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Abstract

The extracellular matrix (ECM) in the endometrium plays a crucial role in mammalian pregnancy. We have
shown that versican secreted from the endometrial epithelium promotes embryo implantation. Versican is a
proteoglycan, a major player in the provisional matrix, and versikine, its N-terminal fragment cleaved by
ADAMTS proteinases, serves as a bioactive molecule. Here, since versican expression in the placenta was
dynamically altered in humans and mice, we investigated the role of versican in pregnancy using uterine-spe-
cific Vcan deletion mice (uKO mice) and ADAMTS-resistant versican expressing mice (V1R mice). uKO mice
exhibited insufficient spiral artery dilation, followed by fetal growth restriction and maternal hypertension. Fur-
ther analysis revealed impaired proliferation of tissue-resident natural killer cells required for spiral artery dila-
tion. VIR mice showed the same results as the control, eliminating the involvement of versikine. Our results
provide a new concept that versican, one factor of ECM, contributes to placentation and following fetal growth.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

and biochemical factors such as LIF, COX2, and
IFN-y. Immune cells, such as regulatory T cells,
uterine natural killer (NK) cells, and M2 macro-
phages, are also involved in this process [3—5]. For

Introduction

From embryo implantation to early placentation,
the endometrium is an important organ for the

reception of the embryo [1,2]. Endometrial abnor-
malities lead to implantation failure, repeated mis-
carriages, and a spectrum of poor obstetric
outcomes, including early-onset preeclampsia,
severe fetal growth restriction (FGR), preterm pre-
mature rupture of membranes, intrauterine fetal
death, and placental abruption [1,2]. Various fac-
tors contribute to endometrial receptivity, including
hormones such as progesterone, transcription fac-
tors such as C/EBPR, Hoxal0, Msx1, and Msx2,
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example, NK cells, abundant in the implantation
sites [6—8], secrete IFN-y and dilate the spiral
arteries, thereby providing sufficient blood flow nec-
essary for fetal development [6,9-12].

The extracellular matrix (ECM) consists of colla-
gens, fibronectin, laminins, elastin, hyaluronan, and
proteoglycans [13] and provides an appropriate envi-
ronment for these factors, and therefore is crucial for
embryo implantation. Its abnormalities cause implan-
tation failure, repeated miscarriages, and severe
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pregnancy complications [3]. As the ECM of the
endometrium alters dynamically from implantation to
early placentation, it could exert a critical function in
this process [14].

Versican is a chondroitin sulfate (CS) proteogly-
can, playing an important role in the formation of the
provisional matrix [15], which enables dynamic
transformations of the ECM. Its core protein consists
of an N-terminal G1 domain, a C-terminal G3
domain, and two CS-attachment domains, CS-a and
CS-B, between the G1 and G3 domains. There were
four classical isoforms: VO (G1-CSa-CSB-G3), V1
(G1-CSB-G3), V2 (G1-CSa-G3), and V3 lacking CS
chains (G1-G3) [16]. Later, another isoform, V4 (G1
portion of CSB-G3), was found in human breast can-
cer [17]. The G1 domain binds hyaluronan (HA) and
regulates HA-mediated signaling. The G3 domain
binds other ECM molecules, and their complex
binds transforming growth factor-g (TGFb) and bone
morphogenetic proteins (BMPs). The CS chains
with a negative charge bind positively charged
growth factors and cytokines [18]. With these moie-
ties, versican regulates cellular processes such as
migration, invasion, proliferation, and apoptosis dur-
ing organogenesis and in pathological conditions
such as inflammatory diseases and cancers [19,20].
In addition, the versican core protein is cleaved by
ADAMTS proteinases, and the N-terminal fragment
has been shown to serve as a bioactive molecule
termed versikine. Previously we demonstrated that
versican expression in human endometrium is regu-
lated by ovarian steroids, and that versican secreted
from the endometrial epithelium during the luteal
phase promotes embryo implantation [13]. However,
the roles of versican and versikine during pregnancy
have not been understood.

Here, we investigated the role of versican in the
endometrial stroma in the process of placentation,
using uterine-specific versican deletion mice uKO
and versican knockin mice termed V1R, whose ver-
sican is resistant to ADAMTS cleavage. We found
that versican contributes to the proliferation of NK
cells, facilitating the dilation of spiral arteries and
enabling adequate placentation and fetal growth.

Results

Distribution of versican in the pregnant uterus of
humans and mice

First, we examined the expression of versican in
the placenta. In the human placenta of the first tri-
mester, versican was present throughout the decid-
ual ECM except in the vicinity of the anchoring villi
(Fig. 1A). In the second trimester, it was abundant
on the maternal side of the decidual ECM, whereas
it was absent in the fibrinoid area on the fetal side

(Fig. 1B). In the third trimester, versican was hardly
detected in the decidua (Fig. 1C). Then, we exam-
ined versican expression in murine placenta during
pregnancy (diagram shown in Supplemental Figure
1). Versican was distributed throughout the endome-
trial stroma in estrus and at day 4 of pregnancy (i.e.,
embryonic day 3.5, hereafter denoted by days of
pregnancy) (Fig. 1D, E). At day 5, whereas versican
decreased from the vicinity of the embryo, which
became remarkable at day 6, it remained in the
endometrial stroma (Fig. 1F, G). At day 8, versican
was condensed on the mesometrial side, where pla-
cental formation begins (Fig. 1H). At day 10, it was
detected in the myometrium but not in the decidua
(Fig. 11). At days 8 and 10, versican was absent in
the vascular smooth muscle of spiral arteries
(Fig. 1J, K). In humans and mice, versican was
abundant on the placental formation side until mid-
term pregnancy. RT-gPCR using mRNA extracted
from the whole uterus and implantation sites showed
that Vcan and Adamts-1 and 9 were significantly up-
regulated at day 6 compared to estrus and that
V1 was dominant in Vcan isoforms (Supplemental
Fig. 2).

Pregnancy outcome in uterine-specific Vcan
deletion mice (UKO mice)

To examine the role of versican in pregnancy, we
generated uterine-specific Vcan deletion mice (uKO
mice) by crossing Pgr-Cre mice with Vcan-floxed
mice (Supplemental Fig. 3A) and analyzed them.
gRT-PCR with primers designed to detect exon 2,
common to all Vcan isoforms, confirmed little mRNA
for the Vcan gene in the whole non-pregnant uterus
of uKO mice (Supplemental Fig. 3B). Immunohis-
tochemistry showed no expression of versican in the
endometrial stroma or myometrium of non-pregnant
uKO mice (Supplemental Fig. 3C). We also con-
firmed little versican expression in the endometrium
and decidua of uKO mice at any stage of pregnancy
(Supplemental Fig. 3C). In contrast, HA was
detected in both uKO and control uterus (Supple-
mental Fig. 3D).

When compared between uKO and control mice
at day 18, there were no significant differences in
the pregnancy rate (p = 0.8572, Fig. 2A). Although
there was a tendency for a higher percentage of
uKO mice to have miscarriages (UKO: 60%, control:
20%, p = 0.0679), there was no significant difference
in the incidence of miscarriages per mother
(p = 0.1762, Fig. 2B), or in the number of live pups
per mother (p = 0.0686, Fig. 2C). In contrast, the
average pup weight was significantly smaller
(p =0.0053, Fig. 2D, E, F) in uKO mice, although no
abnormal phenotypes were found in them (Fig. 2D,
E) and there was no difference in the mean placental
weight per mother (p = 0.6212, Fig. 2G). The mater-
nal blood pressure at day 18 was significantly higher
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Fig. 1. The expression and distribution of versican in the uterus during pregnancy in humans and mice.

(A-C) Distribution of versican in human implantation site and placenta. The upper side is the fetal side (chorion), and
the lower side is the maternal side (decidua) in every panel; scale bar = 500 p.m. (A) Implantation site in the first trimester
of pregnancy (10 weeks of gestation). (B) Placenta in the second trimester (18 weeks of gestation). (C) Placenta in the
third trimester (30 weeks of gestation). (D-I) Distribution of versican in murine implantation sites. The upper side is the
mesometrial side (M), and the lower side is the antimesometrial side (AM) in every panel. (D) Estrus, (E) day 4, (F) day 5,
and (G) day 6. (D-G) Scale bar = 200 um. (F-H) Arrows indicate the embryos. (H) Day 8; arrowheads indicate the area
where versican was kept in decidua on the mesometrial side. () Day 10. (H, I) Scale bar = 500 um. (J) Magnified image of
the square part in (H). (K) Magnified image of the square part in (I). (J, K) arrows indicate vascular smooth muscle of spiral
arteries, where versican was not detected.
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Fig. 2. Pregnancy outcome of uKO and control mice at day 18

Pregnancy outcomes when uKO and control females were mated with wild-type males. (A) Pregnancy rate, i.e., the
rate of pregnant mice to plug-positive mice. The difference was analyzed using chi-square test. ctrl, n = 23; uKO, n = 24.
p = 0.852 (B) Miscarriage rate; the rate of miscarriage relative to the implantation sites found in the pregnant murine
uterus; n =10, p = 0.1762. (C) Litter size; n =10, p = 0.757. (D, E) Representative pictures of fetuses and placentas from
control mice (D) and uKO mice (E). (F) Average fetal weight per pregnant mouse; n = 10, p = 0.0053. (G) Average pla-
centa weight per pregnant mouse; n = 6, p = 0.6212. (H) Maternal systolic blood pressure at day 18; n =7, p = 0.0029. (1)
Urinary albumin/Cre ratio in pregnant mice at day 18; n = 7, p = 0.9015. (B, C, F-l) Differences were analyzed using
Mann-Whitney test; median + interquartile range; *p < 0.05, **p < 0.01.

ctrl, control mice; uKO, uterine-specific Vcan deletion mice.

(p =0.0029, Fig. 2H) in uKO mice, despite no differ-
ence in the ratio of albumin to creatinine in maternal
urine (p = 0.9015, Fig. 2I).

Evaluation of fetal weight and placenta at day14
in uKO mice

As these results of pregnancy outcomes sug-
gested that the absence of versican in the uterus

causes FGR and maternal hypertension, we tried to
determine their onset. At day 14, the average fetal
weight per mother was significantly smaller in uKO
mice (p = 0.0159, Fig. 3A, B), but there was no sig-
nificant difference in maternal blood pressure
(p = 0.3800, Fig. 3C). Histologically, the ratio of the
area of decidua to the placenta and the ratio of the
depth of the mesometrial lymphoid aggregate of
pregnancy (MLAp) to placenta were significantly
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Fig. 3. Evaluation of fetus and placenta at day 14 in control and uKO mice.

(A) Representative image of fetuses in control and uKO mice. (B) Average fetal weight per pregnant mouse; n = 5,
p = 0.0159. (C) Maternal systolic blood pressure during day 13—15; n =7, p = 0.0380. (D) Representative H&E-stained
histological image of placenta. Arrow indicates MLAp; scale bar = 500 wm (E) The ratio of decidual area to whole placenta
area; p = 0.0242. (F) The ratio of MLAp depth to whole placenta depth; p < 0.0001. (G) Magnified image of the square part
in (D). Yellow and blue dotted lines indicate the lumen and wall of the spiral artery, respectively. Scale bar = 100 um. (H)
The ratio of lumen diameter to wall diameter; p = 0.0005. (E, F, H) three placentas each were obtained from four mice;

n=12.

ctrl, control mice; MLAp, the mesometrial lymphoid aggregate of pregnancy; uKO, uterine-specific Vcan deletion mice.
(B, C, E, F, H) Differences were analyzed using Mann-Whitney test; median =+ interquartile range; *p < 0.05, **p <

0.01, ***p < 0.001.

smaller in uKO mice (Fig. 3D; p = 0.0242, Fig. 3E;
p<0.0001, Fig. 3F). In addition, the spiral arteries in
the decidua of uKO mice exhibited thick vessel walls
and narrow lumens (Fig. 3G), which was confirmed
by the measurement of diameters of lumen and wall
(p = 0.0005, Fig. 3H). Since the spiral artery dilation
occurs around day 10 [21], we further investigated
the weight of the implantation site and the spiral
arteries at day 10. The weight of the implantation
site was significantly smaller in the uKO group
(o = 0.0286, Supplemental Fig. 4A, B) and the ratio
of their lumen diameter to wall diameter was already
smaller in the spiral arteries of uKO mice
(o =0.0019, Supplemental Fig. 4C-E).

Evaluation of the implantation site at day 8 in
uKO mice

Although versican in the decidua almost disap-
peared by day 10 (Fig. 11), it was present at high lev-
els on the mesometrial side at day 8 (Fig. 1TH). When
we examined the implantation sites at day 8 in detail,
the average weight of the implantation site was sig-
nificantly smaller in the uKO group (p = 0.0041,
Fig. 4A, B, C). Histologically, whereas the antimeso-
metrial side was similar, the lateral vascular sinus
(LVS) and the area of the mesometrial side, where
versican is expressed in control mice, were poorly
developed in uKO mice (Fig. 4C). On the
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Fig. 4. Evaluation of implantation sites at day 8 in control and uKO mice.

(A) Representative images of the pregnant uterus in control and uKO mice. (B) Average implantation site weight per
pregnant mouse; n = 7, p = 0.0041. (C) Representative H&E-stained histological images of implantation sites. The upper
side is the mesometrial side (M), and the lower side is the antimesometrial side (AM). Scale bar = 500 um. (D) Histological
image of the D-marked rectangles in (C) with fluorescent immunostaining for CD45 (red) and DAPI staining for nuclei
(blue). Scale bar = 200 um. (E) CD45 positive cell count per implantation site using flow cytometry. n = 6, p = 0.0152. (F)
Numbers of T cells, B cells, NK cells, and macrophages per implantation site at day 8. n = 6; Q value; T cells, 0.5296; B
cells, 0.5296; NK cells, 0.00656; macrophages, 0.0131. (G) Histological image of the F-marked rectangles in (C) with
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mesometrial side, where lymphocytes were abun-
dant in normal pregnancy [14], immunofluorescence
staining showed a decreased number of CD45+
lymphocytes in uKO mice (Fig. 4D), which was con-
firmed by flow cytometry (p = 0.0152, Fig. 4E). Fur-
ther analysis revealed a significantly lower number
of NK cells in CD45+ lymphocytes in uKO mice
(Q = 0.00656, Fig. 4F). When LVS was analyzed
with  immunofluorescence staining for CD31
(Fig. 4G), the area of LVS was smaller in uKO mice
than in control mice (p = 0.0228, Fig. 4H). In con-
trast, decidualized cells on the antimesometrial side,
where versican was absent even in control mice,
were similarly distributed in both uKO and control
mice (p = 0.7962, Fig. 41, J).

Analysis of NK cells in the implantation sites of
uKO mice

To determine how versican deletion causes a
decrease in NK cells in the implantation site, we per-
formed a detailed analysis of NK cells. By immuno-
fluorescence staining, many NK cells were observed
in the versican-rich area in control mice (Fig. 1D, E,
G, H, Fig. 5A-C) as well as in humans (Supplemen-
tal Fig. 5). Whereas the number of NK cells was sim-
ilar between uKO and control mice in the virgin
uterus (Fig. 5A), it appeared fewer in implantation
sites of uKO mice at days 6, 8, and 10 (Fig. 5B, C,
D). Next, we measured the number of NK cells
(CD45+, CD3—, CD19—, NK1.1+) per implantation
site at days 6, 8, and 10 by flow cytometry, and
counted NK cells in CD49a+ and CD49b+ fractions.
Although NK cells are often classified as CD49a-+
CD49b— tissue-resident NK (irNK) and CD49a—
CD49b+ conventional NK (cNK) cells [7,8,22], we
designated CD49a+ cells as tissue-resident NK
(trNK) cells and CD49a— cells as conventional NK
(cNK) cells, since the CD49a+ population were pos-
itive for CD49b by day 8 (Fig. 5E, Supplemental Fig.
6A). The overall number of NK cells was significantly
lower in the uKO group at days 6 and 8 (day 6,
p = 0.0260; day 8, p = 0.0022; Fig. 5F), but not at
day 10 (p = 0.0649, Fig. 5F). Among NK cells, the
number of trNK cells was significantly lower in uKO
mice at days 6, 8, and 10 (p = 0.0022, p = 0.0022,
and p = 0.0411, respectively; Fig. 5G), whereas that

of cNK cells was similar at days 6, 8, and 10
(p = 0.9372, p = 0.24083, and p = 0.8182, respec-
tively; Fig. 5H). These results indicate that deletion
of versican decreases the number of trNK cells in
the implantation site.

Cell cycle analysis of trNK cells at day 6 in uKO
mice

trNK cells increased approximately two-fold from
day 6 to 8 in the control group but not in the uKO
group. (Fig. 5G). As trNK cells are reported to prolif-
erate locally in the uterus around day 6 to day 8
[7,8], we examined their proliferation at day 6 (The
gating process is shown in Supplemental Fig. 7). Ki-
67-based cell cycle analysis revealed that whereas
Ki-67 positive cells occupied a large proportion of
cells in both groups (Fig. 6A), the percentage of cells
in the S phase was significantly lower in uKO mice
(p =0.0087, Fig. 6B). Next, to focus on the S phase,
we performed cell cycle analysis using BrdU. The
percentage of cells in the G1 phase was significantly
higher (p = 0.0260, Fig. 6C, D), and that in the S
phase was significantly lower in uKO mice
(p =0.0022, Fig. 6C, D). These results indicate that
the decreased number of trNK cells in uKO mice is
due to the reduction of cell proliferation.

Analysis of the effect of versikine on NK cells

As the uKO uterus lacks versican, it also lacks
versikine, a bioactive cleaved fragment of versican.
To determine whether the proliferation of trNK cells
was operated by versican or versikine, we per-
formed the same analysis on V1R mice, whose ver-
sican is resistant to ADAMTS-cleavage, thereby
lacking versikine. Immunostaining confirmed accu-
mulation of versican in the homozygote V1R uterus
with essentially the same distribution patterns as the
control, and the absence of versikine similar to uKO
uterus (Fig. 7A). Flow cytometry analysis revealed
that the number of total, trNK, and cNK cells in the
homozygote V1R mice was similar to that of control
mice. These results suggest that versican, but not
versikine, promotes the proliferation of trNK cells in
the implantation site (Fig. 7B).

fluorescent immunostaining for CD31 (red), which is positive in new blood vessels, and DAPI staining for nuclei (blue).
Scale bar =200 pm. (H) The area of LVS; 3 placentas were obtained from each of 4 mice for n = 12; p = 0.0228. () Magni-
fied image of the I-marked rectangles in (C). Yellow and blue lines indicate the depth of the decidualized cell layer and
entire endometrial stromal cell layer, respectively. (J) Antimesometrial decidual zone ratio, which is the ratio of the depth
of the decidualized cell layer to that of the entire endometrial stromal cell layer on the antimesometrial side. Scale

bar =200 pum.

(B, E, H, J) Differences were analyzed using Mann-Whitney test, median =+ interquartile range, *p < 0.05, **p < 0.01.
(F) Differences were analyzed using multiple Mann-Whitney tests; median =+ interquartile range; *Q < 0.01.
ctrl, control mice; MLAp, the mesometrial lymphoid aggregate of pregnancy; LVS, lateral vascular space; uKO, uterine-

specific Vcan deletion mice.
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Fig. 5. Analysis of NK cells in the implantation sites in various stages in control and uKO mice.

(A-D) Representative histological images of fluorescent immunostaining of NK1.1 (red) in various stages. The meso-
metrial side is the upper side on each photo. Nuclei were stained by DAPI (blue). Scale bar = 200 um. (A) Estrus, (B) day
6, (C) day 8, and (D) day 10. (B-D) The upper side is the mesometrial side. (E) Representative results of flow cytometry
analysis on NK cell subpopulation using CD49a and CD49b. (F-H) The transition in the numbers of target cells per implan-
tation site using flow cytometry; n = 6 at each stage. Differences were analyzed using Mann-Whitney test on each day
between two groups; median + interquartile range. (F) NK cells on day 6, p = 0.0260; day 8, p = 0.0022; day 10,
p = 0.0649. (G) trNK cells on day 6, p = 0.0022; day 8, p = 0.0022; day 10, p = 0.0411. (H) cNK cells on day 6,
p =0.9372; day 8, p = 0.2403; day 10, p =0.8182. *p < 0.05, **p < 0.01.

Comparative transcriptomic analysis of analysis was performed using the implantation sites
implantation sites at day 6 at day 6. 18,359 genes were detected in the all sam-
ple, and 527 genes were identified as differentially

To investigate the mechanism of poor trNK cell expressed genes (DEG) (269 up-regulated genes
proliferation in the uKO uterus, transcriptomic  and 257 down-regulated genes) (Supplemental Fig.
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(A) Representative results of Ki-67-based cell cycle analysis of trNK cells in the implantation site at day 6. (B) The per-
centage of each stage of cell cycle using anti-Ki-67; n = 6. GO, p = 0.9372; G1, p = 0.1320; S, p = 0.0087; G2-M,
p =0.4848. (C) Representative results of BrdU-based cell cycle analysis of trNK cells in the implantation site at day 6. (D)
The percentage of each stage of cell cycle using BrdU; n =6. G1, p =0.0260; S, p = 0.0022; G2, p = 0.0931.

(B, D) Differences were analyzed using the Mann-Whitney test in each phase between two groups; median =+ inter-

quartile range; *p < 0.05, **p < 0.01.

8A-C). The results of the GO analysis using these
DEG are shown in Table. 1. Among these, when
focusing on "female pregnancy," the majority of the
genes involved were related to decidualization, such
as Prl and Igfbp (Fig. 8A) [4]. In addition, among the
genes constituting the GO term “extracellular
matrix”, 24 genes were identified as DEG such as
Tnc, Ogn, and Aspn (Supplemental Fig. 8D).

Genes associated with trNK cells and uterine NK
cells were listed from previous reports (Supplemen-
tal Table 1). Clustering of the samples by expression
of this gene set showed distinct separation into ctrl
and uKO (Fig. 8B). Nfil3, Kitl and Pgf, involved in NK
activation and differentiation [6,23-25], and Ptn, Kit,
and Vegfc, expressed in trNK cells [6,23,26], were
decreased in uKO mice (Fig. 8C). In summary, the
factors involved in decidualization and NK cell acti-
vation were altered in uKO mice.

Discussion

In this study, we investigated the distribution and
function of versican expressed in the endometrial

stroma during pregnancy and revealed several
novel findings as follows. First, versican exhibits
dynamic and similar expression patterns in humans
and mice. Especially, versican was abundant in the
mesometrial side in mice, suggesting its involvement
in placentation. Second, versican is required to
expand spiral arteries, and its deletion causes
maternal hypertension and FGR. Third, versican is
crucial for the proliferation of trNK cells involved in
spiral artery dilation, trophoblast invasion, and
immunomodulation. Fourth, these roles are primarily
ascribed to intact versican rather than versikine, a
bioactive cleaved fragment. Our study provides the
concept of how versican as an important player of
the provisional matrix contributes to placentation
and following fetal growth.

Versican exhibited distinct expression patterns
during pregnancy. Before implantation, it was distrib-
uted broadly. It gradually disappeared from the vicin-
ity of the embryo, and by day 8, became restricted to
the mesometrial side where the placenta was
formed. The co-localization of versican and versikine
suggests that versican accumulation in the meso-
metrial side was due to increased expression of
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Differences were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparison test; median + inter-
quartile range; *p < 0.05, **p < 0.01.

versican. As the disappearance of versican corre-
lates with decidualization, a decrease in the extra-
cellular space may prompt its disappearance.

As the number of pups of uKO mice was the same
as the control mice, versican is not essential for the

establishment and maintenance of pregnancy. In
contrast, the deletion of versican caused FGR and
maternal hypertension. Detailed analysis of the uKO
placenta from the early pregnancy revealed
impaired spiral artery dilation at days 10 and 14,
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Table. 1. Top 20 terms of biological process in GO analysis of DEG.

Term name Adjusted Term intersection
p_value size size

1 adenylate cyclase-acti- 1.36E-07 144 17
vating G protein-cou-
pled receptor signaling
pathway

2 synapse organization 2.50E-06 480 28

3 muscle system process 3.18E-06 422 26

4 adenylate cyclase-mod- 3.63E-06 226 19
ulating G protein-cou-
pled receptor signaling
pathway

5 multi-multicellular 3.63E-05 260 19
organism process

6 cell killing 4.02E-05 208 17

7 multi-organism repro- 8.00E-05 245 18
ductive process

8 regulation of signaling 9.35E-05 169 15
receptor activity

9 regulation of synapse 0.000116 251 18
organization

10 lymphocyte mediated 0.000122 404 23
immunity

11 regulation of immune 0.000136 374 22
effector process

12 negative regulation of 0.000163 107 12
cysteine-type endopep-
tidase activity

13 regulation of leukocyte 0.000165 87 11
mediated cytotoxicity

14 female pregnancy 0.000165 229 17

15 regulation of synapse 0.000176 258 18
structure or activity

16 synapse assembly 0.000410 189 15

17 regulation of synapse 0.000442 117 12
assembly

18 regulation of leukocyte 0.000520 248 17
mediated immunity

19 negative regulation of 0.000569 98 11
cysteine-type endopep-
tidase activity involved
in apoptotic process

20 muscle contraction 0.000581 310 19

which is crucial insufficiency to lead to FGR, pre-
eclampsia, and subsequent pregnancy complica-
tions [2].

We have revealed a decrease in the NK cells in
the mesometrial side of the uKO implantation site
around day 6, concomitant with poor proliferation of
trNK cells. In mouse models with decreased NK
cells exhibit insufficient dilatation of the spiral arter-
ies [10,11,27]. The insufficient spiral artery dilation
observed in the uKO placenta is likely due to a
decrease in trNK cells.

V1R mice, which lack versikine, showed the same
number of NK cells at day 8 as the control mice, indi-
cating that intact versican, not versikine, promotes
trNK cell proliferation.

Versican binding HA is considered to exert func-
tions as proteoglycan aggregates [28—31]. HA was
observed in the uKO implantation site, indicating
versican is dispensable for HA deposition in the

ECM. At day 8, versican and HA were essentially
co-localized, where NK cells were abundant. Analy-
sis of mice with local HA deficiency in pregnancy will
determine whether versican acts as aggregates or
as a single molecule. We further examined ECM
molecules using our comparative transcriptome and
found an increase in Thc, which interacts with versi-
can. Regarding small leucine-rich proteoglycans
(SLRPs), we observed increases in Ogn and Aspn
but not Dcn and Bgn. Col1a1, Col3a1, and Col5a1,
expressing in the decidua [32], were unaltered.

Our comparative transcriptomic analysis indicated
two findings about the poor proliferation of trNK cells.
First, expression levels of Prl and Igfbp [4], involved in
decidualization, were decreased significantly. Since
the decidualization process includes an increase in
uterine natural killer (UNK) cells [14], impaired decidu-
alization may have caused the poor proliferation of
trNK cells. Second, the expression levels of the trNK
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cell-related gene set could distinguish ctrl and uKO,
suggesting these molecules are involved in the
impaired proliferation of trNK cells. Among them, Nfil3,
KitL, and Pgf [6,23-25], associated with uterine NK
activation and differentiation, may contribute to the
mechanism of poor proliferation.

A limitation of this study is that we could not per-
form functional experiments using human samples.
In humans, NK cells express tissue-resident marker
CD49a and exist abundantly in decidua [33], and
are involved in the dilation of spiral arteries, promo-
tion of trophoblast invasion, and immunotolerance
[12,34]. Although we could not directly demonstrate
the involvement of versican in NK cell proliferation in
humans, immunostaining patterns of versican and
localization of NK cells in the versican-rich region in
early pregnancy in humans and mice suggest that
versican contributes to spiral artery modification and
placental formation in humans as in mice.

In conclusion, our study provides a new paradigm
that the microenvironment of decidua with versican

contributes to NK cell proliferation and spiral artery
dilatation, required for fetal growth.

Experimental procedures

Human implantation sites and placenta tissue
sample

Tissue sample of human embryo implantation site
was collected from therapeutic hysterectomies for
cervical cancer at 10 weeks of gestation (n = 1), and
placentas were obtained from legal abortions of nor-
mal pregnancies at 18 and 21 weeks of gestation
(n = 2) and infection-free cesarean section cases at
30 weeks (n = 2). Informed consent for the use of
these samples was obtained from each donor. The
use of these samples was also approved by the Ethi-
cal Committee of Kyoto University Hospital
(R2949—-1).
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Animals (Vcan deletion mice and V1R mice)

Animal care and experimental procedures were
performed under approval from the Institutional Ani-
mal Care and Use Committee and the DNA Recom-
bination Experiment Safety Committee of Kyoto
University. WT mice (C57BL/6, Japan SLC), Vcan-
floxed mice [35], Pgr-Cre mice [36], and V1R mice
[37] were used in this study. Vcan-floxed mice and
V1R mice were provided by Hideto Watanabe (Insti-
tute for Molecular Science of Medicine, Aichi Medi-
cal University, Japan), and Pgr-Cre mice were
provided by John P. Lydon and Francesco J.
DeMayo (Baylor College of Medicine, USA). We
generated uterine-specific Vcan deletion mice (uKO
mice: Pgr cre/wt; Vcan flox/flox) by mating Pgr-Cre
mice and Vcan-floxed mice. Cre-negative homozy-
gous littermates (Pgr wt/wt; Vcan flox/flox) were
used as control mice (Supplemental Fig. 2A) [38].

Analysis of pregnancy outcome in uKO mice

To evaluate pregnancy outcome, 8- to 12-week-
old female control and uKO mice were mated with 2-
to 10-month-old fertile WT male mice. Day 1 of preg-
nancy was defined as recognizing the vaginal plug.
At day 18, we performed cesarean sections and
examined the pregnancy rate, the miscarriage rate,
and the size and weight of the pups and placentas.
In addition, maternal systolic blood pressure was
measured by a noninvasive blood pressure monitor
(MK-2000ST, Muromachi Kikai, Tokyo, Japan), and
urinary albumin was measured by LBIS Mouse Uri-
nary Albumin Assay Kit (FUJIFILM Wako Shibayagi,
Tokyo, Japan).

H&E staining and immunostaining

Frozen sections of murine implantation sites were
prepared as described previously [39,40]. For immu-
nostaining, we used antibodies shown in Supple-
mental Table 2. For immunostaining of versican in
murine uteri, pretreatment with chondroitinase ABC
(1 milliunit/nL; C3667, Sigma-Aldrich, St. Louis,
USA) for 45 min was required [35]. Images were
photographed by fluorescence microscope (BZ-
9000, Keyence, Chicago, USA) and Optical micro-
scope (BX51 and DP-20, Olympus, Tokyo, Japan).

Analysis of implantation sites

Quantification was performed using QuPath (Ver.
0.2.3) and Imaged (Ver. 1.52k) software. The size of
the decidua was quantified as a ratio to the entire
placental area, including the myometrium, and the
depth of MLAp was calculated as a ratio to the whole
placental depth, including the myometrium [23]. For
the evaluation of spiral arteries at days 10 and 14,
we calculated the ratio of the lumen diameter to the

wall diameter for multiple spiral arteries, which was
used as an index of spiral artery modification
[21,41]. The area of the lateral vascular space (LVS)
at day 8 was calculated using Imaged by drawing a
border on the lumen of the LVS using QuPath. Anti-
mesometrial decidual zone ratio was calculated as
the ratio of the depth of decidualized cells to that of
the entire endometrial stromal cell layer depth on the
antimesometrial side [27].

qRT-PCR

Total RNA was extracted using TRIzol (Thermo
Fisher Scientific, Waltham, USA). First Strand cDNA
Synthesis Kit (GE Healthcare, Piscataway, USA)
was used for cDNA synthesis. Real-time quantitative
PCR was carried out by amplifying the target gene
and reference genes with StepOnePlus (Thermo
Fisher Scientific, Waltham, USA). Relative mRNA
expression levels were estimated using the AACt
method [39], and were normalized to 3 actin. Pri-
mers utilized in real-time g-PCR are shown in Sup-
plemental Table 3.

Flow cytometry

Decidual capsules were removed from the uterine
wall, and four or more litermate implantation sites
were pooled at days 6, 8, and 10 for both uKO and
control mice. Though conceptuses were not
removed at day 6, conceptuses and antimesome-
trium were removed at days 8 and 10. Decidua was
processed into single-cell suspensions using a mod-
ification of a previously published technique [23,42].
Samples were blocked using anti-CD16/CD32 anti-
body (101,301, BioLegend San Diego, USA), then
were incubated with antibodies listed in Supplemen-
tal Table 4 for 40 min on ice. Antibodies listed in
Supplemental Table 5 were used with Foxp3/Tran-
scription Factor Staining buffer (00—5523—-00, eBio-
sciense San Diego, USA) for staining of Ki67 and
DAPI. For evaluating proliferation, Bromodeoxyuri-
dine (BrdU) in sterile saline solution at 100 mg BrdU/
kg was injected intraperitoneally into day 6 mice at 9
AM, and implantation sites were collected at 11 AM.
Antibodies listed in Supplemental Table 6 were
used with a BrdU Staining Buffer set (00—5525-00,
eBioscience, San Diego, USA). Labeling was
assessed using MACS Quant (Miltenyi Biotec, Ber-
gisch Gladbach, Germany).

Comparative transcriptomic analysis of
implantation sites

Two implantation sites without myometrium per
mouse at day6 were collected from the control and
uKO mice (n = 5). From those tissues, RNA was
extracted using the PureLink RNA mini Kit (Thermo
Fisher Scientific, Waltham, USA). Libraries were



Versican provides the provisional matrix for uterine spiral artery dilation and fetal growth 29

prepared with the TruSeq stranded mRNA LT Sam-
ple Prep Kit (Illumina) and sequenced with the Nova-
Seq6000 (lllumina). Trimmed reads using
Trimmomatic 0.38. were mapped to the reference
genome, mm10, with HISAT2 version 2.1.0. After
the read mapping, StringTie version 2.1.3b was
used for transcript assembly. All expressed genes
were defined as genes whose mapped read counts
were >0 in all samples. The read count data was
normalized with Trimmed mean of M-values (TMM)
method in edgeR library. Then, statistical tests were
performed with the normalized data. DEG (Differen-
tially Expressed Genes) was defined as satisfied |
fold changel>=2 & exactTest raw p-value<0.05.
GO term analysis was performed in gProfiler with
the term size set to 10—500.

Statistical analysis

Two-group comparisons were performed using
two-sided Mann-Whitney tests, multiple Mann-Whit-
ney tests, and the Kruskal-Wallis test, followed by
Dunn’s multiple comparison test. Data were pre-
sented as median with an interquartile range. All sta-
tistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA).
Values of p < 0.05 and Q-values of < 0.01 were
considered significant.
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