient knockdown, we used it for further analysis.
Similar to QKI5, knockdown of NRP1 also reduced cell prolifera-
tion as measured by the MTT assay (Figure 4C), and overexpression
under hypoxic conditions significantly improved proliferation by at
least twofold at 72 h (Figure 4D). Ki-67 staining also indicated that
cell proliferation was reduced to 40% upon knockdown of NRP1
or under hypoxic conditions, which was significantly improved (to
80%) when NRP1 was overexpressed (Figure 4E). Transwell migra-
tion and wound healing assays showed that cell migration was re-
duced to 40%-50% upon NRP1 knockdown when compared to 80%

in the NC. This effect was restored upon ectopic expression of NRP1
(Figure 4F,G). Collectively, these results suggested that NRP1 and
QKI5 showed similar effects in HTR-8/SVneo cells under hypoxic
conditions.

3.4 | NRP1 expression is directly regulated by QKI5

Similar to its role in myeloid cell differentiation,’® to test further
whether QKI5 altered levels of NRP1 in trophoblasts and in the context
of PE, we compared their mRNA expression levels in tissue samples
from PE patients. A strong correlation was observed between mRNA
expression of QKI5 and NRP1 (Figure 5A). In addition, knockdown of
QKI5 in HTR-8/SVneo cells reduced mRNA levels of NRP1 by twofold,
to a similar level of QKI5 previously observed (Figure 5B, Figure 2B).
Under hypoxic conditions, ectopic expression of QKI5 induced more
than a threefold increase in NRP1 mRNA expression (Figure 5B).
Protein expression was also altered in a similar manner as mRNA lev-
els. Targeting QKI5 by siRNA reduced NRP1 protein levels, whereas
overexpression of QKI5 increased its expression (Figure 5C). To show
that QKI5 directly regulated NRP1 expression, we performed mRNA
decay experiments. At 6 h after addition of Actinomycin D (a tran-
scription inhibitor), NRP1 levels were significantly reduced by approxi-
mately 50%, which decreased further over time in QKI5 knockdown
cells when compared to the NC. In cells overexpressing QKI5, NRP1
mRNA levels remained significantly higher than that of NC levels, and a
reduction to approximately 50% was observed only 12 h after inhibitor
treatment (Figure 5D). This was further confirmed by a luciferase re-
porter system, where expression of Renilla firefly luciferase was driven
by 3'UTR-NRP1. Co-transfection of the reporter construct with QKI5
siRNA or the QKI5 expression vector showed reduced expression of
luciferase upon QKI5 knockdown, and increased expression upon
QKI5 overexpression, indicating that QKI5 directly regulated NRP1
expression by binding to the 3'UTR region (Figure 5E). Furthermore,
to confirm the direct association of QKI5 and NRP1, we performed
RIP assays with control IgG or anti-QKI5 antibody to pull down bound
RNA molecules. NRP1 RNA levels were enriched twofold in anti-QKI5
precipitates compared with the IgG control in NC cells, whereas this
increase was completely lost upon QKI5 knockdown (Figure 5F). In ad-

dition, overexpression of QKI5 showed an increase in NRP1 RNA levels
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when precipitated with anti-QKI5 antibody, when compared to the ex-
pression of the control vector (Figure 5F). Western blot analysis from

by MMP9 in PE

the RNA-protein pull-down assay showed that QKI5 was bound only

to the 3'UTR fraction of NRP1 and not to the 5'UTR or the coding se-
quence (CDS) (Figure 5G). In summary, these results showed that QKI5
directly regulated NRP1 expression by binding to the 3'UTR region.

3.5 | NRP1 regulates cell migration and proliferation

In addition to the effects of QKI5 on NRP1 expression, we evalu-
ated its role in targeting other factors involved in this signalling

pathway. Matrix metalloproteinase-9 (MMP9) functionsinreleasing
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FIGURE 5 QKI5 interacts with NRP1 at the 3'UTR region. A, Scatter plot of mMRNA expression levels of QKI5 and NRP1 in preeclampsia
placentas. Correlations were determined using Spearman's rank correlation test (N = 20, P < .0001, R? = 0.667). B, Relative NRP1 mRNA
levels as detected by gPCR in HTR-8/SVneo cells transfected with siRNAs against QKI5 or the QKI5 overexpression vector during hypoxia.
The values of mock transfection were arbitrarily set to 1. C, Representative Western blotting and densitometric quantification of NRP1
protein expressions from cells shown in panel B. D, The half-life of NRP1 mRNA was evaluated in QKI5 knockdown or overexpression HTR-
8/SVneo cells at 0, 3, 6, 9 and 12 h post-treatment using a transcription inhibitor. The mRNA levels at time O were arbitrarily set to 100%.

E, The luciferase reporter assay to evaluate 3'UTR activity. NRP1 3'UTR-mediated expression of firefly luciferase upon binding of QKI5
was determined by harvesting QKI5 knockdown or overexpression HTR-8/SVneo cells co-expressing the reporter construct. Cell lysates
were incubated with luciferin and RLU (relative luciferase units) indicated the luciferase activity as measured using a luminometer. (F) RNA
immunoprecipitation assay. Cells transfected with siRNA against QKI5 or QKI5 overexpression vector were immunoprecipitated with IgG
(control) or anti-QKI5 antibody. Bound NRP1 RNA was detected by qPCR. Values of si-NC or the pcDNA3.1 control were arbitrarily set

to 1. G, Representative Western blotting showing immunodetection of QKI5 by RNA pull-down against different regions of NRP1 (5'UTR,
CDS and 3'UTR). Glyceraldehyde 3-phosphate dehydrogenase was used as the input control. Shown are the means + SD from at least three
independent experiments. Statistical significance was calculated using one-way analysis of variance for all panels except D, where the two
groups were compared using Student's t test. 'P<.05 P<.01;'P<.001; P <.0001 (compared with the si-NC group) and ###p < 0001

(compared with the OE-NC group)

growth factors to trigger VEGF-R/NRP1 pathway. We found that
MMP9 mRNA expression was reduced more than twofold under
hypoxic conditions in HTR-8/SVneo cells (Figure 6A). Protein lev-
els of MMP9 were also decreased upon QKI5 and NRP1 knock-
down, and this effect was overcome upon NRP1 overexpression
(Figure 6B). In a similar manner, QKI5 and NRP1 overexpression
increased levels of MMP9 expression, and this effect was reduced
after knockdown of NRP1 knockdown (Figure 6B). Relative mRNA
levels were also similar to protein levels, whereupon knockdown of
QKI5 and NRP1, MMP9 mRNA levels were significantly reduced,
while this effect was rescued by NRP1 overexpression (Figure 6C).
Similarly, QKI5 and NRP1 overexpression significantly increased
MMP9 mRNA expression, and this effect was reduced upon NRP1
knockdown (Figure 6C). The MTT assay, which measures cell pro-
liferation, showed that QKI5 knockdown significantly reduced cell
proliferation as previously observed, and this effect was improved
48 h after overexpression of NRP1 (Figure 6D). In addition, over-
expression of MMP9 in NRP1 knockdown cells also significantly
improved cell proliferation 48 h after knockdown (Figure 6D).
Similar experiments with siRNA knockdown of NRP1 or MMP9
along with overexpression of QKI5 or NRP1 significantly reduced
cell proliferation compared with overexpression alone (Figure 6E).
Staining after NRP1 and MMP9 overexpression or knockdown of
cells with Ki-67 showed similar results, where overexpression of
NRP1 or MMP9 significantly improved cell proliferation, whereas
knockdown reduced this effect (Figure 6F). Analysing cell migra-
tion by using the Transwell and wound healing assays revealed
that upon overexpression of NRP1 or MMP9 along with siRNA
knockdown of QKI5 or NRP1, the migration or wound closure was
significantly improved by 20%-30% compared with knockdown
conditions (Figure 6G,H; upper panel). However, knockdown of
NRP1 and MMP?9 together with overexpression of QKI5 and NRP1
significantly reduced migration and wound closure by 20%-30%
(Figure 6G,H; lower panel). Together, these results indicated that
MMP9 was positively regulated by NRP1, which affected cell pro-

liferation and migration in vitro.

3.6 | Increased QKI5 expression reduces the
severity of PE symptoms in an in vivo mouse model

We next sought to test these effects in an in vivo mouse model
for PE. 3¢ Normal mice with no treatment (Normal), PE mice with
or without adoptive transfer of NC HTR-8/SVneo cells (PE+NC or
PE) and PE mice adoptively transferred with QKI5 overexpression
cells (PE+QKI5) were used. Placental tissues from PE mice harvested
towards the end of gestation showed reduced NRP1 and MMP9
mRNA expressions, whereas overexpression of QKI5 restored NRP1
levels to that of normal mice (Figure 7A). Similarly, protein expres-
sion analysis revealed that in PE mice, both NRP1 and MMP9 levels
were significantly reduced, and this effect was reversed when QKI5
was overexpressed (Figure 7B). Immunohistochemistry analyses of
tissue samples stained with cell proliferation dyes, Ki-67, NRP1 or
MMP9, showed that cell proliferation was significantly reduced in PE
and PE+NC tissues, whereas upon QKI5 overexpression, the levels
were increased to levels comparable with normal mice (Figure 7C). In
addition, continuous monitoring of blood pressure and urine protein
concentration showed a steady increase in blood pressure over time
in the PE mice groups, and this effect was significantly reduced upon
QKI5 overexpression (Figure 7D). A threefold increase in total urine
protein concentration was also observed in PE mice, and this ef-
fect was reduced to levels comparable with normal mice upon QKI5
overexpression (Figure 7E). Taken together, these results showed
that QKI5 promoted cell proliferation, possibly via a NRP1/MMP9-

dependent manner in an in vivo PE mouse model.

4 | DISCUSSION

During early stages of pregnancy, invasion of trophoblasts
through the uterine wall is an important first step in placentation.
These trophoblasts lining the uterus are responsible for nourish-
ing the uterine environment with oxygen and sufficient nutrients.

Defects in these initial processes due to hypoxia and insufficient
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FIGURE 6 QKI5 promotes cell proliferation and migration in trophoblasts via NRP1/MMP9. A, Relative mMRNA MMP9 expression levels
as determined by gPCR under normal and hypoxic conditions. B, C, Representative Western blotting and quantification of MMP9 protein
expressions under different conditions in HTR-8/SVneo cells. D-E, Cell proliferation was determined using the MTT assay. At 24 h post-
transfection, the cells were stained with the MTT dye, and the absorbance was measured at 450 nm. F, Representative merged micrographs
and quantitative analysis of cell proliferation by Ki-67 staining. Nuclei were stained using DAPI. At least 100 cells were counted per
condition, per experiment (G-H) Cell migration and invasion assays. The relative percentage migration and invasion were calculated using
the Transwell migration or wound healing assays in HTR-8/SVneo cells under different conditions. Statistical significance was calculated
using one-way analysis of variance for all panels except A, where the two groups were compared using Student's t test. “P<.01; P <.001;

Ak

P < .0001 (compared with the non-targeting group); *P < .01; ##p < .001; *###P < .0001 (compared with the NRP1 or si-NRP1 group);

$3p < 001 (compared with the pcDNA3.1 group); in panel C, P < .01 (compared with the NRP1 group). Shown are the means + SD from at

least three independent experiments

arterial blood flow cause severe complications in pregnancy.
Hypoxic trophoblasts release proinflammatory cytokines to in-
duce systemic inflammation and apoptosis.2° However, hypoxic
environments also reprogram cell fate by causing changes in tran-
scriptional regulation and down-regulation of intrinsic growth fac-
tors that negatively regulate cell survival and proliferation. In line
with this, we observed that RNA-binding protein QKI5 regulated
expression of two key targets involved in VEGF signalling under
hypoxia: NRP1 and MMP9. QKI5-dependent functional defect
in trophoblast development and migration was alleviated upon
restoring one of these factors indicating dual control of a single
pathway.

QKI proteins play an important role in cell growth and differen-
tiation. For example, QKI5 regulates expression of factors involved
in the development of red blood cells by affecting RNA stability and
interfering with protein translation.33 In placental tissues from
PE patients, we observed a significant down-regulation in levels
of QKI5. Similarly, under hypoxia, HTR-8/SVneo trophoblast cells
showed reduced expression of QKI5 that resulted in decreased cell
proliferation, migration and invasion. Cell proliferation and migra-
tion are controlled by several pathways including growth factor and
chemokine signalling pathways, and RNA-binding proteins can act
as both direct and indirect targets. Indirect targeting is mediated
via binding with regulatory microRNAs to affect gene expression.34
However, they can also directly affect expression of growth factors,
receptors and downstream signalling molecules.

One of the major signalling pathways required for trophoblast
migration and invasion is the VEGF-R/NRP1 pathway.® It is acti-
vated upon binding of soluble VEGF released from the extracellular
matrix by matrix metalloproteinases (MMPs). Among the different
forms of VEGF-R, VEGF-A interacts with the NRP1 co-receptor to
promote cell migration and angiogenesis.36 A previous study showed
that reduced trophoblast development observed in PE placentas
correlated with down-regulation of VEGF and NRP1 expression.?!
We also observed a reduction in NRP1 expression at the mRNA and
protein levels in placental tissues from PE patients, which further
correlated with QKI5 expression. Furthermore, knockdown and
overexpression of NRP1 in HTR-8/SVneo cells showed that NRP1
was also essential for cell proliferation and migration during hypoxia.
RIP assays revealed that QKI5 directly interacted with NRP1 mRNA,
and RNA pull-down assays using different domains of NRP1 showed

that QKI5 specifically bound to the 3'UTR region. This indicates that
QKI5 does not interfere with microRNAs to regulate expression of
NRP1 but directly associates with it to affect mRNA stability and
reduce translation efficiency.®’

We further identified that QKI5 did not exclusively target NRP1
to interfere with the VEGF-R/NRP1 pathway but also affected
expression of MMP9 in HTR-8/SVneo cells under hypoxia. MMPs
regulate VEGF-R/NRP1 signalling by promoting the release of
matrix-bound VEGF, and their role in trophoblast invasion has been
described.?®8%? |n cancers, increased levels of MMP9 has been as-
sociated with tumorigenesis and metastasis;*>*! however, in PE their
expression is down-regulated.?’ Although we did not elucidate the
mechanism of reduced MMP9 expression in the presence of QKI5,
we observed that its functional effect on cell proliferation and in-
vasion was overcome upon expression of NRP1. A previous report
studying pregnancy-related hypertensive disorders using placental
tissues showed that MMP9 expression was significantly reduced in
a severe hypertensive group when compared to healthy patients.42
This further suggests that alteration in MMP9 levels as a result of
comorbidities can be independent of other failures in growth factor
signalling observed in PE. QKI5 emerges as a common determinant
that can regulate expression of both proteins that are key promoters
of cellular development.

The implications of QKI5-mediated effects in vivo during the pro-
gression of PE was studied using an adoptive transfer mouse model
where received cells overexpressing QKI5. This model was chosen
over the STOX-1 model that recapitulates early PE maternal syn-
drome and other available PE models as it proved relevant to study
both placental pathology and symptoms related to PE such as rise
in blood pressure and increased urine/creatine levels.*>** Placental
tissues harvested towards the end of gestation revealed a significant
increase in cell proliferation in the QKI5 treatment group. We also
observed a significant decrease in PE symptoms such as blood pres-
sure elevation and total protein concentration in the urine. Future
studies using other mouse models including endocrine gland-derived
VEGF (EG-VEGF) or MMP9-null mice model would provide more in-
sight into the relevance of QKI5 in PE pathogenesis.*>™4

These results together identified a novel mechanism responsible
for trophoblast dysregulation observed in PE, where QKI5-mediated
regulation of NRP1/MMP9 expression significantly altered cell pro-

liferation and migration.
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FIGURE 7 QKI5 overexpression improves preeclampsia (PE)-related effects in vivo by regulating NRP1/MMP9 expression. A, Relative
MRNA expression of NRP1 and MMP9 determined by qPCR from placental tissues obtained from mice belonging to different groups: The
saline-treated group (normal), the L-NAME-treated group (PE), the group with L-NAME-treated mice bearing adoptively transferred NC
HTR-8/SVneo cells (PE+NC) and L-NAME-treated mice bearing QKI5 expressing HTR-8/SVneo cells (PE+QKI5). B, Representative Western
blotting and densitometric quantification of NRP1 and MMP?9 protein expressions relative to the p-actin loading control. C, Representative
immunohistochemistry images and corresponding integrated absorbance values from stained placental tissues indicating proliferation by
Ki-67 staining, and NRP1 and MMP9 expressions. D, The blood pressure indicated by mean arterial pressure in different groups over 18
gestational days. E, Total protein concentration determined in urine samples from day 18.5. Shown are the means + SD from five mice from

each group. Statistical significance was calculated using one-way analysis of variance. “P<.01; P <.001;

Hrx

P <.0001 (compared with the

non-targeting group); *P < .05; P < .01; ###p < .001 (compared with the PE+NC group)
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