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Hemochorial placentation is characterized by the development of
trophoblast cells specialized to interact with the uterine vascular
bed. We utilized trophoblast stem (TS) cell and mutant rat models
to investigate regulatory mechanisms controlling trophoblast cell
development. TS cell differentiation was characterized by acquisi-
tion of transcript signatures indicative of an endothelial cell-like
phenotype, which was highlighted by the expression of anticoa-
gulation factors including tissue factor pathway inhibitor (TFPI).
TFPI localized to invasive endovascular trophoblast cells of the rat
placentation site. Disruption of TFPI in rat TS cells interfered with
development of the endothelial cell-like endovascular trophoblast
cell phenotype. Similarly, TFPI was expressed in human invasive/
extravillous trophoblast (EVT) cells situated within first-trimester
human placental tissues and following differentiation of human
TS cells. TFPI was required for human TS cell differentiation to EVT
cells. We next investigated the physiological relevance of TFPI at
the placentation site. Genome-edited global TFPI loss-of-function
rat models revealed critical roles for TFPI in embryonic develop-
ment, resulting in homogeneous midgestation lethality prohibiting
analysis of the role of TFPI as a regulator of the late-gestation wave
of intrauterine trophoblast cell invasion. In vivo trophoblast-specific
TFPI knockdown was compatible with pregnancy but had profound
effects at the uterine-placental interface, including restriction of
the depth of intrauterine trophoblast cell invasion while leading to
the accumulation of natural killer cells and increased fibrin deposi-
tion. Collectively, the experimentation implicates TFPl as a con-
served regulator of invasive/EVT cell development, uterine spiral
artery remodeling, and hemostasis at the maternal-fetal interface.
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he placenta develops in concert with the embryo to manage

the environment in which the embryo develops (1, 2). Hemo-
chorial placentation, as observed in humans, rats, and mice, is a
process whereby extraembryonic cells, referred to as invasive tro-
phoblast cells, breach the uterine parenchyma, permitting mater-
nal blood direct access to the trophoblast-embryonic barrier
(3-7). This critical event requires the acquisition of specialized
trophoblast cell properties that facilitate intravasation into the
uterine vasculature and orchestration of maternal adaptive
responses ensuring the effective redirection of nutrients to the
developing embryo (8, 9). The extent of trophoblast penetration
into the uterus varies among species. Rats and humans possess
deep placentation with extensive intrauterine trophoblast cell
invasion (10-12), whereas mice are among species with shallow
placentation and limited intrauterine trophoblast cell invasion
(11, 13, 14). In humans, failures in trophoblast cell restructuring
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of the maternal environment are at the core of pregnancy-related
diseases such as miscarriage, preeclampsia, intrauterine growth
restriction, and preterm birth (15). Elucidating mechanisms
underlying the differentiation of trophoblast stem (TS) and pro-
genitor cells into trophoblast cells with specialized invasive prop-
erties is needed to better understand and develop treatment for
these diseases.

The goal of this report was to identify conserved regulators
of invasive trophoblast cell development and deep hemochorial
placentation. The research approach took advantage of similar-
ities in deep intrauterine trophoblast cell invasion observed in
rats and humans (10, 12). A key component of the investigation
was the utilization of rat and human TS cells (16, 17) to identify
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Trophoblast cell-guided uterine spiral artery remodeling is a
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hemostasis and directly affect trophoblast cell development.
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maternal-fetal interface. Thus, TFPI is a conserved regulator
of a fundamental event determining the efficacy of the
hemochorial placenta.
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Fig. 1. Transcriptome analysis of rat TS cells maintained in stem and differentiation states. (A) Schematic representation of RNA-seq analysis for stem
and differentiated rat TS cells. Differentiation was induced by mitogen withdrawal. (B) PCA plot of stem and differentiated rat TS cells. (C) Bland-Altman
plot showing the global transcriptomic changes in differentiated rat TS cells. Colored dots indicate DEGs (>2-fold with a false discovery rate of P < 0.05;
red: up-regulated, blue: down-regulated). (D and E) GSEA of DEGs associated with rat TS cells in the stem and differentiated states. Results for “Blood ves-
sel morphogenesis” (D) and the “Coagulation” (E) gene sets are shown. (F) Heatmap showing the expression patterns of stem and differentiated rat TS
cells. These DEGs are the same genes as those shown in C. Z score-transformed RPKM are shown. The endothelial cell-associated genes and the coagula-
tion regulatory factors were up-regulated in differentiated rat TS cells. (G) RT-qPCR transcript validation for endothelial cell-associated genes. (H)

RT-gPCR transcripts validation for coagulation regulatory factors. Asterisks in G and H denote P < 0.05.

candidate regulators and to test their in vivo efficacy in geneti-
cally manipulated rats. We identified tissue factor pathway
inhibitor (TFPI) expression as a prominent feature of differen-
tiating TS cells and demonstrated its involvement in the devel-
opment of the invasive trophoblast cell lineage and trophoblast
cell-guided uterine spiral artery remodeling. TFPI is a Kunitz
domain—containing protease inhibitor and critical regulator of
blood coagulation (18-20). Until now, the contributions of
TFPI to the regulation of pregnancy and placentation were
largely unknown.

Results

Differentiating Rat TS Cells Exhibit an Endothelial Cell-Like Pheno-
type. As a first step in the identification of regulatory events
controlling trophoblast cell differentiation, we examined the tran-
scriptomes of rat TS cells maintained in the stem state or induced
to differentiate via mitogen withdrawal (Fig. 14). RNA sequenc-
ing (RNA-seq) identified 4,917 differentially expressed genes
(DEGsS), including 1,883 transcripts up-regulated and 3,034
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transcripts down-regulated in differentiated TS cells (Fig. 1 B
and C and Dataset S1). TS cell stem and differentiation states
exhibited expected trophoblast signatures (e.g., stem state: Cdhl,
Cldn4, Phlda2, 1d2, Bmp4, Esrrb, Bambi, Pcsk6, Esrpl, and Glut3;
differentiated state: Prl2al, Pri4al, Hsd17b2, Pgf, Tgfb3, and
Ets2), which were validated by RT-qPCR (SI Appendix, Fig. S1).
Interestingly, the TS cell differentiation state was also character-
ized by the up-regulation of transcripts characteristic of an endo-
thelial cell-like phenotype (Fig. 1 D-F), including the expression
of endothelial cell-adhesion molecules (e.g., Cdh5, Esam, Ecml,
and Cd47), cytokines/growth factors (e.g., Faslg, Adm, and Vegfa),
endothelial cell-associated transcription factors (e.g., Gata2,
Foxo4, Nr2f2, Egrl, Myc), and components of the coagulation
pathway (e.g., Tfpi, Procr, Plau, Fnl, and Thbd; Fig. 1F), which
were validated by RT-qPCR (Fig. 1 G and H and SI Appendix,
Fig. S1). Tfpi alpha and beta transcripts encode secreted and
membrane-linked TFPI proteins, respectively (19). Acquisition of
endothelial cell-like features is consistent with previous reports
for differentiating mouse TS cells (21) and human trophoblast
cells (22, 23).
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The established ties between coagulopathies and pregnancy-
related diseases (24-27) drew our attention to transcripts
encoding components of the coagulation regulatory cascade.
Tfpi transcripts were among the most highly up-regulated tran-
scripts accompanying TS cell differentiation. In the developing
rat placenta, Tfpi transcripts were colocalized with prolactin
family 7, subfamily b, member 1 (Pri7b1) transcripts, a known
marker of invasive trophoblast cells in rats (28), to endovascu-
lar invasive trophoblast cells and, to a lesser extent, to intersti-
tial invasive trophoblast cells (Fig. 2 A-F). Tfpi transcripts were
also expressed in trophoblast cells within the junctional zone,
including trophoblast giant cells and trophoblast cells lining
channels in which maternal blood transits the junctional zone,
and the labyrinth zone of the rat placenta (Fig. 2D and SI
Appendix, Fig. S2 B and C). Thus, TFPI is strategically posi-
tioned throughout the placenta, including the labyrinth zone, to
facilitate blood flow. TFPI protein was identified in endovascu-
lar invasive trophoblast cells (Fig. 2 G and H) and trophoblast
giant cells (SI Appendix, Fig. S2C). The presence of TFPI in
endovascular invasive trophoblast cells placed it in a compelling
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location for regulating uterine spiral artery adaptations to
pregnancy.

TFPI Is an Intrinsic Regulator of the Trophoblast Endothelial Cell-Like
Phenotype. A cell-autonomous role for TFPI in regulating the
migration of endothelial cells and angiogenesis has been
described (29-32). Accordingly, we next used a loss-of-function
approach to investigate a role for TFPI in the regulation of rat
TS cell differentiation. Control and Tfpi short hairpin RNAs
(shRNAs) were delivered to rat TS cells via lentiviral-mediated
transduction (Fig. 34). Inhibition of Tfpi messenger RNA
(mRNA) and protein expression in 7fpi sShRNA transduced cells
were confirmed (Fig. 3 B and C). Rat TS cells stably expressing
control or Tfpi shRNAs were induced to differentiate, and their
transcriptomes were interrogated by RNA-seq. Knockdown of
TFPI was associated with 11 up-regulated transcripts and 53
down-regulated transcripts (Fig. 3D and Dataset S2). Down-
regulated transcripts overlapped with a subset of differentiation-
induced transcripts shown in Fig. 1C (Fig. 3 E and F). Among
these down-regulated transcripts were transcripts characteristic of

Pri7b1 Merge/DAPI

Pri7b1

Localization of TFPI within the rat uterine-placental interface (UPI). (A and B) Schematic representations of gd 15.5 (A) and 18.5 (B) placentation

sites, consisting of the junctional zone (JZ), the labyrinth zone (LZ), the UPI, and invasive trophoblast cells (TB). (C and D) Detection of Tfpi (red) and
Pri7b1 (green) transcripts by in situ hybridization within gd 15.5 (C) and 18.5 (D) placentation sites. (Scale bar: 500 um.) DAPI marks cell nuclei (blue).
Arrows in the Tfpi images show localization associated with uterine spiral arterioles, and arrowheads in the Pr/7b1 images demarcate the depth of intra-
uterine trophoblast cell invasion. (E and F) Higher-magnification images of Tfpi (red) and Pr/7b1 (green) transcripts detected by in situ hybridization at
the gd 15.5 (E) and 18.5 (F) uterine-placental interface. (Scale bar: 50 pm.) (G and H) Immunohistochemical detection of TFPI (red) and cytokeratin (KRT,
green) proteins within endovascular trophoblast cells of gd 15.5 (G) and 18.5 (H) placentation sites. (Scale bar: 50 um.)
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Fig. 3. TFPI is an intrinsic regulator of the trophoblast endothelial cell-like phenotype. (4) Schematic representation of lentiviral vector-mediated TFPI
knockdown on differentiated rat TS cells. (B and C) Efficiency of Tfpi shRNA treatment (shRNA-1 and 2) efficiency was determined by RT-qPCR (B) and
Western blotting (C). (D) MA plot showing the global transcriptomic changes in differentiated rat TS cells exposed to control or Tfpi-specific shRNAs. Col-
ored dots indicate DEGs (>2-fold with an FDR of P < 0.05; red: up-regulated, blue: down-regulated). Transcripts characteristic of an endothelial cell-like
phenotype were down-regulated. (E) Venn diagram showing the number of down-regulated transcripts associated with the control shRNA (Ctrl) versus
TFPI knockdown (KD, DEG1, red) and up-regulated transcripts associated with stem state versus differentiated (Diff) state (DEG2, blue). DEG1 and DEG2
datasets overlapped (33 of 53 transcripts). (F) Heatmap showing the 33 DEGs shared in the DEG1 and DEG2 datasets. Left column shows the Log2 (fold
change) of transcripts down-regulated by TFPI knockdown, whereas the right column shows the Log2 (fold change) of transcripts up-regulated in differ-
entiated trophoblast cells (ascending order). (G) RT-qPCR validation of selected down-regulated transcripts in Tfpi shRNA-treated cells. Comparisons were
performed on control versus Tfpi-specific shRNA-exposed cells. Asterisks denote P < 0.05.

endothelial cells (e.g., Thbd, Esam, Cd47, Cd93, Crispld2, and  within EVT columns, especially distal regions, which also express
Lgals9; Fig. 3F), which were validated by RT-qPCR (Fig. 3G).  HLA-G transcripts (Fig. 4C). TFPI transcripts were also present
These findings indicated that TFPI potentially has an intrinsic  in syncytiotrophoblast of villous structures (Fig. 4C), consistent
role in the regulation of rat TS cell differentiation, including con-  with earlier reports (33, 35). We also investigated TFPI transcript
tributing to the acquisition of the endothelial cell-like phenotype.  expression in first-trimester uterine decidual tissue infiltrated
with EVT cells. TFPI transcripts were detected in EVT cells,
TFPI Expression in the Human Placentation Site. TFPI expression  including endovascular trophoblast cells present within arterioles
has previously been demonstrated within the human placenta  located in the uterine decidua (Fig. 4D). The reliability of the
(33-35), suggesting that some aspects of its contributions to tro- locallthlon experiments 1 strengthened b}’ single-cell RNA‘SC‘]
phoblast cell biology could be conserved. However, limited evi- ~ analysis of first-trimester human placentation sites showing that
dence exists for the expression of TFPI in invasive trophoblast ~ 7FPI is expressed in cell clusters possessing features of EVT cells
cells of the human placentation site (referred to as extravillous (37, 38). Thus, TFPI exhibits parallel expression patterns in rat
trophoblast [EVT], Fig. 44). TFPI transcripts were localized to ~ and human placentation sites.
the EVT column (Fig. 4 B-D). Duplex in situ hybridization was
performed to simultaneously localize TFPI and major histocom-  TFPI Is a Regulator of EVT Cell Differentiation. Since TFPI tran-
patibility complex, class I, G (HLA-G) transcripts in first- scripts were readily detected in human EVT cells, we next
trimester placental tissues. HLA-G is a known marker of EVT  explored a role for TFPI in EVT cell differentiation using a
cells (36). TFPI transcripts were localized to trophoblast cells human TS cell culture system (17). Human TS cells were
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Fig. 4. TFPI is expressed in human placentation sites. (A) Schematic diagram of the structure of a human villous. (B) Two images showing localization of
TFPI transcripts (red) to the EVT column and syncytiotrophoblast in the first-trimester human placenta. (C and D) Duplex in situ hybridization of TFPI
(green) and HLA-G (red) in the first-trimester human placenta (C) and in first-trimester EVT cells associated with a uterine spiral arteriole (UA) (D). Note
that TFPI is expressed in HLA-G-positive EVT cells, HLA-G—positive endovascular trophoblast cells, and syncytiotrophoblast cells. (Scale bar: 50 pm.)

maintained in the stem state or induced to differentiate into
EVT cells (17). EVT cell differentiation was characterized by
up-regulation of HLA-G and MMP2 transcripts and a promi-
nent up-regulation of endothelial cell-like transcripts, which
included increased expression of TFPI, THBD, ESAM, FLT4,
and FNI (Fig. 54). A loss-of-function approach using lentiviral
vector-delivered control or 7FPI shRNAs into human TS cells
was implemented to investigate a role for TFPI in EVT cell dif-
ferentiation (Fig. 5B). Inhibition of TFPI mRNA and TFPI
protein expression was confirmed in TFPI shRNA-expressing
human TS cells (Fig. 5 C and D). Loss of TFPI interfered with
EVT cell differentiation. The elongated/spindle-shaped cells
characteristic of in vitro EVT cell differentiation were not
observed following TFPI knockdown (Fig. SE and SI Appendix,
Fig. S3). HLA-G protein expression was notably decreased in
TFPI shRNA-expressing EVT-differentiated cells (Fig. SF).
Instead, TFPI knockdown cells more closely resembled human
TS cells in the stem state (Fig. 5 E and F). To further investigate
the impact of TFPI knockdown on EVT cell differentiation, we

Muto et al.

Intersection of regulatory pathways controlling hemostasis and hemochorial placentation

performed RNA-seq analysis. We identified 354 up-regulated
and 516 down-regulated transcripts in TFPI knockdown versus
control-transduced human TS cells induced to differentiate into
EVTcells (Fig. 5G and Dataset S3). Inhibition of TFPI expres-
sion led to a striking down-regulation of transcripts characteristic
of EVT cell differentiation (e.g., MMP2, ASCL2, CCRI, SNAII,
HLA-G, and IGF2), including transcripts characteristic of an
endothelial cell-like phenotype (e.g., PROCR, FNI, EPASI,
NOTCH?2, PRCPF, HSPG2, PLSCRI, HEGI, and ADAM1I2). Sur-
prisingly, TFPI disruption also led to an up-regulation of tran-
scripts associated with the human TS cell stem state (e.g.,
LIN28A, LRP2, F3, EPCAM, F2RLI, and CLDNG6; Fig. 5H),
which was consistent with morphological observations (Fig. 5E).
These differential patterns of gene expression were validated by
RT-qPCR (Fig. 5 I-K).

The results obtained with rat and human TS cells reveal a
potential conserved action of TFPI in the regulation of invasive
trophoblast cell development. However, it is important to
acknowledge that comparisons between rat and human TS cells
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Fig. 5. TFPl is a regulator of human TS cell differentiation into EVT cells. (A) RT-qPCR analysis of stem cell and differentiated EVT cell states of human TS
cells. Endothelial cell-associated transcripts, including TFPI alpha and beta, were significantly up-regulated in EVT cells. (B) Schematic representation of
lentiviral vector-mediated TFPI knockdown on human TS cells and analysis on EVT cell differentiated state. (C and D) Efficiency of TFPI shRNA (#1) treat-
ment was determined by RT-qPCR for TFP/ alpha and beta (C) and Western blotting for TFPI (D). (E) Representative phase contrast images of stem state
human TS cells and differentiated EVT cells transduced with lentivirus containing control or TFPI shRNA. (Scale bar: 200 pm.) (F) Immunocytochemistry of
HLA-G expression (green) of differentiated EVT cells treated with control and TFP/ shRNAs. (Scale bar: 100 pm.) DAPI marks cell nuclei (blue). (G) MA
plot showing the global transcriptomic changes in differentiated human EVT cells exposed to control or TFPI-specific shRNAs. Colored dots indicate DEGs
(>2-fold with a false discovery rate of P < 0.05; red: up-regulated, blue: down-regulated). (H) Heatmap representation of Z-score-transformed RPKM val-
ues of transcripts predominantly expressed in the stem cell state (Stem features, Left), differentiated EVT cell state (EVT features, Middle). Classification
of stem and EVT cell features were based on RNA-seq analysis of human TS cells in the stem and differentiated EVT cell states (17). Endothelial
cell-associated transcripts (Endothelial cell features, Right) were determined from “Blood vessel morphogenesis” and “Coagulation” gene sets extracted
from GO:0050817 and GO:0048514. (I-K) RT-gPCR validation of selected up- or down-regulated transcripts, including stem cell (), EVT cell (J), and
endothelial cell (K) characteristic transcripts in EVT cells transduced with control or TFPI shRNAs. Asterisks denote P < 0.05.

are challenging. Rat and human TS cells are fundamentally dif-
ferent in their derivation, maintenance, and developmental
potential.

In Vivo Evaluation of a Role for TFPI in the Regulation of Intrauterine
Trophoblast Cell Invasion. Compelling results from in vitro experi-
ments demonstrating a role for TFPI in trophoblast cell differ-
entiation led to the evaluation of the in vivo actions of TFPI in
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hemochorial placentation. A Tfpi mutant mouse generated
using standard homologous recombination in mouse embryonic
stem cells was first reported in 1997 (39). A heterogenous phe-
notype was observed in embryos possessing deficits in TFPI.
About 60% of Tfpi mutant embryos died at midgestation, and
the remaining survived for various durations during the last
half of the pregnancy. Vascular abnormalities were noted in the
yolk sac and placenta associated with the dying embryos.
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Phenotypic analysis of Kunitz domain 1 (K1) Tfpi mutant rat. (A) Schematic representation of the rat Tfpi gene and the disruption of the K1

domain using CRISPR-Cas9 system. The red arrowheads indicate target sites for the guide RNAs used in genome editing. The blue arrows indicate posi-
tioning of the primer set used to amplify the Tfpi K1 domain. K1, Kunitz domain 1; K2, Kunitz domain 2; K3, Kunitz domain 3. (B) DNA sequence analysis
showing a 636-bp deletion within the Tfpi locus, resulting in the deletion of the entire Exon 4, leading to a deletion of the K1 domain and an in-frame
mutation. (C) Genotyping of wild type (**), heterozygous (*~), and homozygous mutant (~/~) Tpi alleles. The wild-type allele (932 bp) and mutant allele
(296 bp) were detected by PCR. M denotes molecular size markers. (D) Litter sizes from Tfpi K1 heterozygous intercrosses. *P < 0.05. (E) Table showing
the Mendelian ratios for gd 10.5 through 17.5 and postdelivery. (F and G) Macroscopic analysis of wild-type and K1 homozygous mutant embryos at
E10.5, E11.5, E12.5, and E13.5 (F) and yolk sac at E11.5 (G). (Scale bar: 1 mm.) (H) Schematic representation of a midgestation placentation site, consisting
of the uterine-placental interface (UPI), junctional zone (JZ), and labyrinth zone (LZ). The blue box in H corresponds to the uterine-placental interface for
1. () Cytokeratin (KRT) immunohistochemical analysis for wild-type and Tfpi K1 mutant placentas (gd 12.5). The lower panels are high-magnification
images of the upper panels. Arrowheads in the upper panels demarcate the depth of intrauterine trophoblast cell invasion. The demarcation of the

decidua (Dec) and UPI is shown as a dashed white line. (Scale bars of upper panels: 500 pm. Scale bars of lower panels: 200 pm.)

Subsequent reports verified these observations in the TFPI-
deficient mouse (40-42). The mouse is an excellent animal
model for elucidating many aspects of hemochorial placenta-
tion (43), but it has limitations as a tool for investigating the
trophoblast cell-uterine interface (11, 13, 14). In contrast, the
rat exhibits extensive intrauterine trophoblast cell invasion and
thus represents a more informative model for studying deep
placentation, a characteristic of human placentation (11-13). In
the rat, invasion is restricted to the movement of trophoblast
cells within decidual arterioles until gestation day (gd) 13.5,
when extensive intrauterine interstitial and endovascular tro-
phoblast cell invasion is initiated and proceeds through the
remainder of pregnancy to fill the mesometrial compartment
(11, 12). We proceeded with two strategies to investigate the
involvement of TFPI in the regulation of trophoblast invasion
and uterine spiral artery remodeling within the rat placentation
site: 1) CRISPR-Cas9 genome editing to disrupt the Tfpi gene
and 2) trophoblast-specific Tfpi silencing.

Muto et al.

Intersection of regulatory pathways controlling hemostasis and hemochorial placentation

CRISPR-Cas9 genome editing of the Tfpi gene. Two mutant rat
models were generated. One mutant Tfpi rat model possessed a
complete deletion of Exon 4 (encoding the first Kunitz domain,
TfpiK!, Fig. 6 A-C), which is the same region targeted in previ-
ously reported Tfpi mutant mice (39-41). A second mutant Tfpi
rat model possessed a one-base-pair insertion within Exon 4,
resulting in a frameshift and a premature stop codon (Tfpi’*?; SI
Appendix, Fig. S4 A-C). At homozygosity, both Tfpi mutations
were associated with intrauterine lethality and showed indistin-
guishable homogenous phenotypes (Fig. 6 D and E and S/
Appendix, Fig. S4 D and E), differing from the heterogenous phe-
notypes described for the mouse (34-36). The etiology of the dif-
ferences in rat versus mouse Tfpi mutant phenotypes may reflect
genetic and/or environment-dependent factors. 7fpi rat mutants
died between gd 13.5 and gd 14.5 (Fig. 6E and SI Appendix, Fig.
S4F) and showed embryonic growth restriction (Fig. 6F and S/
Appendix, Fig. S4F) and avascular yolk sacs at gd 11.5 (Fig. 6G
and SI Appendix, Fig. S4G). Both wild-type and Tfpi mutant
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Fig. 7. Effects of trophoblast-specific Tfpi knockdown on the uterine-placental interface (UPI). (A) Schematic diagram of in vivo lentiviral vector-mediated
trophoblast-specific Tfpi knockdown. Rat blastocysts were transduced with lentivirus-expressing control or Tfpi shRNAs and subsequently transferred to pseu-
dopregnant animals. (B) Efficiency of the Tfpi knockdown in the junctional zone of rat placentation sites were determined by RT-gPCR (gd 15.5 and 18.5).
(C) Fetal and placental weights of control and Tfpi shRNA-transduced embryos (gd 15.5 and gd 18.5). (D) Schematic representation of a midgestation placen-
tation site. The black box corresponds to the location of the UPI. (E) Immunohistochemisty of KRT (green) within the metrial gland at gd 15.5 and 18.5 placen-
tation sites. Depth of intrauterine trophoblast cell invasion was decreased in Tfpi shRNA-transduced placentation sites compared to control. (Scale bar:
500 um.) Arrowheads demarcate the depth of intrauterine trophoblast cell invasion. (F) Quantification of invasive trophoblast cell-specific transcripts (Pri5a1
and Prl7b1) within the UPI (gd 15. 5 and gd 18.5) of control and Tfpi shRNA-exposed placentation sites as measured by RT-qPCR. Asterisks denote P < 0.05.
(G) Immunohistochemisty of KRT (green) and fibrinogen (red) within the gd 15.5 UPI of control and Tfpi shRNA-exposed placentation sites. Fibrinogen
deposition was observed in placentation sites from blastocysts transduced with Tfpi shRNA. (Scale bar: 100 pm.)

placentation sites similarly exhibited evidence of trophoblast cell
invasion into decidual arterioles at gd 12.5 (Fig. 6 H and I and S/
Appendix, Fig. S4H); however, unlike the mouse, embryonic death
uniformly occurred at midgestation and thus precluded assess-
ment of a role for TFPI in the major wave of intrauterine tropho-
blast invasion, which occurs during the last third of gestation (13).
Trophoblast-specific Tfpi silencing. Since Tfpi rat mutants exhib-
ited embryonic death before expansion of the invasive tropho-
blast cell lineage, an alternative loss-of-function strategy was
necessary. Lentiviral trophoblast-specific delivery of control and
Tfpi shRNAs was performed (Fig. 74). Lentiviral delivery of Tfpi
shRNAs was effective (Fig. 7B) and led to significant decreases
in placental and fetal weights (Fig. 7C). Furthermore, in vivo
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knockdown of TFPI arrested intrauterine trophoblast cell inva-
sion on gd 15.5 and gd 18.5, as assessed by cytokeratin immunos-
taining (Fig. 7 D and E) and RT-qPCR assessment of invasive
trophoblast-specific transcripts (Prl5al and Pri7b1; Fig. 7F). Fur-
thermore, disruption of TFPI was associated with abnormal
retention of natural killer (NK) cells at the uterine—placental
interface (SI Appendix, Fig. S5) and a prominent fibrin/fibrinogen
deposition within placentation sites (Fig. 7G). NK cells and
excess fibrin accumulation each possess restraining effects on
intrauterine trophoblast cell invasion (44-48).

Collectively, the experimentation indicates that TFPI exhibits a
conserved role in the regulation of invasive trophoblast cell lineage
development, a fundamental property of hemochorial placentation.
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Discussion

Optimal hemochorial placentation involves uterine vascular
remodeling and achieving an appropriate hemostatic balance
(4,7, 49, 50). TFPI counteracts prothrombotic challenges (18),
including those triggered by placentation. Endothelial cells,
platelets, and other cell types, including trophoblast cells, are
sources of TFPI (19, 21, 33-36, 51). In this report, TFPI was
identified as a major transcript up-regulated during TS cell dif-
ferentiation, a property conserved in rats and humans. At the
placentation site, TFPI was prominently positioned in tropho-
blast cells lining uterine spiral arterioles and other spaces
within the placenta serving as conduits for blood delivery. Thus,
TFPI is positioned to prevent activation of blood coagulation
cascades that could impair blood flow through the placenta.
The “Great Obstetric Syndromes,” including preeclampsia,
intrauterine growth restriction, placenta abruption, and pre-
term birth, are characterized by vascular pathologies and a
failed balance of pro- and anticoagulation activities, including
dysregulated TFPI (15, 27, 35, 50, 52, 53). This critical function
of TFPI in maintaining blood flow at the maternal-fetal inter-
face is now coupled to the role of TFPI in regulating develop-
ment of the invasive trophoblast cell lineage.

Interconnectivity between blood coagulation and placentation
is also observed in antiphospholipid syndrome (54, 55). Patholo-
gies characteristic of antiphospholipid syndrome negatively affect
pregnancy and placentation (54, 55). Most interestingly, antiphos-
pholipid syndrome can be associated with auto-antibodies to
TFPI (56, 57) and impairments in trophoblast cell invasion
(58-60). Thus far, a direct linkage between TFPI neutralization
and abnormalities in deep intrauterine trophoblast cell invasion
or trophoblast cell-guided uterine spiral artery remodeling has
not been reported.

Invasive trophoblast cells are defined based on their destina-
tion. Some invasive trophoblast cells are directed to the uterine
vasculature, where they replace endothelial cells lining vessels and
are termed endovascular invasive trophoblast cells, while others
termed interstitial invasive trophoblast cells migrate to positions
between the uterine vasculature (61). A third destination for inva-
sive trophoblast cells is within the walls of blood vessels. These
cells are termed intramural invasive trophoblast cells (4). Evi-
dence supports invasive trophoblast cells entering arterial, venous,
and lymphatic vessels and uterine glands (61-64). TFPI specifi-
cally marks endovascular invasive trophoblast cells and possesses
intrinsic actions on the development of invasive trophoblast cells.
Trophoblast cell deficits in TFPI lead to a failure in invasive tro-
phoblast cell differentiation. TFPI-depleted human trophoblast
cells retain aspects of stem state cell behavior, including the
up-regulation of trophoblast cell stem state—associated transcripts
(e.g., EPCAM, LIN28A, LRP2, CLDNG, F3, and F2RL]I).

The reciprocal relationship of 7FPI with F3 and F2RLI,
which encode tissue factor and protease activated receptor 2
(PAR2), respectively, during the transition of TS cells from the
stem state to differentiated EVT cells, is intriguing. Tissue
factor—factor VIla complexes activate proteases that signal
through PAR2 and influence cell proliferation, survival, and
metabolism (65-67). Contributions of tissue factor and PAR2
to the regulation of TS cells are yet to be determined.

Among the invasive trophoblast cell lineages, TFPI is promi-
nently expressed in endovascular invasive trophoblast cells.
However, TFPI regulates development of both endovascular
and interstitial invasive trophoblast cells. The relationship of
endovascular and interstitial invasive trophoblast cells is not
well understood (4, 61, 62, 68). In addition to endovascular
invasive trophoblast cells, TFPI is also expressed in the EVT
column and junctional zone, which are sources of invasive tro-
phoblast progenitor cells in humans and rats, respectively. Our
current findings are consistent with TFPI acting on progenitor
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cells seeding both endovascular and interstitial invasive tropho-
blast cell development. It is also important to appreciate that
in vivo TFPI deficits may further thwart trophoblast cell inva-
sion indirectly through the retention and restraining actions of
NK cells (44, 45) and excessive fibrin accumulation (46—48)
within the uterine parenchyma.

We have an understanding of how TFPI regulates blood coag-
ulation (18-20) but only rudimentary knowledge of how TFPI
acts to modulate other cellular functions (29-32), especially tro-
phoblast cell lineage development. TFPI is a Kunitz domain
protease inhibitor and physically associates with factor VIIa and
factor Xa to regulate the tissue factor-mediated protease cas-
cade (18-20, 69, 70). Kunitz domains are a common feature of
expanded protein families specifically expressed by ruminant tro-
phoblast cells during early pregnancy (71-73). Select members
of the ruminant trophoblast Kunitz domain protein family act as
serine protease inhibitors; however, their target proteases and
precise roles in the biology of ruminant pregnancy are not well
defined (72). The first Kunitz domain of TFPI is essential for
successful prenatal development (39); however, the contribution
of any of the three Kunitz domains within TFPI to regulating
the trophoblast cell lineage is not known. TFPI-a has been
shown to physically interact with other proteins present in the
extracellular matrix, including thrombospondin 1 (THBSI, refs.
74 and 75), syndecan 4 (SDC4, refs. 75 and 76), glypicans (75,
77, 78), and laminin (75). TFPI likely interacts with these pro-
teins through its carboxyl terminus (74, 75, 79). THBS1, SDC4,
glypican 3 (GPC3), and laminins have been connected to tropho-
blast cell biology. THBS1 promotes trophoblast cell outgrowth
from mouse blastocysts (80) and is dysregulated in pregnancy
disorders (81, 82), while SDC4 facilitates anticoagulant processes
in the developing placenta (83) and has recently been shown to
regulate EVT cell invasive properties (84). The actions of
THBS1 and SDC4 may be linked (85). Placental GPC3 expres-
sion is diminished in preeclampsia and intrauterine growth
restriction (86, 87), whereas laminin controls TS cell dynamics
(88). Whether TFPI actions on invasive trophoblast cell develop-
ment involve its interaction with SDC4, THBS1, GPC3, or lami-
nin remains to be determined. High-throughput analysis of the
TFPI protein interactome has implicated TFPI in an assortment
of additional cellular functions (89); however, each requires vali-
dation in biologically relevant cell types, including trophoblast
cells.

Trophoblast-guided uterine spiral arteriole remodeling and
hemostatic control at the maternal-fetal interface are funda-
mental to establishing a fully functional hemochorial placenta
and a successful pregnancy. Remarkably, these developmental
processes are intertwined and each exquisitely regulated
through the conserved actions of TFPI.

Materials and Methods

Animals and Tissue Collection. Holtzman Sprague Dawley rat breeding stocks
were obtained from Envigo. Animals were housed in an environmentally con-
trolled facility with lights on from 6:00 AM to 8:00 PM and allowed free access
to food and water. Virgin female rats at 8 to 10 wk of age were cohabited
with adult males (>3 mo of age). The presence of sperm in the vaginal lavage
was considered gd 0.5. Rat embryos were collected by flushing uteri with Ros-
well Park Memorial Institute (RPMI) medium 1640 (11875-093, Thermo Fisher)
at gd 4.5. Pseudopregnant female rats were generated by mating with vasec-
tomized males. Detection of seminal plugs was considered day 0.5 of pseudo-
pregnancy. Rat placental tissues were collected from gd 10.5 through gd 18.5.
Dissections into placental compartments (junctional zone, labyrinth zone, and
metrial gland) were performed as previously described (90, 91). Conceptuses
for histological analysis were frozen in dry ice—cooled heptane and stored at
—80°C. Tissue samples for protein or RNA extraction were frozen in liquid
nitrogen and stored at —80°C. The University of Kansas Medical Center
(KUMCQ) Animal Care and Use Committee approved protocols for the care and
use of animals.
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Human Placentation Site Specimens. Sections of paraffin-embedded first-tri-
mester placenta and placental bed were produced from deidentified speci-
mens obtained at the Lunenfeld-Tanenbaum Research Institute (Mount Sinai
Hospital, Toronto, Canada) or St. Mary’'s Hospital, Manchester, United King-
dom with written informed consent. Prior approval was granted by the
respective local human research ethics review committees at the Mount Sinai
Hospital, Central Manchester Health Trust, and KUMC.

Rat and Human Trophoblast Stem Cells. Blastocyst-derived rat TS cells (16)
were cultured in rat TS cell medium (RPMI 1640, 20% (vol/vol) fetal bovine
serum [FBS, Thermo Fisher], 100 pm 2-mercaptoethanol [M7522, Sigma-
Aldrich], 1 mM sodium pyruvate [11360-070, Thermo Fisher], 50 pM penicillin
[15140122, Thermo Fisher], and 50 U/mL streptomycin [15140122, Thermo
Fisher]) supplemented with 70% rat embryonic fibroblast (REF)-conditioned
medium prepared as previously described (16), fibroblast growth factor 4
(FGF4, 25 ng/mL; 100-31, Peprotech), and heparin (1 pg/mL; H3149, Sigma-
Aldrich). For induction of differentiation, rat TS cells were cultured for 8 d in
rat TS cell medium without FGF4, heparin, or REF-conditioned medium.

Human TS cells (17) were routinely maintained in six-well plates precoated
with 5 pg/mL collagen IV (CB40233, Fisher) containing Basal Human TS Cell
Medium (DMEM/F12 [11320033, Thermo Fisher], with 100 pm 2-mercap-
toethanol, 0.2% [vol/vol] FBS, 50 pM penicillin, 50 U/mL streptomycin, 0.3%
bovine serum albumin [BP9704100, Fisher], 1% Insulin-Transferrin-Selenium-
Ethanolamine solution [vol/vol, Thermo Fisher]) supplemented with 1.5 pg/mL
L-ascorbic acid (A8960, Sigma-Aldrich), 50 ng/mL epidermal growth factor
(E9644, Sigma-Aldrich), 2 uM CHIR99021 (04-0004, Reprocell), 0.5 pM A83-01
(04-0014, Reprocell), 1 uM SB431542 (04-0010, Reprocell), 0.8 mM valproic acid
(P4543, Sigma-Aldrich), and 5 pM Y27632 (04-0012-02, Reprocell). For induc-
tion of EVT cell differentiation, human TS cells were plated onto a 6-well plate
precoated with 1 ug/mL collagen IV at a density of 1 x 10° cells per well and
cultured in EVT Cell Differentiation Medium, which consists of Basal Human
TS Cell Medium supplemented with 100 ng/mL of neuregulin 1 (NRGT,
5218SC, Cell Signaling), 7.5 pM A83-01, 2.5 uM Y27632, 4% KnockOut Serum
Replacement (KSR, 10828028, Thermo Fisher), and 2% Matrigel (CB-40234,
Fisher). On day 3 of EVT cell differentiation, the medium was replaced with
the EVT Cell Differentiation Medium without NRG1, and the Matrigel concen-
tration was decreased to 0.5%. On day 6 of EVT cell differentiation, the
medium was replaced with EVT Cell Differentiation Medium without NRG1 or
KSR and with Matrigel at a concentration of 0.5%. Cells were cultured for two
additional days before analysis.

RNA-seq Analysis. RNA-seq was performed as previously described (91). Rat TS
cells in the stem or differentiated states (n = 3/group), rat differentiated TS cells
expressing control shRNA versus Tfpi shRNA (n = 3/group), and human EVT dif-
ferentiated TS cells expressing control shRNA versus TFPI shRNA (n = 4/group)
were analyzed. Complementary DNA (cDNA) libraries from total RNA samples
(500 ng input) were prepared from lllumina TruSeq RNA sample preparation kits
according to the manufacturer’s instructions. RNA integrity was assessed using
an Agilent 2100 Bioanalyzer. Libraries were clustered onto a TruSeq paired-end
flow cell and were sequenced (100-bp paired-end reads) using a TruSeq 200-
cycle SBS kit (lllumina). Samples were run on lllumina HiSeq2500 sequencers
located at the KUMC Genome Sequencing Facility or at the Genomic Medicine
Center at Children’s Mercy. Reads from fastq files were mapped to RGSC 6.0/rn6
genome (rat) or GRCh37/hg19 genome (human) using CLC Bio Genomics Work-
bench 7.0 (Qiagen), and transcript abundance was expressed as reads per kilo-
base of transcript per million mapped reads (RPKM). DEGs were identified using
false discovery rate (FDR) and fold change (FC) versus control groups (FDR < 0.05;
FC > 2). Principal component analysis (PCA) was performed by R (https:/Avww.r-
project.org/) using the RNA-seq dataset of rat TS cells (stem versus differenti-
ated). Gene set enrichment analysis (GSEA) was run by GSEA version 4.0.3 Mac
App from the Broad Institute (https:/Awww.gsea-msigdb.org/gsea/index.jsp).
Heatmaps were generated using Z-score by R. The gene sets, which exhibit stem
and EVT features, were identified using previously reported human TS cell RNA-
seq data (17). The gene list identified as “endothelial cell feature” was extracted
from GO_COAGULATION (GO:0050817) and GO_BLOOD_VESSEL_MORPHOGEN-
ESIS (GO:0048514) in AmiGO2 (http://amigo.geneontology.org/amigo). Statistical
significance was calculated by empirical analysis of digital gene expression, fol-
lowed by Bonferroni’s correction. Transcripts with an adjusted P value of <0.05
were considered differentially requlated.

RT-qPCR. RT-gPCR was performed as previously described (91). Total RNA was
extracted from cells and tissues using TRIzol reagent (15596018, Thermo-
Fisher). cDNA was synthesized from total RNA for each sample using High
Capacity ¢cDNA Reverse Transcription kit (4368814, Thermo-Fisher), diluted
five times with water, and subjected to gqPCR. PCR primer sequences are
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presented in S/ Appendix, Table S1. Real-time PCR amplification of cDNAs for
gPCR was carried out in a reaction mixture containing SYBR GREEN PCR Mas-
ter Mix (4309155, Thermo-Fisher) and primers (250 nM each). Amplification
and fluorescence detection were carried out using QuantStudio 7 Flex Real-
time PCR System (Thermo-Fisher). Cycling conditions included an initial step
(95 °C for 10 min) and 40 cycles of a two-step PCR (92 °C for 15 s and then 60 °C
for 1 min), followed by a dissociation step (95 °C for 15 s, 60 °C for 15 s, and
then 95°C for 15 s). The comparative cycle threshold method was used for rel-
ative quantification of the amount of mRNA for each sample normalized to a
housekeeping gene (Gapdh for rat samples and POLR2A for human samples).

Immunohistochemistry. Frozen tissue sections (10-um) were prepared and
incubated with 10% normal goat serum (50062Z, Thermo Fisher) for 1 h to
block nonspecific reactivity. Sections were then incubated overnight with the
following primary antibodies: anti-mouse TFPI antibody (1:500, ref. 92), anti-
human cytokeratin (1:500, F3418, Sigma-Aldrich), or anti-rat fibrinogen
(1:500, 11352-05011, Assaypro) and followed by a 2-h incubation with Alexa
488-tagged goat anti-mouse immunoglobulin G (IgG) (1:200, A11001, Thermo
Fisher) or Alexa 568-tagged goat anti-rabbit 1gG (1:200, A11011, Thermo
Fisher). Nuclei were visualized with DAPI (Molecular Probes). Imnmunostained
sections were mounted in Fluoromount-G (0100-01, SouthernBiotech), exam-
ined, and captured on a Nikon 80i upright microscope (Nikon) with a Photo-
metrics CoolSNAP-ES monochrome camera (Roper).

In Situ Hybridization. Detection of rat transcripts for Tfpi, Pri7b1, and Krt8
was performed on cryosections of rat placentation sites, and detection of
human transcripts for TFPI and HLA-G was performed on paraffin-embedded
human placenta tissue sections. The RNAscope 2.5 HD Detection kit (RED) and
the RNAscope Multiplex Fluorescent Reagent Kit version 2 (Advanced Cell
Diagnostics) were used for the in situ hybridization analysis, according to the
manufacturer’s instructions. Probes were prepared to detect rat Tfpi
(NM_017200.1; 878371, target region: 2 to 1,138), rat Pri7b1 (NM_153738.1,
860181-C2, target region: 28 to 900), rat Krt8 (NM_199370.1, 873041-C2, tar-
get region: 134 to 1,472), human TFP/ (NM_006287.5, 562981, target region:
309 to 936), and human HLA-G (NM_002127.5, 426691-C2, target region: 14 to
1,329). Fluorescence images were captured on a Nikon 80i upright microscope
(Nikon) with a Photometrics CoolSNAP-ES monochrome camera (Roper).

Western Blot Analysis. Cell lysates were prepared in radioimmunopreciptation
assay buffer (sc-24948A, Santa Cruz Biotechnology). Protein concentrations were
determined using the detergent compatible (DC) protein assay (5000112JA, Bio-
Rad). Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride membranes.
Immunoreactive proteins were detected with rabbit antibodies to mouse TFPI
(1:500, ref. 91), human TFPI (1:1,000, ref. 93), and glyceraldehyde 3-phosphate
dehydrogenase (1:300, ab9485, Abcam). Immunoreactive proteins were visual-
ized by enhanced chemiluminescence according to the manufacturer’s instruc-
tions (Amersham).

Generation of Rat Models with Tfpi Mutations. Mutations at the rat Tfpi locus
were generated using CRISPR-Cas9 genome editing system. Two guide RNAs
targeting Exon 4 of the Tfpi gene (target sequence: 5'-ACTGCCGGGAGATAGT-
TACA-3, 5-AGGCTTGTGGGAAACCTACC-3; NM_017200.1) were assembled
with crispr RNA, transactivating crRNA, and Cas9 nuclease V3 (Integrated DNA
Technologies). The genome editing constructs were electroporated into
one-cell rat embryos using NEPA21 electroporator (Bulldog Bio). The electropo-
rated embryos were transferred to oviducts of rats on day 0.5 of pseudopreg-
nancy. Offspring were screened for mutations at specific target sites within the
Tfpi gene by PCR, and precise boundaries of deletions determined by DNA
sequencing. Founders were backcrossed with wild-type rats to evaluate germ-
line transmission. Two mutant rat strains were generated: 1) 636-bp deletion
including all of Exon 4 (Tfpi“’), which encodes Kunitz domain 1; and 2) 1-bp
insertion within Exon 4 (Tfpi"®). Phenotypic analyses were performed on off-
spring from intercrosses of heterozygous rats. Genotyping for the Tfpi“’ strain
was performed by PCR (Primers: forward: 5-AAAATGTGGCTAGAAGATTC-3,
reverse: 5'-ACAGTGGGCTAGAAACCTAG-3'), whereas genotyping for Tfpi’®°
was performed by sequencing of a PCR template generated using the same
primer set.

shRNA Constructs and Production of Lentivirus. shRNA constructs were subcl-
oned into pLKO.1. shRNA sequences used in the analyses are shown in S/
Appendix, Table S2. Lentiviral packaging vectors were obtained from Addg-
ene and included pMDLg/pRRE (plasmid 12251), pRSV-Rev (plasmid 12253),
and pMD2.G (plasmid 12259). Lentiviral particles were produced following
transient transfection of the shRNA-pLKO.1 vector and packaging plasmids
into human embryonic kidney (HEK)293FT (Thermo Fisher) cells using
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Attractene (301005, Qiagen) in Opti-MEM | (51985-034, Thermo Fisher). There-
after, cells were maintained in Dulbecco's Modified Eagle Medium (11995-
065, Thermo Fisher) with 10% FBS. Culture supernatants containing lentiviral
particles were collected every 24 h for 2 d. For in vivo lentiviral transduction,
the collected supernatants were concentrated by ultracentrifugation (30,000
X g). The titration of lentiviral particles was determined by measurement of
p24 mRNA levels by RT-qPCR (631235, Clontech).

In Vitro Lentiviral Transduction. Rat and human TS cells were incubated with len-
tiviral particles and selected with puromycin dihydrochloride (5 pg/mL, A11138-03,
Thermo Fisher) for 2 d. Puromycin was removed during cell differentiation.

Ex Vivo Lentiviral-Mediated Trophoblast-Specific Transduction. Lentiviral-medi-
ated trophoblast transduction was performed as previously described (94). Rat
blastocysts were collected on gd 4.5 and incubated in mR1ECM medium (R0114,
CytoSpring). Zona pellucidae were removed with acidic Tyrode’s solution (MR-
004-D, EMD Millipore) and incubated with concentrated lentiviral particles in
mR1ECM medium at a concentration of 6 x 108 IFU/mL for 5 h. The transduced
blastocysts were washed with fresh mR1ECM medium and transferred to uteri
of gd 3.5 pseudopregnant rats for subsequent evaluation of control and Tfpi
knockdown and placentation site phenotypes on gd 15.5 and gd 18.5.
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