Cellular and Molecular Life Sciences (2024) 81:336
https://doi.org/10.1007/500018-024-05385-y Cellular and Molecular Life Sciences

ORIGINAL ARTICLE ——

®

Check for
updates

Overexpression of long noncoding RNA DUXAPS8 inhibits ER-
phagy through activating AKT/mTOR signaling and contributes to
preeclampsia

Xiao-Hong Wei' - Ling-Yun Liao' - Yang-Xue Yin' - Qin Xu' - Shuang-Shuang Xie' - Min Liu - Lin-Bo Gao? -
Hong-Qin Chen' - Rong Zhou'

Received: 5 April 2024 / Revised: 9 July 2024 / Accepted: 29 July 2024
© The Author(s) 2024

Abstract

Preeclampsia (PE) is a life-threatening pregnancy-specific complication with controversial mechanisms and no effective
treatment except delivery is available. Currently, increasing researchers suggested that PE shares pathophysiologic fea-
tures with protein misfolding/aggregation disorders, such as Alzheimer disease (AD). Evidences have proposed defective
autophagy as a potential source of protein aggregation in PE. Endoplasmic reticulum-selective autophagy (ER-phagy)
plays a critical role in clearing misfolded proteins and maintaining ER homeostasis. However, its roles in the molecular
pathology of PE remain unclear. We found that IncRNA DUXAPS was upregulated in preeclamptic placentae and signifi-
cantly correlated with clinical indicators. DUXAPS specifically binds to PCBP2 and inhibits its ubiquitination-mediated
degradation, and decreased levels of PCBP2 reversed the activation effect of DUXAPS8 overexpression on AKT/mTOR
signaling pathway. Function experiments showed that DUXAPS overexpression inhibited trophoblastic proliferation,
migration, and invasion of HTR-8/SVneo and JAR cells. Moreover, pathological accumulation of swollen and lytic ER
(endoplasmic reticulum) was observed in DUXAPS8-overexpressed HTR8/SVneo cells and PE placental villus tropho-
blast cells, which suggesting that ER clearance ability is impaired. Further studies found that DUXAPS overexpression
impaired ER-phagy and caused protein aggregation medicated by reduced FAM134B and LC3II expression (key proteins
involved in ER-phagy) via activating AKT/mTOR signaling pathway. The increased level of FAM134B significantly
reversed the inhibitory effect of DUXAP8 overexpression on the proliferation, migration, and invasion of trophoblasts.
In vivo, DUXAPS overexpression through tail vein injection of adenovirus induced PE-like phenotypes in pregnant rats
accompanied with activated AKT/mTOR signaling, decreased expression of FAM134B and LC3-II proteins and increased
protein aggregation in placental tissues. Our study reveals the important role of IncRNA DUXAPS in regulating tropho-
blast biological behaviors through FAM134B-mediated ER-phagy, providing a new theoretical basis for understanding
the pathogenesis of PE.

Keywords Preeclampsia - DUXAP8 - ER-phagy - FAM134B - Trophoblast cells

Xiao-Hong Wei and Ling-Yun Liao contributed equally to this work.

>4 Rong Zhou 2 Center for Translational Medicine, Key Laboratory of Birth
zhourong_hx@scu.edu.cn Defects and Related Diseases of Women and Children
(Sichuan University), Ministry of Education, Department of
' Department of Obstetrics and Gynecology, Key Laboratory Obstetrics and Gynecology, West China Second University
of Birth Defects and Related Diseases of Women and Hospital, Sichuan University, Chengdu, Sichuan
Children (Sichuan University) , Ministry of Education, West 610041, P.R. China

China Second University Hospital, Sichuan University,
NHC Key Laboratory of Chronobiology, Sichuan University,
Chengdu, Sichuan, P.R. China

Published online: 09 August 2024 €\ Springer


http://orcid.org/0000-0002-4540-7336
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-024-05385-y&domain=pdf&date_stamp=2024-8-2

336 Page 2 of 21

X.-H. Wei et al.

Abbreviations

PE Preeclampsia

IncRNA Long noncoding RNA

ER-phagy Endoplasmic reticulum-selective autophagy
ASO Antisense Oligonucleotide

LIR LC3-binding region

Ad Adenovirus

GD Gestational day

sFlt-1 Soluble fms-like tyrosine kinase 1
Introduction

Preeclampsia (PE) is a life-threatening pregnancy-specific
complication characterized by hypertension after 20 weeks
of gestation and accompanied by multiple organ system
involvement. It is a major cause of increased maternal and
fetal morbidity and mortality, affecting approximately 5—7%
of pregnant women worldwide [1, 2] and causing approxi-
mately 70,000 maternal and 500,000 perinatal deaths per
year [3, 4]. Despite substantial research and improvement,
the pathophysiological mechanisms of PE still remain
controversial and no effective treatment except delivery is
available. Therefore, elucidation of the specific pathogen-
esis of PE has been considered the chief challenge to be
solved urgently.

PE is considered a placenta-derived disease owing to
the rapid remission of its clinical manifestations in patients
after pregnancy termination [5—7].Insufficient trophoblast
infiltration and spiral artery remodeling disorders at the
maternal-fetal interface are believed to be the pathological
bases of PE [1, 2].In more recent years, a growing number
of researchers suggested that PE shares pathophysiologic
features with protein misfolding/aggregation disorders,
such as Alzheimer disease(AD) [8—10]. The accumulation
of cytotoxic aggregated proteins in urine, serum and placen-
tas of PE patients has been detected and protein aggregation
in trophoblasts is associated with insufficient trophoblast
invasion and dysfunctional uterine spiral artery remodel-
ing [10-13]. Thus, further exploration of the mechanisms
underlying protein aggregation in placenta is crucial to
improve our understanding of PE pathophysiology.

(Macro)autophagy is a process of non-selective degrada-
tion to maintain cellular homeostasis through which cells
clear damaged macromolecules such as aggregated proteins,
and intracellular components like organelles [14]. Several
studies have proposed defective autophagy as a poten-
tial source of protein aggregation in PE [15-17].Evidence
showed that autophagy-deficient trophoblasts exhibited
poor invasion and worse ability to induce vascular remodel-
ing [8, 18, 19]. In addition to nonselective degradation of
autophagosomes, autophagy also acts selectively on specific
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organelles or cellular components through a “cargo-ligand-
receptor” mode to maintain cellular homeostasis [20].

The endoplasmic reticulum (ER) is the primary site for
protein synthesis, folding, and modification [21]. Endoplas-
mic reticulum-selective autophagy (ER-phagy) is a type of
organelle autophagy characterized by the specificity of the
autophagosome membrane wrapping the membrane struc-
ture of the double-layered ER [22]. It plays a critical role
in clearing misfolded proteins and maintaining ER homeo-
stasis [23]. FAM134B, also known as JK-1 or RETREGI
(reticulophagy regulatory factor 1), is the first ER-phagy
receptor found in mammalian cells [22]. An LIR (LC3 inter-
action region) in the C-terminus of the FAM134B protein
binds to LC3/GABARAP protein and targets ER fragments
into autophagic vesicles [24]. The impairment of ER-phagy
results in aggregation of misfolded proteins and abnormal
ER. Recently, studies have found that ER-phagy disorders
can lead to a variety of neurodegenerative diseases [25]. For
example, FAM134B-mediated impaired ER-phagy is asso-
ciated with Niemann-Pick Type C Disease, a fatal progres-
sive neurodegenerative disease [26].

Long noncoding RNAs (IncRNAs) are a class of noncod-
ing RNAs greater than 200 nucleotides in length. They have
multiple functions and participate in various biological pro-
cesses, such as transcription, post-transcriptional regulation,
and epigenetic modification [27]. An increasing number of
studies have shown that IncRNAs are involved in regulating
the biological behavior of placental trophoblasts through
multiple mechanisms and signaling pathways. The role of
IncRNA DUXAPS in regulating the biological behavior of
tumor cells and the occurrence and development of various
tumors, including non-small cell lung [28], bladder [29],
and ovarian [30] cancer, has also been documented. For
example, DUXAPS activates the Akt/mTOR signaling path-
way and promotes tumor occurrence, and DUXAPS overex-
pression can promote radiation resistance in breast cancer
cells by regulating the PI3K/AKT/mTOR pathway and the
EZH2-E-cadherin /RHOB axis [31]. However, whether
IncRNA DUXAPS regulates the biological behavior of tro-
phoblast cells through ER-phagy has not been reported.

Here, we demonstrated that IncRNA DUXAPS level was
upregulated in the placentae of PE patients and significantly
correlated with clinical indicators. Functional experiments
showed that the upregulation of DUXAPS inhibited the
proliferation, migration, and invasion of HTR8/SVneo and
JAR cells. Furthermore, we firstly provided evidence in
vivo and in vitro that DUXAPS plays an important role in
the pathogenesis of PE by modulating FAM134B-mediated
ER-phagy through AKT/mTOR signaling. This study pro-
vides a new theoretical basis for exploring the potential bio-
markers and prevention targets of PE.
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Materials and methods
Sample collection

The collection and treatment of human placenta tissues were
done in accordance with the ethical principles of the Dec-
laration of Helsinki and approved by the Ethics Commit-
tee of West China Second Hospital of Sichuan University
(Medical Research-2019-032) [1]. All participants provided
informed consent. A total of 86 subjects were enrolled from
the West China Second Hospital of Sichuan University,
including 46 normal control patients and 40 PE patients.

Diagnostic criteria for patients with preeclampsia were
strictly followed as provided by The American College
of Obstetricians and Gynecologists (ACOG, No. 222).
Exclusion criteria included adverse life history (smoking
and drinking), twin or multiple pregnancies, comorbidi-
ties (chronic hypertension, diabetes, heart disease, immune
system diseases, tumors, acute and chronic hepatitis, acute
and chronic kidney disease), complications (pregnancy
combined with intrahepatic cholestasis, gestational diabetes
mellitus), and fetal malformations. Normal pregnant women
(without pregnancy complications or other complications)
who were registered and delivered in our hospital during the
same period were randomly selected as the control group.

To avoid sample degradation, the placental tissue was
collected immediately after the delivery of the placenta.
Multipoint collection was performed on the maternal side
of the placenta, avoiding the large vascular and calcifica-
tion area. Placental chorionic tissue samples were repeat-
edly rinsed with PBS. After the excess PBS was absorbed
by gauze, a portion of the samples was fixed in 4% para-
formaldehyde for histopathological staining and the other
parts were labeled and immediately frozen at —80 °C for
subsequent analysis.

Cell culture and treatment

Human trophoblast cell lines (HTR-8/SVneo and JAR cells)
were purchased from the National Collection of Authenti-
cated Cell Cultures and cultured in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific Inc-CN) supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scien-
tific Inc-CN), 100 UI/mL penicillin, and 100 pg/mL strep-
tomycin (Hyclone; Thermo Fisher Scientific Inc-CN), and
placed in an incubator containing 5% CO, at 37 °C for static
culture.

Primary extravillous trophoblasts (EVTs) (HUM-
iCELL-e003) in first trimester were purchased from the
iCell Bioscience Technology Co., LTD in Shanghai and cul-
tured in primary chorionic trophoblast cell culture system

(PriMed-iCELL-045), and placed in an incubator contain-
ing 5% CO, at 37 °C for static culture.

Antisense oligonucleotide (ASO) against DUXAPS
(75 nm) (RiboBio Co., Ltd., Guangzhou, China),
pcDNA3.1 plasmid with DUXAPS (3 pg)/PCBP2 (3 ng)/
FAM134B(3 pg), pcDNA3.1(+)-FAM134B-HA (3 pg) or
pcDNA3.1(+)-FAM134B(mutLIR)-HA (3 ng), small inter-
fering RNA against PCBP2 (50 nm) or FAM134B (50 nm)
and their negative controls (si-NC, ASO-NC, pcDNA3.1)
(Tsingke Biotechnology Co., Ltd., Beijing, China) were
transfected using Lipofectamine 3000 (Invitrogen) based on
the manufacturer’s protocol.

ASO sequence of DUXAPS: ASO1#: AGTGTCTCAC
TGGAGACTGA, ASO2#: CCAGCATTTGTGTCTCTTT
T, ASO 3#: TGGAAATGTTCTGTGCAATC, ASO4#: GA
AGTCCACAGATATGCAAC; siRNA sequence of PCBP2
protein: siRNA-1: GCCAUCAUUGCUGGCAUU, siRNA-
2: CGGAUUCAGUGGCAUUG-AATT; siRNA sequence
of FAMI134B: siRNA-1: GCAGAAUCAUGGAUGAAU
UTT, siRNA-2: GAGGUAUCCUGGACUGAUATT. The
overexpressed plasmid sequences for DUXAPS, PCBP2
and FAMI34B were separately obtained by Ensembl
Genome Brower and NCBI query. The coding region of
FAM134B and the HA-tag at the C-end were amplified by
PCR and inserted into the pcDNA3.1(+) vector to obtain
pcDNA3.1(+)-FAM134B-HA (Tsingke Biotechnology Co.,
Ltd., Beijing, China). The LIR motif: DDFELL, which
binds to LC3 on FAM134B, was replaced with alanine resi-
dues: AAAAAA, which was obtained by a point mutation in
pcDNA3.1(+)-FAM134B(mutLIR)-HA.

Cell viability assay

The Counting Kit-8 (CCK-8) cell proliferation and cytotox-
icity assay kit (CA 1210, Solarbio, China) was used to assess
the cell proliferation capacity based on the manufacturer’s
protocol. Cells were seeded into 96-well plates at a density
of 3000 cells per well. The complete medium was replaced
with 200 pl RPMI-1640 medium containing 20 pl of CCK-8
regent. After incubating for 2 h at 37 °C, the absorbance
values were measured at 450 nm. Detection was done at 24,
48, 72, and 96 h.

Cell migration and invasion assays

Transwell inserts containing a polycarbonate membrane
with 8.0 um pores (Corning 3422, NY, USA) were used to
assess cell migration and invasion. Matrigel matrix (100 pl,
BD Biocoat, USA) was used to coat the bottom of the Tran-
swell inserts (Matrigel and serum-free medium diluted at
1:5) and incubated at 37 °C for 30 min. The treated cells
were seeded at a density of 1x10° cells for invasion. The
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Transwell inserts for migration were uncoated and the den-
sity of the cells was half that of the invasion experiments.
After 24 h, the cells were fixed in 4% paraformaldehyde
fixed and stained with 1% crystal violet. Images were cap-
tured under a microscope.

Tube formation assay

Matrigel matrix (10 pl) at a standard concentration was
added to an ibidi angiogenesis slide (ibidi, Germany) and
incubated at 37 °C for 30 min. A 50 pl suspension of cells
(containing 1x 10* cells) was added to each well and incu-
bated at 37 °C for 3 h. The cells were observed and images
were captured under a microscope.

Flow cytometry

Treated cells were harvested using trypsin without EDTA
and washed with PBS. 4% paraformaldehyde induced the
apoptosis of cells in untreated group. Cells were stained
with fluorescein isothiocyanate (FITC)-Annexin V and
propidium iodide (PI) or 15 min at room temperature
according to the manufacturer’s introduction of the Annexin
V/FITC Apoptosis Detection Kit (BD Biocoat, USA). The
cells were subject to flow cytometry (Beckman Coulter
F500, CytoFLEX S, United States) and analyzed using Cel-
1Quest software (BD Biosciences). Double dispersion plots
were drawn and divided into four quadrants including liv-
ing, necrotic, early apoptotic and late apoptotic cells. The
results are presented as the percentage relative to controls.

RNA isolation and quantitative real-time PCR (RT-
qPCR)

Total RNA was extracted from placental tissues and cul-
tured cells using the Non-chloroform RNA extraction kit
(Bio Teke, China) according to the manufacturer’s instruc-
tions. cDNA was synthesized using the PrimeScript'™RT
reagent Kit with gDNA Eraser (Takara, Japan). Quantita-
tive RT-PCR was performed using the ChamQ Universal
SYBR gqPCR Master Mix (Vazyme, China) and analyzed
on a LightCycler® 480 Fluorescence quantification system
(Roche, Swiss). U6 and B-actin genes were used to normal-
ize the relative expression of target genes with the AACT
method. Primers for IncRNA and mRNA expression are
listed in Table S1.

Nuclear-cytoplasmic fractionation
The nucleus and cytoplasm of HTR-8/SVneo and JAR cells

were isolated using the Ambion® PAARIS™ Kit (AM1921,
Life Technologies, USA). RNA was extracted for qRT-PCR.
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U6 and B-actin were used as markers for the nucleus and
cytoplasm, respectively.

Western blot analysis

The placental tissues and treated cells were lysed in RIPA
buffer with protease and phosphatase inhibitor cocktails
(MedChemExpress, USA). Protein concentrations were
measured using the BCA Protein Assay Kit (Beyotime,
Shanghai, China). The protein samples were subjected to
SDS-polyacrylamide gel electrophoresis, transferred to
PVDF membranes (Bio-Rad, USA), followed by blocking
in 5% nonfat milk for 2 h at room temperature. The mem-
branes were incubated overnight at 4 °C with the follow-
ing primary antibodies: mTOR (1:1000; 2972 S, CST),
p-mTOR-s2448 (1:1000; 5536 S, CST), AKT (1:1000;
9272, CST), p-AKT-Ser473 (1:1000; AP1208, Abclonal),
p-AKT-Thr308, (1:1000; AP1172, Abclonal), LC3 (1:1000;
ab192890, Abcam), P62 (1:1000; ab109012, Abcam),
Beclin-1 (1:1000; A7353, Abclonal), PCBP2 (1:1000;
ab184962, Abcam), FAM134B (1:1000; ab151755,Abcam),
B-actin (1:10000; AC004, Abclonal). The membranes were
washed with TBST and incubated with secondary antibod-
ies for 1 h at room temperature, which included HRP goat
anti-rabbit I[gG (H+L) (1:50000; AS014, Abclonal) or anti-
mouse IgG (H+L) (1:50000; AS003, Abclonal). The protein
signals were visualized by the Enhanced ECL chemilumi-
nescent substrate kit (36222ES60, Yeasen, Shanghai).

RNA pull-down assay

Desthiobiotin-labeled RNAs were obtained using the
Thermo Scientific Pierce RNA 3’ Desthiobiotinylation
Kit (20163, Thermo Fisher Scientific, USA) based on the
manufacturer’s protocol. The 3’-terminal of single-stranded
RNA was labeled with T4 RNA ligase and used as a probe
or target for protein-RNA interaction experiments. Using
the Thermo Scientific Pierce Magnetic RNA—Protein Pull-
Down Kit (20164, Thermo Fisher Scientific, USA), 50 pmol
of labeled RNAs were mixed with 50 pl of streptavidin mag-
netic beads upside down for 30 min at room temperature.
Total cell lysates (protein conc. >2 mg/mL) were added to
each binding reaction and then the mixture was incubated
for 60 min at 4 °C with agitation or rotation. After washing
thoroughly three times, the RNA—protein bound beads were
boiled for 5-10 min in SDS-PAGE buffer or nuclease-free
water and the eluted proteins were detected by western blot
analysis or mass spectrometry.
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RNA immunoprecipitation (RIP)

To examine the binding capacity between protein and
DUXAPS, an RNA immunoprecipitation (RIP) assay was
performed using the Magna Binding Protein Immunopre-
cipitation kit (Millipore, MA, USA) according to the man-
ufacturer’s instructions. HTR-8/SVneo cells were lysed
in RIP buffer containing a protease inhibitor cocktail and
RNase inhibitor. Then, 50 pl protein A/G magnetic beads
were washed with RIP buffer and incubated with 5 pg of
anti-PCBP2/anti-PCBP1/anti-ANXA2 or anti-immuno-
globulin G (anti-IgG; negative control) per reaction for
30 min at room temperature. The cell lysates were added to
the Magnetic bead-antibody complex and the input sample
was retained as a positive control. The mixtures and input
sample were incubated for 30 min at 55 °C with rotation
after adding proteinase K buffer solution. Finally, RNA was
purified and resuspended in RNA-free water.

Fluorescent in situ hybridization (FISH)

The Ribo™ IncRNA FISH Probe for DUXAP8 and DUXA-
P8Ribo™ Fluorescent in Situ Hybridization Kit (R11060.0,
Ribo, China) were obtained for RNA FISH. Cell climbing
slices of HTR-8/SVneo and JAR cells were fixed in 4%
paraformaldehyde for 10 min and permeabilized with 0.5%
Triton X-100 in PBS for 5 min. Under dark conditions, 100
pL of probe hybridization solution containing 2.5 pL 20
uM FISH Probe Mix storage solution or internal reference
FISH Probe Mix storage solution was added and hybrid-
ized overnight at 37 °C. After washing the cells with hybrid
solution I, II, and III, the cells were stained with DAPI for
10 min. The climbing slices were fixed on glass slides and
fluorescence detection was done using confocal microscopy
(Olympus FV3000, Japan).

Immunofluorescence co-staining

Trophoblast cells (HTR-8/SVneo and JAR cells) were
grown on cell climbing slices and after each experiment, the
slices were fixed with freshly prepared 4% paraformalde-
hyde for 15 min and permeabilized with 0.5% Triton X-100
in PBS for 15 min. The deparaffinized paraffin Sect. (5 um)
of placental tissues were immersed in citrate buffer (0.01 M,
pH 6.0) and antigen retrieval of the sections was performed
by heating in a water bath. Subsequently, the slices and sec-
tions were blocked in 2% BSA for 30 min at room tempera-
ture and stained overnight at 4 °C with primary antibodies
against FAM134B (1:50; PA5-113800, Invitrogen), LC3
(1:50; ab192890/ ab243506, Abcam), HA-Tag rabbit mAb
(1:50;3724, CST), and mouse anti-HA-Tag mAb (1:50;
AEO008, Abclonal). The slices and sections were then

washed in TBST buffer and incubated with FITC-labeled
goat anti-rabbit IgG (1:100; ASO11, Abclonal) or FITC-
labeled goat anti-mouse IgG (1:100; AS001, Abclonal) for
1 h (1:200, Abclonal) in the dark. Finally, each sample was
washed three times and incubated with DAPI solution for
5 min. Fluorescence signals were captured using an Olym-
pus FV3000 microscope (Olympus, Japan).

Transmission electron microscopy (TEM)

Human placental tissues and trophoblast cell lines (HTR-8/
SVneo and JAR cells) were fixed with 3% glutaraldehyde
and post-fixed in 1% osmium tetroxide. After dehydrating in
a series acetone and infiltrated with Epox 812, the semi-thin
sections were stained with methylene blue and the ultra-
thin sections were cut and stained with uranyl acetate and
lead citrate. The sections were observed under a JEM-1400-
FLASH Transmission Electron Microscope (JEOL, Japan).

Co-immunoprecipitation (Co-IP)

The treated trophoblast cell lines (HTR-8/SVneo and JAR
cells) were lysed with RIPA buffer containing a protease
inhibitor mixture (0.5 pl/100 pl) and ribonuclease inhibi-
tors (0.25 ul/100 pl). The protein A/G magnetic beads (HY-
K0202, MCE, USA) were incubated at 4 °C for 2 h after
adding 400 pl diluted antibody (Ab) and then mixed with
the antigen (Ag) sample (400 pl binding/washing buffer
containing 5-50 ug of antigen) and incubated at 4 °C for
2 h. The Magbeads-Ab-Ag complex was washed with bind-
ing/wash buffer 5 times and eluted at 98 °C for 8 min after
adding 25-50 pl of 1x SDS-PAGE loading buffer. The final
solution was used for SDS-PAGE gel electrophoresis and
western blot analysis was done to measure the expression
level of the binding protein.

Detection of aggregated proteins

The trophoblast cells (HTR-8/SVneo and JAR cells) were
plated on cell climbing slices. After transfection with ASO
against DUXAP8 or pcDNA3.1 plasmid with DUXAPS,
the cells were cultured with complete RPMI-1640 medium
without penicillin-streptomycin for 48 h. To detect aggre-
gated protein, the slices were fixed with 4% paraformalde-
hyde for 15 min and stained with Dual detection reagent
from the ProteoStat Aggresome Detection Kit (ENZO,
ENZ-51023-KP002, Farmingdale, NY, USA) based on the
manufacturer’s instruction. Moreover, the placental sections
of animals first needed to be deparaffinized and then treated
with 0.1% Sudan Black B for 20 min at room temperature.
After fixed with 4% paraformaldehyde for 15 min, the sec-
tions were stained with ProteoStat dye for 15 min. Then,
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the slices were incubated in DAPI solution for 5 min. Fluo-
rescence images were captured using an Olympus FV3000
(Olympus, Japan).

RNA sequencing

Five pairs of placental tissues from normotensive pregnancy
and PE patients were subject to full transcriptome sequenc-
ing (commissioned to Shanghai OE Biotech Co., Ltd.). The
clinical information of the selected pregnant women was
listed in Table S2.

Three different batches of HTR8-8/SVneo cells were
transfected with pcDNA3.1 plasmid and DUXAP8 (3 ng)
for 24 h and RNA was extracted for UID RNA sequenc-
ing (commissioned to SEQHEALTH Technology Co., LTD,
China). The library products corresponding to 200-500 bps
were enriched, quantified and finally sequenced on Nova-
seq 6000 sequencer (Illumina) with PE150 model. Raw
sequencing data was first filtered by Trimmomatic (ver-
sion 0.36), and clean reads were first clustered according
to the UMI sequences, in which reads with the same UMI
sequence were grouped into the same cluster. The de-dupli-
cated consensus sequences were used for standard RNA-
seq analysis. They were mapped to the reference genome
of Homo_sapiens. GRCh38 using STAR software (ver-
sion 2.5.3a) with default parameters. Reads mapped to the
exon regions of each gene were counted by featureCounts
(Subread-1.5.1; Bioconductor) and then RPKM was calcu-
lated. Genes differentially expressed between groups were
identified using the edgeR package (version 3.12.1). Gene
ontology (GO) analysis and Kyoto encyclopedia of genes
and genomes (KEGQG) enrichment analysis for differentially
expressed genes were both implemented by KOBAS soft-
ware (version: 2.1.1).

In vivo animal experiments

The animal experiments were performed in the Laboratory
Animal Center of West China Second Hospital of Sichuan
University (Chengdu, China), in which they adhered to the
National Institutes of Health Guidelines on the Care and
Use of Laboratory Animals and approved by the Ethics
Committee on the Use of Animals of West China Second
Hospital of Sichuan University (permit number: 2021-020).
All animals were purchased from Chengdu Dossy Experi-
mental Animals CO., LTD (Chengdu, China).

Specific pathogen-free SD rats [license number: SCXK
(Chuan) 2020-0030] weighing 250+20 g (males) and
250420 g (females) were purchased from Chengdu Dossy
Experimental Animals CO., LTD. All rats were main-
tained on a low salt rodent chow diet with access to water
ad libitum in a 12-h light-dark cycle. Timed breeding was
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performed and a vaginal swab was marked as gestational
day 0.5 (GD 0.5).

Both pregnant and non-pregnant rats were randomly
divided into four groups (n=6 per group): normal saline
(NS) group, Ad-EGFP group, Ad-sFlt-1 group, and Ad-
DUXAPS8-EGFP group (Hanbio Technology Co., Ltd). A
previous study designated GD7.5-11.5 as the critical time
window for uterine spiral artery remodeling after embryo
implantation in rats [32]. Thus, GD9.5 pregnant rats were
selected for tail vein injection of adenovirus or NS in this
study. Next, 2x 10° PFU adenovirus was injected into the
tail vein of rats on GD9.5 for each group. The same vol-
ume of normal saline was injected into the normal saline
group. The weight of rats was weighed, and systolic blood
pressure was measured by a non-invasive blood pressure
measurement system on GD9.5 and GD15(BP-98 A, Soft-
ron, Japan); Meanwhile, the rats were placed in individual
metabolic cages to collect 24-hour urine samples at different
time points (GD9, GD15 and GD19). Urine was frozen at
—80 °C and urinary albumin was detected using a protein
assay kit (Yeasen, China) according to the manufacturer’s
instructions.

When the rats were anesthetized by inhaling isoflurane
(2%) to reach a deep sleep, muscle relaxation, and stable
breathing state, invasive blood pressure was measured by
carotid intubation in the rats on GD19, and then rats were
euthanized with 5% isoflurane for 5 min to collect the sam-
ples, including serum, placenta, the fetal rats, kidney, and
liver. Placental and fetal weights were measured. The fetal
rats per litter were counted and measured in length. Serum
and part of tissues were immediately frozen at -80°C, and
part of tissues was stored in 4% formaldehyde for morpho-
logical analysis and immunohistochemistry staining. The
expression of DUXAPS in placental tissues was determined
by RT-qPCR. Western blotting was used to analysis the pro-
tein expression of AKT, p—AKTS"r473, mTOR, p-mTOR52248,
LC3II/LC3I and FAM134B (1:1000, HA721752, HUA-
BIO) in placental tissues. The ProteoStat Aggresome Detec-
tion Kit was used to detect aggregated protein in Placental
trophoblast cells. The levels of serum sFlt-1 and PIGF were
measured by ELISA kit (Meimian, China) following the
protocol.

Statistical analysis

SPSS 23 (SPSS Science Inc., Chicago, Illinois, USA) and
GraphPad Prism (Version 8.3, GraphPad Software, La Jolla,
CA, USA) were used for statistical analysis and figures were
generated. The Kolmogorov-Smirnov test was used to assess
the normality distribution of the data, and two independent
sample t-tests was used to analyze the differences between
the two groups. The non-parametric Mann—Whitney U test
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was used if the data did not conform to a normal distribu-
tion. The correlation between two variables was analyzed
using Pearson’s correlation analysis. For data involving
more than two groups, Multiple t test, one-way analysis of
variance (ANOVA) and Tukey’s test or two-way ANOVA
were used for comparison. Data are presented as three inde-
pendent experiments. Statistical significance was set at P
values <0.05.

Results

LncRNA DUXAPS8 is upregulated in preeclamptic
placental tissues

Whole transcriptome sequencing identified 976 differen-
tially expressed IncRNA genes with 530 in the upregulated
group (fold change>2, p<0.05) and 446 in the down-
regulated group (fold change <0.5, p<0.05) (Fig. 1A and
B).Three up-regulated genes (DUXAPS, XLOC 011123,
LOC105373022) (screening criteria: 1000 < length <2000,
pValue <0.01, fold change > 2, and the average FPKM of at
least one group in the two samples was > 3) and three down-
regulated genes (LINCO02434, AP010595.1, AC009754.1)
(screening criteria: 1000 < length <2000,pValue < 0.01, fold
change < 0.5, the average FPKM of at least one group > 1)
among the top differentially expressed IncRNAs (Table S3)
were further chosen. The RT-qPCR results in placental tis-
sues of the PE and normal control groups for five IncRNAs
(DUXAPS, XLOC 011123, LOC105373022, LINC02434,
and AC009754.1) were consistent with those from whole
transcriptome sequencing (P < 0.05), resulting in a concor-
dance rate of 83.3% (5/6), and the difference in the expres-
sion level of DUXAP8 was the most obvious (Fig. S1 A).
RT-gPCR (n=46 in CTR group, n=40 in PE group) con-
firmed that DUXAPS expression was significantly increased
in placentae of the PE group (P<0.001, Fig. 1C). RNA-
FISH indicated that DUXAP8 was primarily expressed in
trophoblast layer of the microvilli in the placental tissue, and
the red fluorescence of DUXAPS in placentae of PE group
was markedly enhanced than that of CTR group (Fig. 1D).
The clinical characteristics of the participants (n=46
in the CTR group and n=40 in the PE group) are listed in
Table S4. Significant differences were noted in blood pres-
sure, urinary protein levels, functional markers of the liver
and kidney, fetal birth weight, body mass index (BMI) and
gestational age between the two groups. A binary logistic
regression analysis was conducted to determine the influ-
ence of BMI and gestational age on the expression level
of DUXAPS8. After adjusting the OR value, DUXAPS
expression remained markedly higher in the placental tis-
sues of the PE group than that of control group (Table SS5).

The correlation between DUXAPS expression and clini-
cal indicators was analyzed and is shown in Table S6. The
DUXAPS levels were significantly and positively correlated
with systolic blood pressure (SBP; »r=0.8304, P=0.0001),
lactate dehydrogenase (LDH; »=0.4953, P=0.0012) and
Total bilirubin (r=0.3471, P=0.0282), but negatively cor-
related with Birth weight (» = -0.3152, P=0.0475) and
Birth length (» =-0.3250, P=0.0407).

Upregulation of DUXAPS8 inhibits the proliferation,
migration, and invasion of trophoblasts

RT-qPCR of cytoplasmic and nuclear RNA isolated from the
two cell lines (HTR-8/SVneo and JAR cells) indicated that
the expression percentage of DUXAPS in the nucleus was
significantly higher than that in the cytoplasm (Fig. 1E-F).
RNA-FISH revealed that DUXAPS8 was primarily expressed
in the nuclei of HTR-8/SVneo and JAR cells (Fig. 1E-F).

Four different antisense oligonucleotides (ASOs) against
DUXAPS (1#, 2#, 3#, and 4#) or the pcDNA3.1 plasmid
with DUXAP8 were transfected into HTR-8/SVneo and JAR
cells to knockdown or overexpress DUXAPS. As shown in
Fig.S1B, ASO-DUXAP8-3# and ASO-DUXAPS-4# were
both demonstrated to have robust effects in knocking down
DUXAPS in both cell lines, and was thus used for subse-
quent experiments. The results of the cell function experi-
ments showed that increased DUXAPS expression inhibited
the proliferation, migration, and invasion of HTR-8/SVneo
and JAR cells, whereas decreased DUXAPS expression
through transfection of ASO-DUXAPS8-3# and ASO-
DUXAPS8-4# both exerted the opposite effects (Fig. 2A-D).
However, the expression level of DUXAP8 had no influ-
ence on the apoptosis or tube formation of HTR-8/SVneo
and JAR cells (Fig. S1 C-D).

Additionally, RNA-FISH and RT-qPCR of cytoplasmic
and nuclear RNA also revealed that DUXAP8 was primarily
expressed in the nuclei of primary EVT cells (Figure S2A).
The functional experiments were then performed in pri-
mary EVT cells through knockdown and overexpression of
DUXAPS, and we observed the same experimental results
(Figure S2B-C).

DUXAP8 specifically binds to PCBP2 and affects its
ubiquitination-mediated degradation

The functions of most IncRNAs located in the nucleus are
mainly mediated by IncRNA-protein interactions. LncRNAs
exert diverse functions by forming RNA-protein complexes,
such as chromosome regulatory complexes, transcription
factors and RNP complexes [33]. The RNA-protein binding
solution obtained in the pull-down experiment was analyzed
using gel electrophoresis and silver staining, and the results
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{ Fig. 1 DUXAPS expression is increased in preeclamptic placentae
and primarily located in the nucleus of HTR-8/SVneo and JAR cells.
A-B Heat map and volcano plot of the most differentially expressed
IncRNAs in the placental tissues between the PE (n=35, preeclamp-
sia) and CTR (»=35, normal control) group. C Validated expression
of DUXAPS in placentae of PE (n=40) and CTR (n=46) group was
detected by RT-qPCR. Data are presented as the mean + SEM, and sta-
tistical significance was evaluated using z-test for 2 comparisons. D
The distribution and expression of DUXAPS in the placental villi of
CTR and PE group were detected by RNA-FISH (scar bar =50 pm)
(DAPI: nucleus; CK7: Cytokeratin 7, trophoblast marker protein). E-F
Intracellular localization of DUXAP8 in HTR8/SVneo and JAR cells
was observed by RNA-FISH (scar bar =10 pum) (U6: nuclear marker;
18 S/B-actin: cytoplasmic marker) and cell fractionation assays (n=3,
Data are presented as the percentage)

showed that protein binding to DUXP8 was mainly located
at approximately 38KDa (Fig. 3A). Mass spectrometry
results suggested that 77 proteins might bind to DUXAPS,
but only 66 were specific, and the other 11 proteins might
bind to multiple RNAs (Fig. 3A). Among them, three pro-
teins (PCBP2, PCBP1, ANXA?2) had a size of approximately
about 38KDa (Fig. 3A). RNA-RIP revealed that the expres-
sion level of DUXAPS bound to the PCBP2 protein was the
highest, and the difference was significant compared with
that of the IgG group (Fig. 3B), suggesting that the PCBP2
protein exhibited the strongest binding ability and the high-
est specificity for DUXAPS. In addition, western blot anal-
ysis showed that the protein expression of PCBP2 in the
RNA-protein binding solution obtained in the pull-down
experiment was substantially high (Fig. 3C).

After transfecting HTR-8/SVneo and JAR cells with
pcDNA3.1 plasmid with DUXAPS or ASO-DUXAPS-4#,
western blot analysis showed that DUXAPS overexpression
increased the protein expression of PCBP2 (Fig. 3D), or the
opposite. In addition, the protein expression of PCBP2 in
the placental tissues of PE patients was higher than that in
normal controls (Fig. 3E). RT-qPCR revealed that PCBP2
mRNA levels were not affected by DUXAP8 expression
(Fig. 3F). These results suggest that DUXAP8 binding to
PCBP2 protein do not affect its mRNA expression level, but
only its protein levels.

PCBP2 protein is degraded via the ubiquitination deg-
radation pathway [34]. Therefore, we hypothesized that
DUXAPS8 may affects the ubiquitination and degradation
of PCBP2 and alters its expression. Western blot analysis
revealed that PCBP2 expression in the ASO-DUXAPS-
4#4+MG132 (proteasome inhibitor) group was substantially
increased than that in the ASO-DUXAP8-4# group, indi-
cating that the observed decrease in PCBP2 protein levels
following DUXAPS8 knockdown was indeed related to an
increase in ubiquitin-mediated degradation (Fig. 3G). The
effect of ubiquitination varies according to the location of
the ubiquitin molecule (Ub), of which Lys48 (K48) is the
most common site associated with substrate degradation

[35]. A co-immunoprecipitation (CO-IP) assay revealed
that the overall Ub and K48-UB levels in the PCBP2 pro-
tein were significantly increased in the ASO-DUXAPS-4#
group (Fig. 3H), suggesting that DUXAP8 knockdown pro-
moted K48 ubiquitination of PCBP2 and its degradation via
ubiquitination.

Upregulation of DUXAP8 increases the
phosphorylation of the AKT/mTOR signaling
pathway and decreases autophagy levels of
trophoblast cells

To further explore the downstream mechanisms underlying
the regulatory effects of DUXAPS8 on the behavior of tro-
phoblastic cells, HTR8-8/SVneo cells were transfected with
pcDNA3.1 plasmid containing DUXAPS8, and RNA was
extracted for UID RNA sequencing. GO and KEGG analy-
ses suggested that the differentially expressed genes were
closely related to the assembly and regulation of autoph-
agy, whereas the phosphatidylinositol signaling system and
mTOR signaling pathway may also be involved (Fig. 4A).

Western blotting analysis indicated a significant increase
in the expression of p-AKT™"3 and p-mTORS?** in the
DUXAPS overexpression group of HTR-8/SVneo and JAR
cells, whereas DUXAPS knockdown decreased the expres-
sion of p-AKT ™73 and p-mTORS?**® (Fig. 4B). Transmis-
sion electron microscopy (TEM) and western blot analysis
revealed that DUXAPS overexpression downregulated the
number of autolysosomal vacuoles and the ratio of autoph-
agy protein LC3-II/LC3-I and upregulated P62 expression
in HTR-8/SVneo and JAR cells (Fig. 4C-F). Conversely,
DUXAPS8 knockdown increased the number of autolyso-
somes and the LC3-II/LC3-I ratio, while decreasing P62
expression. However, the expression level of DUXAPS had
no influence on the Beclin-1 expression. In addition, the
expression of p-AKTS*7 and p-mTORS?**® increased, and
the ratio of the autophagy protein LC3-II/LC3-I decreased
in the preeclamptic placentae (Fig. S3A).

Following co-transfection of the pcDNA3.1 plasmid with
DUXAP8 and PCBP2 siRNA, decreased levels of PCBP2
inhibited the activation effect of DUXAPS8 overexpression
on phosphorylation of the AKT/mTOR signaling pathway
(Fig. S3B). Following co-transfection of ASO-DUXAP8-4#
and pcDNA3.1 plasmid with PCBP2, PCBP2 overexpres-
sion enhanced the phosphorylation of the AKT/mTOR sig-
naling pathway (Fig. S3C).

@ Springer



336 Page 10 of 21 X.-H. Wei et al.
A 2.0 HTR8/SVneo B
“+ ASO-NC ASO-NC  ASO-DUXAPS-3# ASO-DUXAP8-4#
15 = ASO-DUXAPS-3# oo o o o o o e ;
o -%+ ASO-DUXAPS-4# !
,—3‘, - Empty-Vec :
2" - DUXAPS-Vec i
o
0.5
]
0.0 T T T T 1
Oh 24h 48h 72h 96h A —-
Empty-Vec DUXAPS8-Vec HTR8/SVneo
2.0 JAR v
- ASO-NC g
154 ASO-DUXAPS-3# B AS0-NC
o -%- ASO-DUXAP8-4# reows [ ASO-DUXAPS-3#
= Empty-Vec B ASO-DUXAPS-4#
1.0+
; DUXAP8-Vec W EmptyVec
o I DUXAPS-Vec
0.5

0.0 T T T T
oh 24h 48h 72h 96h

C

ASO-DUXAPS8-4# D

ASO-NC

ASO-DUXAPS-3#
2

c
2
® HTR8/SVneo
S » P=0.001
g g
€ E 600
2 a0
E 200
Z
ASO-DUXAP8-3# ASO-DUXAPS8-4#
. RS Te Ree) AT
c
o) R RAS
§ " HTR8/SVneo
2 1200 »
.E 8 £<0.001
‘5 800
H
g 4o
F]
:Z

Fig. 2 Overexpression of DUXAPS inhibits the proliferation, migra-
tion, and invasion of HTR-8/SVneo and JAR cells. A-B The effects
of knockdown or overexpression of DUXAPS8 on the proliferation of
HTR-8/SVneo cells and JAR cells as detected by CCK-8 (n=3) and
colony formation assays (n=3). C-D The effects of knockdown or
overexpression of DUXAPS8 on the migration and invasion ability of

DUXAPS8 overexpression decreases FAM134B-
mediated ER-phagy in trophoblast cells by
activating the AKT/mTOR signaling pathway

Compared with the CTR group (the ER showed elongated
structure), TEM revealed that the ER was obviously swol-
len, and accumulated in the cytoplasm of the placental villus
trophoblastic cells of PE patient, which also contained floc-
cules with medium electron density (Fig. 5A). The structure
of the swollen ER was clearly observed in autophagosomes.
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sented as the mean + SD, statistical significance was evaluated using
the #-test or Mann-Whitney U for 2 comparisons, one-way ANOVA
and Tukey test or two-way ANOVA for multiple comparison vs. nega-
tive control

Similarly, the accumulation of lytic ER fragments was
observed in HTR-8/SVneo trophoblasts overexpressing
DUXAPS8(Fig. SA). These results suggested that the clear-
ance capacity of endoplasmic reticulum (ER) in pathologi-
cal state is impaired.

Firstly, immunofluorescence co-staining indicated that
the red fluorescence of FAMI134B and the green fluo-
rescence of LC3 were both significantly decreased in the
DUXAPS overexpression group (DUXAPS-Vec group), and
the overlapping portions of the two fluorescent colors were
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by western blot. D-F The protein and mRNA expression of PCBP2 in
HTR-8/SVneo and JAR cells after knockdown or overexpression of
DUXAPS (n=3) and placental tissues of CTR and PE group (n=12).
CTR: normal control group; PE: Preeclampsia. G The expression level
of PCBP2 protein between the ASO-DUXAS-4# group and ASO-
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H PCBP2 ubiquitination levels were verified by Co-immunoprecip-
itation (Co-IP) after downregulation of DUXAPS in HTR-8/SVneo
and JAR cells. IgG: Co-IP negative control. Data are presented as the
mean + SD/SE, statistical significance was evaluated using the #-test or
Mann-Whitney U for 2 comparisons
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Fig. 4 DUXAP8 Overexpression increases the phosphorylation of the
AKT/mTOR signaling pathway and decreases autophagy levels of tro-
phoblast cells. A GO and KEGG analysis of differentially expressed
genes identified by RNA sequencing. B the effects of knockdown or
overexpression of DUXAP8 on the expression of key signaling pro-
teins (AKT, mTOR, p-AKTS®™73, p-AKT™3%  p-mTORS?**%) in
HTR-8/SVneo(n=3) and JAR (n=3) cells were determined by west-

also significantly decreased (Fig. 5B). Moreover, western
blotting results indicated a significant downregulation in
the expression of FAM134B protein in the DUXAPS8-Vec
group, whereas decreased DUXAPS expression (the ASO-
DUXAPS-4# group) exerted the opposite effects (Fig. 5C).
And FAM134B expression in the preeclamptic placentae
was also decreased (Fig. S3A). Furthermore, compared
with the ASO-DUXAPS-4# group, FAMI134B expres-
sion was inversely decreased in the ASO-DUXAPS-4# +
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MHY 1485 (agonist of the mTOR signaling pathway) group
(Fig. 5D), indicating that activation of the mTOR signaling
pathway mediates reduced expression of FAM134B protein.
Taken together, these results suggest that overexpression of
DUXAPS8 mediates the decreased expression of FAM134B
protein by activating mTOR signaling.

ER-phagy receptor proteins induce ER-phagy by inter-
acting directly with LC3-II through the LC3-binding region
(LIR). FAM134B contains a conserved LIR motif [24].
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Therefore, we constructed an LIR motif wild-type recombi-
nant plasmid (HA-FAM134B%T) and an LIR motif mutant
recombinant plasmid (DDFELL/AAAAAA; HA-FAM-
134BMRMUY " and transfected them into trophoblast cells.
Fluorescence co-localization and Co-IP experiments con-
firmed that FAM134B bound to LC3 via the LIR motif. And
after DUXAPS8 knockdown, the level of LC3 protein bind-
ing to FAM134B significantly increased (Fig. SE-F). The
degree of binding was also significantly enhanced, and the
yellow fluorescent spots significantly increased (Fig. SE-F).

Moreover, protein aggregation was detected, and the
results indicated that overexpression (knockdown) of
DUXAPS increased (decreased) protein aggregation in
HTR-8/SVneo and JAR cells (Fig. 6A), which further con-
firmed that DUXAPS overexpression impairs ER-phagy,
which in turn, causes an increased accumulation of protein
in HTR-8/SVneo and JAR cells.

FAM134B overexpression promotes the
proliferation, migration, and invasion of
trophoblast cells

We further explored the effect of ER-phagy on the biologi-
cal behavior of trophoblasts. Overexpression of FAM134B
alone with FAM-Vec can promote proliferation, migra-
tion and invasion of HTR-8/SVneo and JAR cells. And
after co-transfection with DUXAP8-Vec and FAM-Vec,
the increased level of FAM134B significantly reversed the
inhibitory effect of DUXAPS overexpression on the prolif-
eration, migration, and invasion of trophoblasts (Fig. 6B-D),
confirming that improved ER-phagy mediated by overex-
pression of FAM134B promotes the biological behavior of
trophoblastic cells.

DUXAPS8 overexpression induces preeclampsia-like
phenotypes and impairs ER-phagy mediated by the
AKT/mTOR signaling pathway in pregnant rats

To further verify whether the upregulation of DUXAPS
contributes to preeclampsia, we established a rat model of
DUXAPS overexpression by injecting Ad-DUXAP8-EGFP
on gestational day 9.5 (GD9.5) into the tail vein (Fig. 7A).
DUXAPS expression in placental tissues of Ad-DUXAPS-
EGFP group on GD19 was increased (Fig. 7B). Moreover,
compared to the normal saline blank (NS) and Ad-EGFP
groups, SBP and DBP (GD15, 19) in the Ad-DUXAPS-
EGFP and Ad-sFltl groups were substantially increased
(Fig. 7C).

Furthermore, DUXAPS8 overexpression resulted in
elevated 24-hour proteinuria levels (Fig. 7C). Typical pre-
eclampsia-like phenotypes (blood pressure and 24-h pro-
teinuria) were not induced by the upregulation of DUXAPS

in non-pregnant rats (Fig. S4A). The placental weights of
rats in the Ad-DUXAP8-EGFP and Ad-sFlt-1 groups sig-
nificantly decreased (Fig. 7D), and fibrous matrix deposits
were identified using Masson’s trichrome staining (Fig. 7E).
Relevant studies and obstetric guidelines have confirmed
that PIGF (placental growth factor), sFlt-1 (soluble fms-like
tyrosine kinase 1), and the sFlt-1/PIGF ratio are key fac-
tors in predicting and diagnosing preeclampsia [36, 37]. Our
results showed that the serum sFIt1/PIGF ratio increased in
the Ad-sFltl group, and similar results were observed in the
Ad-DUXAPS8-EGFP group (Fig. S5A).

Although excessive sFlt-1 and DUXAPS levels can
lead to reduced fetal growth, including fetal weight loss
and reduction in length, no differences in litter size were
observed between the groups (Fig. S5B-C). Furthermore,
histopathological analysis of renal tissues revealed glomer-
ular swelling and mesangial hyperplasia (Fig. 7E). The HE
staining revealed hepatic sinus stenosis and disordered sur-
rounding hepatocytes (Fig. S5D). However, such damage to
tissues did not occur in nonpregnant rats (Fig. S4B).

To further clarify the effect of DUXAP8 overexpres-
sion on AKT/mTOR signaling and ER-phagy, related
indices were determined. Western blot analysis revealed
that the expression levels of placental p-AKTS"* and
p-mTORS?** were significantly increased in the Ad-sFltl
and Ad-DUXAPS-EGFP groups, whereas the expression
levels of LC3-II/LC3-I and FAMI134B were markedly
decreased (Fig. 7F).Fluorescence co-localization indicated
that the red fluorescence of FAM134B and the green fluo-
rescence of LC3 protein were both significantly decreased
in the Ad-DUXAP8-EGFP group, and yellow fluorescent
spots were also significantly decreased in both the Ad-sFItl
and Ad-DUXAPS-EGFP groups (Fig. SSE). Moreover, the
ProteoStat dye detection assay revealed increased protein
aggregation in the Ad-sFlt1 and Ad-DUXAPS8-EGFP groups
(Fig. 7G). These results support our observations in PE pla-
centae, HTR-8/SVneo and JAR cells that DUXAPS overex-
pression mediates impaired ER-phagy, which in turn leads
to the accumulation of protein aggregates.

Discussion

Numerous studies have explored the specific pathogenesis of
PE, however, which still remains enigmatic and brings great
challenges to the improvement of clinical management. It is
widely accepted that insufficient trophoblast infiltration and
spiral artery remodeling disorders during early pregnancy is
the primary pathophysiology base of PE [1, 2]. In this study,
we have reported a previously uncovered mechanism event
in the pathogenesis of PE, ER-phagy, playing an important
role in the aggregation of misfolded proteins. Firstly, we
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{ Fig. 5 DUXAPS8 overexpression decreases FAM134B-mediated ER-
phagy in trophoblast cells by activating AKT/mTOR signaling path-
way. A Pathological changes of endoplasmic reticulum in villus tro-
phoblastic cells of placentae from CTR and PE patients and HTR-8/
SVneo cells with overexpressed DUXAPS were observed by trans-
mission electron microscopy (TEM). B Immunofluorescence analysis
of the LC3 and FAM134B proteins in HTR-8/SVneo and JAR cells
(Scale bar =10 um). C The effects of knockdown or overexpression of
DUXAPS on the expression of FAM134B were examined by western
blot analysis (n=3). D The expression of FAM134B protein in HTR-8/
SVneo and JAR cells treated with ASO-DUXA8-4# and MHY 1485
(mTOR agonist, 50 nM) was detected by western blot (n=3). E-F
After transfected with ASO-DUXAS-4# or ASO-NC in HTR-8/SVneo
and JAR cells, immunofluorescence analysis of the co-localization of
LC3 with WT or LIRmut HA-FAM134B (Scale bar =5 pum) and Co-
immunoprecipitation (Co-IP) assay was used to verify the interaction
between WT or LIRmut HA-FAM134B and LC3. Data are all pre-
sented as the mean + SD, statistical significance was evaluated using
the #-test or Mann-Whitney U for 2 comparisons

found that IncRNA DUXAPS8 expression was significantly
upregulated in preeclamptic placentac. DUXAPS8 specifi-
cally binds to PCBP2 and inhibits its ubiquitination-medi-
ated degradation, and decreased levels of PCBP2 reversed
the activation effect of DUXAP8 overexpression on AKT/
mTOR signaling pathway. Secondly, Function experiments
showed that DUXAPS overexpression inhibited trophoblas-
tic proliferation, migration, and invasion of HTR-8/SVneo
and JAR cells. And pathological accumulation of swollen
and lytic ER was observed in DUXAPS8-overexpressed
HTR8/SVneo cells and PE placental villus trophoblast cells,
which suggesting that ER clearance ability is impaired. Fur-
ther studies found that DUXAP8 overexpression impaired
ER-phagy and caused protein aggregation medicated by
reduced FAM134B and LC3II expression (key proteins
involved in ER-phagy) via activating AKT/mTOR signal-
ing pathway. The decreased level of FAM134B significantly
inhibited the positive effect of DUXAP8 knockdown on
the proliferation, migration, and invasion of trophoblasts.
Moreover, DUXAPS overexpression during the key period
of placentation caused PE-like phenotypes in pregnant rats
along with activated AKT/mTOR signaling, decreased
expression of FAM134B and LC3-II proteins and increased
protein aggregation in placental tissues.

DUXAPS is a new type of pseudogene and many studies
have demonstrated its role as a cancer gene. Its expression
is associated with the proliferation, invasion, migration,
and anti-autophagy of tumors [31]. For example, DUXAPS
inhibits miR-498 by activating the AKT/mTOR path-
way mediated by TRIM44, thereby promoting prolifera-
tion, metastasis, and epithelial-mesenchymal transition in
non-small cell lung cancer cells [38, 39]. In the present
study, RNA-FISH revealed that DUXAPS8 was primarily
expressed in placental extravillous trophoblasts. Functional
experiments subsequently verified that DUXAPS overex-
pression significantly inhibited proliferation, migration,

and invasion of trophoblasts. These results suggested that
DUXAPS8 may be involved in the pathogenesis of PE by
altering the biological behavior of trophoblast cells. It is of
note that a recently published paper presented contrasting
findings, which indicating that DUXAPS is downregulated
in PE placenta and that knockdown of DUXAPS inhibits
proliferation and migration while increasing apoptosis in
HTR-8/SVneo and JAR cells [40]. These conflicting results
may be related to the incomplete equivalence of the factors
influencing the study, such as different isoforms of IncRNA
gene, differences in knockdown methods, data analysis and
interpretation, different clinical samples included, and dif-
ferences in placental tissue sampling and examined regions.

PCBP2 (Poly(rC)-binding Protein 2) is a heterogeneous
nuclear ribonucleoprotein (hnRNP) that can specifically
bind to RNA fragments rich in cytosine [41], and plays an
important role in post-transcriptional and translational regu-
lation [42]. It has also been mentioned that PCBP2 is closely
related to the occurrence and progression of certain types of
cancer, such as leukemia, glioma and gastric cancer [41].
PCBP2 may promote the promotion of miR-151-5p and
miR-16 in glioma cell migration and invasion by reducing
the function of ARHGDIA. Recently, it was found that after
PCBP2 knockout, EVTs failed to differentiate into invasive
phenotypes [43], which suggesting that PCBP2 may be an
important regulator of EVTs differentiation into invasive
phenotypes. Moreover, the result of RNA-seq performed
on HTR-8/SVneo cells after PCBP2 knockout implicated
that gene silencing of PCBP2 resulted in a large number of
gene splicing disorders, which played an important role in
cell growth, proliferation and cell cycle [43]. It has been
reported that the expression of PCBP2 protein is regulated
by ubiquitination, and PCBP2 can recruit the E3 ligase AIP4
containing the HECT domain to catalyze the polyubiquiti-
nation degradation of K48 junctions [34, 44]. In our study,
it was confirmed that after downregulating DUXAPS in tro-
phoblast cells, the overall Ub and K48-Ub level of PCBP2
protein were both significantly increased, which indicating
that DUXAPS8 knockdown promoted K48 ubiquitination of
PCBP2 and its degradation via ubiquitination. Moreover, the
expression level of PCBP2 regulated the effect of DUXAPS
overexpression on AKT/mTOR signaling pathway.

There have been controversies regarding the altera-
tions of autophagy in placenta of women with PE. Some
researchers have detected defective autophagy in hypoxia-
induced trophoblasts or placental tissues of PE patients
[17, 18]. Nakashima et al. showed that defective autophagy
inhibits invasion ability of trophoblast cells and may con-
tribute to poor vascular remodeling [18].As the key mark-
ers of autophagy, the expression of LC3-II and beclin-1 are
closely related to the activation of autophagy [45, 46]. Weel
et al. have described decreased LC3-II and beclin-1 mRNA
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Fig. 6 Upregulation of FAM134B promotes the proliferation, migra-
tion, and invasion of HTR-8/SVneo and JAR cells. A The effects of
knockdown or overexpression of DUXAPS8 on intracellular protein
aggregation in HTR-8/SVneo and JAR cells was detected by Pro-
tein Aggresome detection kit (Scale bar =10 um) (DAPI: nucleus;
Aggresome: protein aggregates). B-D After co-transfecting with
DUXAP8-Vec and FAM-Vec in HTR-8/SVneo (n=3) and JAR (n=3)
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cells, CCK-8 and Transwell assays (without or with Matrigel) were
performed to detect proliferation, migration (scar bar =100 pm),
and invasion (scar bar =100 um) ability. Data are presented as the
mean + SD, statistical significance was evaluated using the #-test or
Mann-Whitney U for 2 comparisons, one-way ANOVA and Tukey test
or two-way ANOVA for multiple comparison
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and protein expression in the PE placenta [45]. On the other
hand, many other studies suggested that autophagy mecha-
nisms not decreased in PE [46—49]. Akaishi and cowork-
ers demonstrated upregulated LC3-II and down-regulated
SQSTM1/p62(a widely studied autophagy substrate, nega-
tively correlated with autophagy activity) in PE placenta
[49].0h et al. recently reported that inhibition of autophagy
in vitro increases the invasion ability of extravillous tropho-
blast, in contrast with the results of Nakashima et al [46].
In our study, through RNA sequencing and various experi-
mental methods, we found that DUXAP8 overexpression
activated the phosphorylation of the AKT/mTOR signal-
ing pathway and inhibited autophagy in trophoblast cells
with decreased expression of LC3-II and downregulated
number of autolysosomal vacuoles. Previous studies have
indicated a close inverse correlation between mTORCI
activation and autophagy induction, with the initiation of
autophagy accompanied by the inactivation of mTORCI1
[50-52]. mTOR protein expression in the placental tissue
of PE patients was negatively correlated with LC3-II pro-
tein expression [53]. These studies also suggested that the
inhibition of autophagy may be one of the causes of PE
pathogenesis.

The reduced efficiency of the autophagy mechanism has
been associated with the accumulation of misfolded pro-
teins [15, 16, 54]. Endoplasmic reticulum (ER) is the major
intracellular organ for protein synthesis, folding and modi-
fication. Selective autophagy of the endoplasmic reticulum
(ER-phagy) involves in the clearance of aggregated proteins
and the resolution of abnormal ER, and influences the quality,
quantity, and secretion of ER proteins [55, 56]. Surprisingly,
we observed the accumulation of swollen and lysed ER in
DUXAPS8-overexpressing HTR-8/SVneo trophoblast cells
and placental villus trophoblastic cells of PE patients, sug-
gesting that ER clearance ability is impaired. Therefore, we
hypothesized that DUXAPS8 overexpression would impair
ER-phagy. Our results further confirmed that knockdown
of DUXAPS significantly increased FAM134B expression
and enhanced the degree of binding of FAM134B to LC3-
II, ultimately promoting ER-phagy and protein aggrega-
tion in trophoblasts. Moreover, DUXAPS was involved in
the regulation of FAM134B expression through the mTOR
signaling pathway. Activation of mTOR signaling inhibits
FAM134B expression. Transcription factor EB (TFEB), a
downstream target of mTORCI, regulates the FAM134B
promoter through a DNA-regulatory binding site (CLEAR)
and mutations at this site can eliminate the induction of
ER-phagy [57, 58]. Phosphorylation of TFEB by mTORC1
inhibits its dephosphorylation and nuclear translocation,
thereby reducing FAM134B expression [59]. This may be
the downstream mechanism by which mTORCI] signaling
affects FAM134B-mediated ER-phagy.

Current studies on ER-phagy-related diseases have pri-
marily focused on nervous system diseases, viral infections,
and cancer [60]. The dysfunction of ER-phagy has now
been demonstrated to be involved in various neurodegener-
ative diseases [61], like Alzheimer’s disease, Niemann-Pick
Type C or Parkinson’s can. FAM134B-mediated ER-phagy
is associated with Niemann-Pick Type C disease, a fatal pro-
gressive neurodegenerative disease [26]. FAM134B func-
tions as an oncogene or a tumor suppressor gene, which is
involved in regulating various biological behaviors, such
as the cell cycle and proliferation, and is closely associated
with the PI3K/AKT signaling pathways [62, 63]. Our results
indicate that the impairment of ER-phagy mediated by
FAM134B downregulation inhibits the proliferation, migra-
tion, and invasion of trophoblasts, which may be involved
in the pathogenesis of preeclampsia. FAM134B plays an
important role in the development of diseases and may be
a useful biomarker for disease screening and diagnosis or a
target for the development of new therapies.

Previous studies have demonstrated that adenoviral over-
expression of sFlt-1 or chronic administration of sFlt-1 in
pregnant rats induces endothelial dysfunction, hypertension,
proteinuria, and classical preeclampsia [64]. Therefore, to
further clarify the role of DUXAPS in the pathogenesis of
PE through in vivo experiments, an adenovirus containing
DUXAPS8-overexpressing plasmid was injected into the tail
veins of rats, and sFIt-1 overexpression in pregnant rats
was used as a positive control. DUXAP8 overexpression
induced typical PE-like phenotypes in vivo, activated the
AKT/mTOR signaling pathway, decreased the expression of
FAM134B and LC3-II proteins and increased protein aggre-
gation in placental tissues.

In conclusion, our study revealed the important role
of IncRNA DUXAPS in regulating trophoblast biologi-
cal behaviors through FAM134B-mediated ER-phagy and
provided a new perspective for the pathogenesis of PE.
DUXAPS binds specifically to the PCBP2 protein, and
decreased levels of PCBP2 significantly inhibited the acti-
vation effect of DUXAPS overexpression on AKT/mTOR
signaling pathway. However, the specific mechanism by
which DUXAP8/PCBP2 regulates the AKT/mTOR signal-
ing pathway requires further exploration. FAM134B plays
an important role in the development of diseases and may be
a useful biomarker for the screening and diagnosis of pre-
eclampsia or possibly a target for the development of new
therapies. Relevant studies of molecule and signaling path-
ways for further elucidating the pathogenesis of PE deserve
further attention and seems likely to promote efforts to the
development of novel early onset diagnostics and therapeu-
tic targets for PE clinical management to improve maternal
and infant prognosis.
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{ Fig. 7 DUXAP8 overexpression induces preeclampsia-like pheno-
types in pregnant rats. A Schematic diagram of animal experimen-
tal design. B The expression of DUXAPS in placenta was detected
by RT-qPCR (n=6). C Systolic blood pressure (SBP) and Diastolic
blood pressure (DBP) of pregnant rats were measured by tail-cuff
system (GD9 and GD15) or carotid artery incubation (GD19) (n=6);
24-hour proteinuria levels were detected by a protein assay kit(n=6).
D Placental weight of pregnant rats (n=06). E Placental morphologi-
cal features were identified by Masson’s trichrome staining(n =6), and
the histopathologic analysis of renal tissues was detected by periodic
acid Schiff (n=6). F The expression of key signaling proteins (AKT,
mTOR, p-AKTS™73 p-AKT™3% 5. mTORS?2*%), FAM134B and LC3
proteins were detected by Western blot (n=6). G The protein aggre-
gation in placental trophoblast cells of pregnant rats was detected by
Protein Aggresome detection kit (Scale bar =50 pm) (DAPI: nucleus;
Aggresome: protein aggregates). Data are presented as mean+SD,
statistical significance was evaluated using the t-test or Mann-Whitney
for 2 comparisons and two-way ANOVA for multiple comparison
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