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Abstract

Introduction: In mammals, the placenta is an organ that is required to maintain the
development of fetus during pregnancy. Although the proper formation of placenta is in
part regulated by the post-translational modifications of proteins, little is known regarding
protein arginine methylation during placental development. Here, we characterized
developmental expression of protein arginine methyltransferase 1 (PRMT1) in mouse
placentas.

Methods: Expression levels of PRMT1 mRNA and protein in placentas were
investigated using the real-time quantitative PCR and Western blot, respectively. Next,
the localization of PRMT1 was determined by immunohistochemistry and
immunofluorescence analyses. In addition, the levels of methylarginines of placental
proteins were quantified using liquid chromatography-tandem mass spectrometry (LC-
MS/MS).

Results: PRMT1 mRNA and its protein were expressed at highest levels in mid-
gestation stages, and their expression showed stepwise decrease in the late gestation. At
embryonic (E) day 9, PRMT1 was observed in several different trophoblast cell (TC)
subtypes. Furthermore, PRMT1 was mainly expressed in the labyrinth zone of TCs at
E13. Finally, total methylarginines of proteins were significantly reduced in late gestation
of placentas compared with mid-gestation stages.

Discussion: In this study, we found developmental changes in the placental expression

of PRMT1 and in protein arginine methylation status during pregnancy. These findings
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provide fundamental information regarding placental PRMT1-mediated arginine

methylation during the development.

Keywords: Protein arginine methyltransferase 1 (PRMT1), Placenta, Arginine
methylation, Methylarginines: monomethylarginine ~ (MMA),  asymmetric

dimethylarginine (ADMA), symmetric dimethylarginine (SDMA), Splicing variants

1. Introduction

The placenta is essential for the fetal development, forming an interface connection
and separating the maternal and the fetal circulations during pregnancy [1]. It is well
known that the fetal growth is dependent on nutrients, oxygen, metabolites, several
pregnancy-associated hormones, and growth factors [2]. Thus, proper formation and
functional maintenance of placenta are of importance for transporting these materials into
fetal circulation [3]. The placenta is composed of various cell types, including trophoblast
cells (TCs), vascular endothelial cells and blood cells, in which trophoblasts are the most
important for the structure and function of the placenta [4].

In mammals, TCs that form the outer layer of blastocyst develop into a large part of
the placenta and play roles either in altering maternal physiology and blood flow to
promote fetal growth or in nutrient uptake [3,5]. Furthermore, differentiation and
proliferation of TCs are accurately controlled through environmental factors and cellular
molecules, such as oxygen tension within the maternal—fetal interface and hormones and

growth factors [6]. Meanwhile, it has been reported that cellular processes of TCs, such
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as the cell growth, differentiation, apoptosis, migration, and invasion are modulated by
transcriptional, epigenetic and metabolic regulation during placental development [7]. In
addition, they are generated by protein post-translational modifications (PTMs),
including phosphorylation, acetylation, glycosylation, ubiquitination, and lysine
methylation during placental development [8-11].

The protein arginine methylation is also one of the PTMs and is identified in arginine
residues of histone, transcription factors, RNA binding proteins, and signal transduction
factors, which are involved in various biological phenomena related to maintaining cell
differentiation, proliferation, growth regulation and apoptosis [12-14]. The reaction of
arginine methylation is catalyzed by protein arginine methyltransferases (PRMTSs) that
form monomethylarginine (MMA), asymmetric dimethylarginine (ADMA) and
symmetric dimethylarginine (SDMA). Currently, nine PRMTs have been identified in
mammalian cells. Type | PRMTs (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, and
PRMT8) catalyze the formation of MMA and subsequently ADMA. PRMT5 and PRMT?9,
as a type Il PRMTs, produce SDMA via MMA, while PRMT7, a Type Ill PRMT, only
catalyze the formation of MMA [15, 16].

PRMT1, the most predominant of these enzymes, is responsible for over 85% of
cellular arginine methylation activity [17] and is ubiquitously expressed in the developing
embryo [18,19]. PRMT1 has two major splice variants which differ in their N-terminus
and in subcellular localizations. The variant 1 is mainly localized to the nucleus and the
nuclear export signal (NES)-containing variant 2 is predominantly localized in the

cytoplasm and may contribute to the methylation of multiple proteins. [20]. However, the
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physiological functions of PRMT1 have not been understood in mammals, because
homozygous mutant mice exhibit embryonic lethality at embryonic (E) day 6.5 [21].
Recently, we reported that the central nervous system (CNS)-specific PRMT1 knockout
mice show hypomyelination and developmental defects [22]. In addition, vascular
endothelial cell PRMT1-deficient mice revealed angiodysplasia that resulted in death by
E15 [23]. These studies indicate that PRMT1 has crucial roles in developmental stages.
Interestingly, it is also known that the expression level of PRMT1 in the fetus is higher
than in prenatal mice [21]. Thus, although it is considered that PRMT1 plays a dynamic
role in the development of placenta via the regulation of arginine methylation activity
during pregnancy, there have been no reports concerning the developmental expression
of PRMT1 in placenta.

In the present study, we found that the placental PRMT1 was highly expressed in mid-
gestation stages. Immunohistochemistry and immunofluorescence analyses using both a
LacZ-reporter-tagged heterozygous PRMT1 (prmt1*/-%Z) and wild-type mice showed
that PRMT1 was localized in TCs or the parietal trophoblast giant cells (P-TGCs) of the
ectoplacental cone (EPC), the chorion and the decidua at E9, and the labyrinth-restricted
expression at E13. Moreover, we also found that the levels of ADMA in placental proteins
were comparable to the developmental expression pattern of PRMT1. Our findings
provide fundamental information regarding the PRMT1-mediated arginine methylation

during placental development.

2. Materials and Methods
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2.1 Antibodies

The antibodies used in this study included anti-PRMT1 antibody (Millipore, 07-404),
anti-PRMT1 antibody (Abcam, ab92299), anti-GAPDH antibody (Cell Signaling
Technology, 5174), anti-rabbit IgG HRP-linked antibody (GE Healthcare, NA934), and

anti-rabbit 1gG biotinylated antibody (Vector Laboratories, BA-1000).

2.2 Animals

All mice were housed under a 12 h light-12 h dark cycle, and they had free access to
commercial chow and filtered water. All animal experiments were carried out humanely
after approval from the Institutional Animal Experiment Committee of the University of
Tsukuba and in accordance with the Regulation of Animal Experiments of the University
of Tsukuba and the Fundamental Guidelines for Proper Conduct of Animal Experiments
and Related Activities in Academic Research Institutions under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Technology of Japan.

C57BL/6 mice were purchased from CLEA Japan (Tokyo). The prmt1*-%Z knock-in
mice (PRMT1-KI), which carry prmt1maEUCOMMWSE glele were obtained from the
European Conditional Mouse Mutagenesis (EUCOMM). After acclimation for 7 days,
the mice were mated and the presence of a vaginal plug was confirmed 12-14 h later,
designated as embryonic day 1 (E1).

For genotyping PRMT1-KI mice, the tail genome DNA was isolated by the ammonium
acetate precipitation. Tails of mice were incubated in proteinase K at 55°C, and then

treated with RNase A at 37°C. Proteins were removed with 7.5 M ammonium acetate.
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DNA was precipitated and rinsed with isopropyl alcohol and 70% ethanol. After drying,
DNA was dissolved in 1x Tris-EDTA buffer. Multiplex allele-specific PCR was carried
out with KAPA2G Robust HotStart ReadyMix with dye (Kapa Biosystems) in accordance
with the manufacturer’s protocol using the following PCR primers: forward, 5'-
GTGCTTGCCATACAAGAGATCC-3, and reverse (P1), 5'-
ACAGCCGAGTAGCAAGGAGG-3’, which generated 277 bp product for the prmtl
wild-type allele; and forward, 5'-ATCACGACGCGCTGTATC-3’, and reverse (P2), 5'-

ACATCGGGCAAATAATATCG-3', which generated 107 bp product for the LacZ allele.

2.3 Quantitative real-time PCR

Placentas were harvested at E9, E11, E13, E16, and E19. Samples were frozen in liquid
nitrogen and were crushed into powder with a Multi-beads Shocker (Yasui Kikai Co.,
Osaka, Japan). Total RNA was extracted using ISOGEN Il (Nippon Gene Co.).
Complementary DNA (cDNA) was synthesized from total RNA with Random Hexamer
Primer (Roche) using ReverTra Ace gPCR RT Master Mix (TOYOBO). Quantitation of
gene expression was assessed using real-time PCR with SYBR Green PCR Master Mix
and the Thermal Cycler Dice Real Time System (Takara BIO Inc.). PCR cycling
conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and
then 95°C for 15 s and 60°C for 30 s, and finally 95°C for 15 s. Results were normalized
to the gapdh as a housekeeping gene, and the AACt method was used for all real-time
PCR analyses. Amplifications were done as technical duplicates. Primer sequences are

given in Supplementary Table 1.
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2.4 Western blot

The tissue powder was resuspended in 25 uL of lysis buffer (20 mM Tris-HCI [pH 7.4]
150 mM NaCl, 5 mM EDTA, pH 8.0, 1% Nonidet P-40, 5% glycerol, and 1x protease
inhibitor cocktail) and then was lysed using a bath-type sonicator (Cosmobio, Bioruptor
UCD-250). Tissue and cell debris were removed by centrifugation at 14,000 rpm at 4°C
for 10 min. Supernatants were mixed with 25 pL of 2x Laemmli sample buffer (Bio-Rad)
and heated at 95°C for 5 min. Subsequently, samples were resolved using 10% SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes
were incubated with the appropriate primary and secondary antibodies at 4°C overnight.
Protein bands were detected using Luminata Forte Western HRP substrate (Millipore)

and exposed to X-ray film (Fujifilm).

2.5 f-galactosidase staining

Placentas of PRMT1-KI mice were harvested at E9 and E13, and perfused with 4%
paraformaldehyde and fixed for 15 min. Tissues were embedded in OCT compound, and
then they were sectioned into 10 um thickness using a rotary microtome (HM560;
Microm Cryostat, Thermo Scientific). Sections were incubated in X-Gal staining solution
(1 mg/ml X-Gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM
MgCl,, 0.02% NP-40 and 0.05% sodium deoxycholate in phosphate buffered saline
(PBS)) at 37°C overnight. After eosin staining, samples were washed three times in PBS

buffer.
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2.6 Immunofluorescence

Placentas of C57BL/6 mice were harvested at E9 and E13, and perfused with 4%
paraformaldehyde and fixed overnight. Samples were embedded in paraffin, and then
were sectioned into 8-um thickness using a rotary microtome (Microm International
GmbH). They were deparaffinized following antigen retrieval in heated citrate buffer (pH
6.0), and then incubated with PBS buffer containing 5% bovine serum albumin (BSA)
and 0.05% Tween-20. Next, sections were washed in PBS buffer, and then were incubated
with anti-PRMT1 antibody at 4 °C overnight. Samples were washed and incubated with
the biotinylated secondary antibody for 1 h, followed by the streptavidin conjugated to
Alexa Fluor 647 dye (Thermo Fisher Scientific, S21374) at room temperature for 90 min.
For quenching the lipofuscin, samples were treated with TrueBlack Lipofuscin
Autofluorescence Quencher reagent (Biotium) at room temperature for 1 min, and then
they were washed in PBS. To visualize the nuclei, they were stained with Hoechst 33258,
and a confocal laser-scanning microscope (Fluoview F\V10i, Olympus) was used to obtain

fluorescence images.

2.7 Quantification of methylarginines by liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

Approximately 50 mg of the placental powder was suspended in 200 uL of HPLC-
grade water (Wako Pure Chemicals) and homogenized using a bath-type sonicator

(Cosmaobio, Bioruptor UCD-250). The extract was centrifuged at 14,000 rpm for 15 min



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

at 4 °C, and insoluble matters was removed. The protein concentration of the supernatant
(150 pL) was determined by Bio-Rad DC protein assay (Bio-Rad) in accordance with a
modified Lowry’s method [24]. Methanol (400 uL) was added to 100 uL of the sample
(including 100 pg of proteins), and the mixture was vigorously mixed. Chloroform (100
uL) was then added, and also mixed. The mixture was further mixed with 300 uL of
HPLC-grade water, followed by centrifugation at 14,000 rpm for 1min. The
water/methanol layer was removed and proteins remained at the phase boundary between
the water/methanol and the chloroform layers. After 400 uL of methanol were added to
the sample and the mixture was gently mixed, the sample was spun at 14,000 rpm for 10
min. The supernatant was carefully removed and the pellet was dried up in vacuo. The
dried protein pellet was dissolved with 100 uL of 6N HCI (Wako Pure Chemicals) and
spiked with 5 uL of 23.2 uM N-propyl-L-arginine (N-PLA, Abcam). After the hydrolysis
at 110 °C for 24 h, the sample was subsequently dried with a vacuum centrifuge. The
residue was reconstituted with 50 uL of HPLC-grade water by vortexing, and centrifuged
at 14,000 rpm for 15 min. Ten-times diluent of the supernatant (1 or 2.5 uL) was injected
into LC-MS/MS. The LC-MS/MS analysis was performed on a Shimadzu LCMS-8050
triple quadrupole mass spectrometer coupled with a Shimadzu Nexera X2 ultra-high
pressure liquid chromatography (UHPLC) system (Shimadzu). SeQuant ™ ZIC-HILIC
™ column (2.1 x 150 mm, Merck KGaA) with a SeQuant ™ ZIC-HILIC ™ Guard Fitting
(1.0 x 14 mm, Merck KGaA) was used as a separation column unit of LC part. The LC

separation and the MS operation was carried out as previously described in [25]. All
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analyses and data processing were completed using the Lab-Solutions V5.60 software

(Shimadzu Scientific Instruments, Inc.).

2.8 Statistical analysis

The results were presented as the mean = SEM. Differences between groups were
analyzed by using the ANOVA test followed by Dunnett’s multiple comparison test or
the two-tailed Student t-test in Prism 5.0 or 6.0 software, using a significance index of

P <0.05 and P < 0.0001.

3. Results
3.1 Changes in placental PRMT1 expression during the gestational period.

We characterized the expression profiles of PRMT1 mRNASs and proteins in mouse
placentas at E9, E11, E13, E16, and E19. As shown in Figure 1A, PRMT1 mRNAs were
highly expressed in mid-gestation stages (E9, E11 and E13), compared to late stages of
pregnancy (E16 and E19). Next, we evaluated the expression of PRMTL1 proteins by
Western blotting and revealed that the levels of PRMT1 variant 1 (v1) were also increased
from E9 to E13, and decreased starting at E16. By contrast, variant 2 (v2) levels were
increased in placentas from E13 to E19. These results suggested that the expression of

placental PRMT1 variants is regulated in a gestational age-dependent manner (Fig. 1B).

3.2 Identification of prmt1 promoter activity in the placenta.

11
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We have previously reported the roles of PRMT1 in CNS development and embryonic
vascular formation through analysis of CNS- and endothelial-specific PRMT1 knock-out
mice, respectively [22,23], which were originally generated from prmt1 promoter-driven
bacterial B-galactosidase reporter gene (LacZ) knocked in mice (prmt1*-2Z: PRMT1 K1)
(Fig. 2A, B). Our PRMT1 KI mice are useful to visualize the prmtl promoter activity via
the B-galactosidase activity. As shown in Figure 2C, X-Gal staining in PRMT1 KI mice
displayed high constitutive activity driven by the prmt1 promoter in mouse placental cells,
with strong signals in the ectoplacental cone (EPC), the chorion, the parietal trophoblast
giant cells (P-TGC) and the antimesometrial decidua (AD) areas at E9.

In the mature placenta, the labyrinth contains the maternal-fetus vasculature for the
exchange of nutrients and wastes, while the junctional zone (Jz) is proximal to maternal
tissues and has a primary endocrine role [26]. Therefore, we evaluated the B-galactosidase
activity in mid-gestation stage (E13) and found prmtl promoter-driven B-galactosidase
activity was widely observed in P-TGCs, TCs of the junctional and the labyrinth zones.

In contrast, they were not detected in the decidua (De) (Fig. 2D).

3.3 Region-restricted localization of endogenous PRMT1 in the placenta.

Next, to determine the expression site of endogenous PRMT1 proteins in placentas at
E9 and E13, we performed immunofluorescence analysis with anti-PRMT1 antibody.
Lipofuscin, a yellow-brown pigment, causes autofluorescence, leading to low-quality
images that impair assessment in tissue sections [27,28]. Moreover, it is known that auto-

fluorescent lipofuscin granules are increased in the placenta at mid-gestation stages [29].

12
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Therefore, we used a combined method based on quenching for the lipofuscin
autofluorescence [30] and long-wavelength fluorescent probe-conjugated secondary
antibody. First, we confirmed the reduced autofluorescence in the placental section with
the quenching of lipofuscin (Supplementary figure 1). The use of anti-PRMT1 antibody
in fluorescence images showed the expression of PRMTL1 in P-TGCs, TCs of EPC and
chorion: they were localized to the nucleus at E9, but not the AD areas-enriched cells
(Fig. 3A and B). Further, at E13, the placental section revealed that endogenous PRMT1
was predominantly expressed in the cytoplasm of labyrinth zone cells (Fig. 3C and D).

By contrast, they were not detected in the Jz.

3.4 Placental ADMA levels.

Finally, to determine whether the ontogenic change in PRMT1 expression contributes
to arginine methylation of overall placental protein, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis was used to quantify the amounts of MMA and
ADMA, which are catalyzed by Type | PRMTs in the acid hydrolyzed placental proteins
at E9, E11, E13, E16, and E19. We have recently optimized the condition for multiple
reaction monitoring (MRM) to measure methylarginines such as MMA, ADMA and
SDMA from animal tissue samples using LC-MS/MS [22,25]. As shown in Figure 4A,
we confirmed the elution time of MMA and ADMA from placental proteins at 10.51 min
and 10.31 min, respectively. Whereas MMA levels in placental proteins were not
significantly changed during pregnancy, amounts of placental ADMA showed highest

levels at E11, and they then showed decrease in the late gestation (Fig. 4B). These results

13
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suggested that both PRMT1 expression and ADMA levels were parallel at each

gestational period.

4. Discussion

Protein arginine methylation is found on various intracellular proteins, and is
catalyzed by a family of nine PRMTs in mammals [14-16]. The expression of placental
PRMTs mRNAs showed ontogenic changes during pregnancy, in which there had
different patterns among PRMTs (Fig. 1A and Supplementary figure 2), suggesting they
play roles in a variety of cellular processes. PRMTL1 is known to methylate histone and
various non-histone proteins that are involved in the regulation of cellular functions, and
is also required for mammalian development and survival [31]. It is reported that
the human PRMT1 was alternatively spliced to yield seven isoforms with distinct N-
terminal sequences, in which both variants 1 and 2 are often expressed in mammalian
cells [20]. Importantly, we determined stepwise decrease in the placental PRMT1 variant
1 expression and a sequential increase in its variant 2 from E13 (Fig. 1B). As shown in
Figure 3B, PRMT1 was exclusively expressed in the nucleus at E9. Furthermore, at E13,
PRMT1 showed cytoplasmic and region-restricted localization in the labyrinth zone (Fig.
3D). These results indicate that the differential alternative splicing of placental PRMT1
leads to change the balance of protein methylation between the nucleus and cytoplasm in
a gestational age-dependent manner.

At E11 to E13, with higher expression of PRMT1, the placental structure is changed,

causing the general shape of the decidua basalis, Jz and the membranous labyrinth to have

14
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completed in mice [1,3,32]. Moreover, at this stage, the placental labyrinth is important
for maternal and fetal circulations, hence its proper formation is essential for
embryogenesis. Although the function of Jz in mice is still largely unknown, it has been
shown to support the labyrinth development in areas such as growth and expansion [1].
On the other hand, despite the fact that the promoter activity of Prmt1 gene was observed
in TCs of the Jz at E13 (Fig. 2D), PRMTL1 proteins were not detected (Fig. 3D). The
trophoblast-specific protein alpha (Tpbpa) gene is a marker of spongiotrophoblast and
glycogen TCs in the Jz [33]. Considering the role of PRMTL1 in the Jz, we generated the
junctional trophoblast-specific Prmtl-knockout (Tpbpa-Cre:Prmtl KO) mice lacking
exons 4 and 5, which encode a part of the methyl-donor binding domain [15] by mating
Prmt1o¥fox mice with Tpbpa-Cre transgenic mice [34] (Supplementary figure 3).
However, the morphological characteristics of placenta were not significantly different
between Tpbpa-Cre: Prmtl KO mice and controls at E14 or E19 (Supplementary figure
4). Furthermore, Tpbpa-Cre:Prmtl KO fetuses were born, and also showed normal
growth (Supplementary figure 5), suggesting the dispensable role of PRMT1 in the
formation and the function of Jz.

It is known that the ADMA is produced during proteolysis, and inhibits nitric oxide
synthase [35,36]. Nitric oxide (NO), a potent vasodilator, modulates the fetoplacental
vascular reactivity, vascular resistance in the placental bed, invasion of trophoblasts, and
adhesion and aggregation of platelets [37-40]. In addition, NO plays a role in epigenetic
fetal programming via the chromatin modification [41-43]. In a normal pregnancy, the

level of plasma ADMA is reduced with increasing gestational age [35]. Notably, placental
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ADMA levels also showed an ontogenic decrease in parallel with PRMT1 expression
changes in gestation (Fig. 1B, 4B). Thus, these findings suggest that PRMT1 is involved
in the modulation of the ADMA-mediated NO synthase pathway during pregnancy.

A previous report identified lethality of conventional PRMT1 knockout mice in the
early stage of embryonic development [21]. More recently, our studies and those of other
groups have found important roles of PRMTL1 in the central nervous system, embryonic
angiogenesis, muscle regeneration and innate immune response using cell type-specific
knockout mouse models [22,23,44,45]. Importantly, these in vivo studies suggest that
PRMT1 is crucial for prenatal and neonatal development, and postnatal maintenance of
functions. While the physiological role of PRMT1 is being analyzed in fetuses at perinatal
stages, the role(s) of PRMT1 was poorly understood in the placenta. Therefore, this study
is the first to investigate placental PRMT1 expression profile in the gestational period,
and will serve as a reference database to gain insight into the maintenance of maternal

and fetal homeostasis with the PRMT1-mediated protein arginine methylation.
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Figure legends

Fig. 1. Altered placental PRMTL1 expression in different gestational stages. (A)
Quantitative real-time PCR analysis for relative mRNA expression of prmtl in the
placentas (n =5 per gestational stage, E9, 11, 13, 16 and 19). (B) Representative Western
blots demonstrating the ontogenic decrease in PRMT1 expression, with GAPDH shown

as a loading control. Arrowheads indicate variant 1 (v1) and variant 2 (v2).

Fig. 2. Identification of the prmtl promoter-driven B-galactosidase activity at E9 and
13. (A) Generation of prmt1**Z knock-in (K1) mice by gene targeting: schematic
representation of the targeting strategy used to knock-in a LacZ cassette into the mouse
prmtl locus. Exons are indicated by open box with exon numbers. Arrows indicate the
positions of the P1, P2, P3 and P4 genotyping primers. (B) Allele-specific PCR analysis
for genotyping prmt1"* and prmt1*“Z mouse lines using tail genomic DNA. Products of
277 and 107 base pairs (bp) were generated from prmtI™ and prmt1*-*Z mice,
respectively. (C) Left panel: Representative sagittal sections of LacZ (B-galactosidase
activity) and eosin stained in E9 placenta (scale bar, 500 um). Bottom and Right panels:

Enlarged images of the boxed areas with LacZ-positive cells (scale bars, 50 um). EPC,
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ectoplacental cone; Ch, chorion; Em, embryo; De, decidua; EC, ectoplacental cavity; P-
TGC (arrow heads), parietal trophoblast giant cell; Amn, amnion; AD, antimesometrial
decidua; UL, uterine lumen. (D) Top panel: Representative sagittal sections of LacZ (-
galactosidase activity) and eosin stained in E13 placenta (scale bar, 500 um). Bottom
panels: Enlarged images of the boxed areas with LacZ-positive cells (scale bars, 50 um).

De, decidua; Jz, junctional zone; La, labyrinth.

Fig. 3. Immunohistochemical localization of endogenous PRMT1 in the placenta at
E9 and E13. (A) Schematic representation of main structure of an E9 mouse placenta.
EPC, ectoplacental cone; Ch, chorion; De, decidua; EC, ectoplacental cavity; P-TGC,
parietal trophoblast giant cell; AD, antimesometrial decidua. (B) Enlarged images of the
boxed areas in (A). Representative confocal images of PRMT1-positive cells (magenta)
in placenta areas at E9. Hoechst 33258 staining (blue) was performed to visualize cell
nuclei. (C) Schematic representation of main structure of an E13 mouse placenta. Jz,
junctional zone; La, labyrinth. (D) Enlarged images of the boxed areas in (C). Confocal

images of PRMT1-positive cells in the labyrinth zone at E13. Scale bars, 20 um.

Fig. 4. Quantification of MMA and ADMA levels in protein hydrolysates of
placentas. (A) Representative mass chromatograms of placental MMA (left panels) and
ADMA (right panels) at E9, E11, E13, E16, and E19. Conditions and detailed data are
described in “Materials and Methods” and [25]. (B) Amounts of MMA and ADMA in

placentas as pmol per 100 ug protein. Results are given as the mean £ SEM of n =5
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521  independent experiments; *P < 0.05 and ***P < 0.0001 and ns (not significant), each

522  stage versus E11 (one-way ANOVA followed by Dunnett’s multiple comparison test).
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Supplementary material

S1. Materials and Methods

S1.1 Generation of the junctional trophoblast-specific Prmtl-knockout mice (Tpbpa-
Cre:Prmtl KO)

Prmt1°¥fox (Prmt 17) mice were established as previously reported (Ref. 22), which were
mated with Tpbpa-Cre transgenic mice [Tg(Tpbpa-cre,-EGFP)5Jcc], Common Name:

4311-Cre, Canadian Mouse Mutant Repository) to create Tpbpa-Cre:Prmtl”- mice.

S1.2 Genotyping

PCR amplification of Prmtl was performed using the following PCR primers: forward
primer (P1) 5’-GTGCTTGCCATACAAGAGATCC-3’, and reverse primer (P2) 5°-
ACAGCCGAGTAGCAAGGAGG-3’, which amplify 410 bp and 277 bp fragments from
the floxed and the prmtl wild-type allele, respectively. The Tpbpa-Cre transgene was
amplified using the common forward primer 5’-
TCCAGTGACAGTCTTGATCCTTAAT-3> (P3) and two reverse primers 5’-
GGCAAATTTTGGTGTACGGTCA -3° (P4) for the transgenic allele, and 5’-
CTGACCGGAGGCACTCATTT-3" (P5) for the wild-type allele. The PCR products

were 225 bp and 604 bp for the transgenic and the wild-type alleles, respectively.

S1.3 Morphological analysis of placenta and embryo
Maternal mice were sacrificed from E14 and E19 by cervical dislocation. Fetuses were

harvested immediately to take pictures with a stereomicroscope (Olympus, SZ61+DP21



or Leica, MZFLII+MC120HD). Placentas or fetuses were weighed, and then were

genotyped.



Supplementary figure
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Figure 1. Immunofluorescence of sections of placenta from E9 and E13 mice. Sections were
incubated with/without the TrueBlack Lipofuscin Autofluorescence Quencher. Images were obtained
from the fluorescence emitted with excitation (EX) at 352 nm and emission (EM) at 535 nm (blue), EX
at 499 nm and EM at 535 nm (green), EX at 577 nm and EM at 603 nm (red), and EX at 673 nm and
EM at 693 nm (magenta) filters.
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Figure 2. Altered placental expression of PRMTs in different gestational stages. Quantitative real-
time PCR analysis for relative mRNA expression of placental Prmts (n = 5 per gestational stage, E9,

13 and 19).
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A

Figure 3. Generation of the junctional trophoblast-specific Prmt1-knockout (Tpbpa-
Cre:Prmt1'l') mice. (A) Targeting strategy for generating Prmt1 mice. Top image shows the wild-
type locus of the mouse Prmt1 gene; lower images indicate constructs used for recombination;
bottom image indicates Tpbpa-Cre allele. Arrows indicate the positions of the P1, P2, P3, P4 and

P5 genotyping primers. (B) Genotyping PCR for Prmt1 and Tpbpa-Cre alleles. Products of 410 and
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Figure 4. Gross morphologic features of placentas and embryos. (A) Morphologies of placenta

from control (Prmt1W/W), heterogeneous (Prmt1f/w) and homogeneous (Prmt1f/f) mice at E14 (upper

panels) and E19 (bottom panels). Scale bars, 2 mm. (B) Morphologies of Prmt1W/W, Prmt1ﬁw, Prmt1”

embryos at E14 (upper panels) and E19 (bottom panels). Scale bars, 2 mm.
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Figure 5. Average fetal and placental weights of Tpbpa-Cre:Prmt1 KO mice. (A and C)
Placental weights of embryos at E14 (A) and E19 (C). Placentas were weighed subsequent to
removal of umbilical cord and fetal membranes. (B and D) Fetal weights of embryos at E14 (B) and

E19 (D).



Supplementary table

Table 1. The primer sequences used in qPCR.

Gene Forward Reverse

Prmt1 CCTCACATACCGCAACTCCA TGGAACACTCAATCCCAATAACC
Prmt2 AATTCAGCGGAGAAACGCGG GGGATGACCTGTGACTCGCT
Prmt3 TTACCCTGAGAACCACAAAGACG AGTACCCAGCAACTGCCGTG
Prmt4 CATCCAGTTTGCCACACCC GATTCCTCTGTCCGCTCAC
Prmt5 GCTTCTGGGTTCCTTTGCCG TTCTCCAGGGATGCTCACGC
Prmt6 GAAACTGGGAGAAAGGCAAC CACAGGTAGGCACTCAAGAC
Prmt7 AGTGCGACCTGTGTGTGACT CAAAGGCAGACGCTACCTGG
Gapdh  TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG




