EXOSOMAL COMMUNICATION OF PLACENTA MICRORNA
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transferred into Jurkat cells. Expression of PRKGT in jurkat cells cultured with vehicle, Wt-Ex, or 517a-Ex for 48 h was evaluated by real-time PCR. Data
were normalized to GAPDH. Expression in Jurkat cells incubated without exosomes (Vehicle) was defined as 1. B) PRKG7 3'-UTR luciferase reporter
assay in Jurkat cells treated with BeWo exosomes. jurkat cells transfected with pMIR-cont or pMIR-PRKG1 were incubated with Wt-Ex or 517a-Ex (each 50
pg/ml) for 48 h at 37°C. Luciferase activity in cells transfected with pMIR-cont was defined as 1. E) TrypLE digestion of Jurkat cells after incubation with
BeWo exosomes. Jurkat cells were incubated with BeWo exosomes (Wt-Ex) for 24 h and then treated with (+) or without (=) TrypLE. Expression of miR-
517a-3p in Jurkat cells was evaluated by real-time PCR. Data were normalized to SNORD44. Expression in cells without TrypLE treatment was defined as
1. F) Real-time PCR analysis of miR-7 in Jurkat cells incubated with BeWo exosomes. jurkat cells were treated with Pre-miR-NC-loaded exosomes (NC-Ex)
or Pre-miR-1-loaded exosomes (1-Ex), each 50 pg/ml, for 24 h at 37°C. Data were normalized to SNORD44. Expression in Jurkat cells incubated with NC-
Ex was defined as 1. G) TWFT silencing by exosomal miR-1 transferred into Jurkat cells. Expression of TWFT in jurkat cells cultured with NC-Ex or 1-Ex for
24 h was evaluated by real-time PCR. Data were normalized to GAPDH. Expression in Jurkat cells incubated with NC-Ex was defined as 1. Data are
means = SD from three (A-D, F, and G) and six (E) independent examinations. Student t-test (A, D-G) or Tukey test (B and C); **P < 0.01, ***P < 0.001.
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were detected in maternal MINCs before delivery (data not
shown). Furthermore, we evaluated the expression of miR-
517a-3p and miR-518b in maternal NK and Treg cells (Fig. 5,
A and B) because these cell types play important roles in the
maintenance of pregnancy [34, 35]. In NK cells, abundant miR-
517a-3p and miR-518b were detected before delivery; the
levels of these miRNAs were significantly reduced at 4 days
after delivery (Fig. 5, A and B). In contrast, negligible levels of
miR-517a-3p and miR-518Db were detected in Treg cells even
before delivery; no differences were found in miRNA levels
between before and after delivery (Fig. 5, A and B). In
addition, miR-517a-3p and miR-518b were undetectable in NK
and Treg cells from women with no history of pregnancy (Fig.
5, A and B). We also investigated whether expression of
PRKGI mRNA in maternal NK and Treg cells changes after
delivery. As shown in Figure 5C, expression of PRKG/! in
maternal NK cells was significantly upregulated at 4 days after
delivery. In maternal Treg cells, the change of PRKGI levels
was not significant (Fig. 5C). Expression levels of transferred
exosomal miR-517a-3p and its target PRKGImRNA were
inversely correlated and were dependent on pregnancy status,
supporting the above-mentioned hypothesis that placental
exosomal miRNAs modulate the expression of target genes
in maternal immune cells.

To determine whether the uptake of placenta-associated
miRNA miR-517a-3p into maternal immune cells is dependent
on exosomes, we employed an in vitro cell-cell communication
model, this time employing male NK and Treg cells instead of
Jurkat cells. A significant increase in miR-517a-3p levels was
detected in NK cells treated with BeWo wild-type exosomes
compared with NK cells incubated without BeWo exosomes
(Fig. 5D), providing direct evidence that BeWo exosomes can
deliver miR-517a-3p to NK cells. Unlike maternal Treg cells,
exosome-mediated uptake of miR-517a-3p into Treg cells was
observed in this in vitro model system; however, lower levels
of miR-517a-3p were transferred into Treg cells than into NK
cells (Fig. 5D).

DISCUSSION

Until recently, intercellular communication had been
thought to be take place only through cell-to-cell adhesion
conduits or secreted signals, such as hormones, cytokines, and
neurotransmitters. In addition to these, exosomal RNAs and
proteins have been shown to play an important role in
intercellular communication [10, 36, 37]. During pregnancy,
exosomes are involved in cell-to-cell communication between
the placenta and peripheral blood immune cells. For example,
Taylor et al. [38], Sabapatha et al. [39], and Atay et al. [40]
reported that placenta-derived exosomes exist in the maternal
circulation and suppress T-cell signaling components. Howev-
er, these functional studies measured placental exosome-
associated proteins, such as Fas ligand, MHC class I chain-
related proteins, and fibronectin. Although it is likely that
exosomal C19MC miRNAs coniribute to placental-maternal
communication, few studies have examined whether exosomal
placenta-associated miRINAs modulate the expression of their
targets in recipient maternal immune cells.

In the present study, we investigated the possible involve-
ment of exosomal placenta-associated miRNAs in communi-
cation between trophoblasts and immune cells using in vitro
and in vivo approaches. First, we employed an in vitro model
system. We attempted to search target genes of placenta-
associated miRNA miR-517a-3p using an in vitro trophoblast
(BeWo)-immune cell (Jurkat) model system because little has
been reported on experimentally validated targets of miR-517a-

3p. In the present study, we identified PREGI as a target gene
of the placenta-associated miR-5174-3p (Fig. 3) and demon-
strated that BeWo exosomal miR-517a-3p was transferable to
Jurkat cells and suppressed the expression of PREGI mRNA
within the recipient cells (Fig. 4). Next, using maternal
peripheral blood cells as an in vivo approach, we confirmed
that miR-517a-3p in the maternal circulation was delivered into
NK cells in peripheral blood as it was into Jurkat cells in vitro.
We revealed a negafive correlation between the expression
levels of transferred exosomal miR-517a-3p and its target
mRNA PRKGI in maternal NK cells before and after delivery
(Fig. 5, A and C). In addition, we presented that miR-517a-3p
was transferred into NK cells via BeWo exosomes (Fig. 5D).
These in vivo and in vitro results suggest that exosome-
mediated transfer of placenta-associated miRNAs and subse-
quent modulation of their target genes occur in maternal NK
cells during pregnancy.

PRKGI1 is a serine/threonine kinase that acts as a key
mediator of the nitric oxide (NO)/cGMP signaling pathway
[41, 42]. PRKG1 plays a central role in regulating cardiovas-
cular and neuronal functions in addition to relaxing smooth
muscle tone, preventing platelet aggregation, and modulating
cell growth. In mammals, PRKG1 is strongly expressed in
smooth muscle, platelets, cerebellum, hippocampus, dorsal root
ganglia, the end plates of neuromuscular junctions, and kidney
[43, 44]. In terms of PRKGI in immune cells, Fischer et al.
[45] reported that the NO/cGMP/PRKGI1 signaling system
negatively regulates T-cell activation and proliferation. Al-
though the biological function of PRKG1 in NK cells is
unclear, our present data together with previous findings
suggest that miR-517a-3p is involved in regulating the
activation and proliferation of maternal immune cells by
inhibiting NO/cGMP/PRKG] signaling.

Placenta-associated miRINAs were reduced in maternal NK
cells rapidly after delivery (Fig. 5, A and B). What mechanism
is involved in this rapid clearance of placenta-associated
miRNAs in NK cells? There are some possible explanations for
rapid turnover dynamics of placenta-associated miRNAs in NK
cells. First, it is possible that the supply of placenta exosomes,
including placenta-associated miRNAs, is stopped after a
termination of pregnancy. Another explanation may be that
rapid degradation of miRNAs occurs in NK cells. Because
placenta-associated miRNA levels in maternal plasma de-
creased dramatically after delivery [20], it seems likely that the
halt of the supply of placenta exosomes affects rapid clearance
of placenta-associated miRINAs rather than miRNA turnover in
NK cells.

Natural killer cells are well known to play important roles in
the maintenance of human pregnancy [34]. Although we
identified one target gene of miR-517a-3p using the in vitro
model system used in this study, we could not find other target
genes that are associated with immune tolerance in pregnancy.
A single miRNA targets multiple mRNAs, and a single mRINA
is regulated by multiple miRNAs. This relationship between
miRNAs and target genes makes it difficult to study the
functional roles of miRNAs. Recently, Olarerin-George et al.
[46] have shown miR-517a-3p to be a potent activator of
nuclear factor-kappa B signaling. Nuclear factor-kappa B plays
pivotal roles in immune response [47]. Further identification of
targets of these miRNAs and studies of their functions are
warranted to comprehensively understand the precise mecha-
nisms by which placental exosomal miRNA-mediated modu-
lation of maternal NK cells contributes to fetomaternal
immunotolerance during pregnancy.

The specificity of the exosome-mediated communication
between trophoblasts and immune cells remains to be
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FIG. 5. Transferred placenta-associated miRNAs in the peripheral blood immune cells of pregnant women. A and B) Quantification of transferred
placenta-associated miRNAs in maternal immune cells. Transferred miR-517a-3p (A) and miR-518b (B) were measured by real-time PCR in NK and Treg
cells isolated from maternal peripheral blood samples at 1 day before delivery (Pre) and 4 days after delivery (Post). NK, n=15; Treg, n=9. The NK and
Treg cells were also obtained from nonpregnant women with no history of pregnancy (NP; n=5). Data were normalized to SNORD44. Expression in NK
before delivery was defined as 1. Lines inside boxes denote medians; boxes represent the interquartile range; and whiskers extend to the most extreme
values within 1.5 times the interquartile range. C) Differential expression of PRKG7 mRNA in maternal peripheral blood immune cells before and after
delivery. PRKGT expression in maternal NK cells (n=5) and Treg cells (n = 6) obtained from pregnant women both 1 day before delivery (Pre) and 4 days
after delivery (Post) was investigated by real-time PCR. Data were normalized to GAPDH. Expression in NK before delivery was defined as 1. D) In vitro
transfer of BeWo miR-517a-3p into male NK and Treg cells. After incubation of each cell type in the presence (Wt-Ex) or absence (Vehicle) of BeWo wild-
type exosomes (50 pg/ml) for 48 h at 37°C, levels of transferred miR-517a-3p were analyzed by real-time PCR (n =5 each). Data were normalized to
SNORD44. Expression in Treg cells incubated with exosomes was defined as 1. Data are means = SD. Kruskal-Wallis test; *P < 0.05, **P < 0.01.

elucidated. Exosomes differ in their cellular origin [48]. Thus,

cell lines were primarily employed. Differential ultracentrifu-
cell type-specific molecules on the cell surface of exosomes

gation employed in this study could not separate relatively

may promote specific delivery to target cells. In addition to the
exosome-mediated communication between BeWo and Jurkat
cells, we investigated the possible involvement of miR-517a-3p
in exosome-mediated communication between BeWo and
human umbilical vein endothelial cells. Although BeWo
exosomal miR-517a-3p was transferable to human umbilical
vein endothelial cells as well as Jurkat cells, it suppressed the
expression of different target genes within the nonimmune
recipient cells (our unpublished data). The mechanism by
which placental exosomes preferentially target and modulate
specific cells has not yet been determined. In the present study,

large vesicles (e.g., 150- to 200-nm vesicles). As reported by
Bobrie et al. [49], improved techniques will be needed to
accurately purify the different populations of extracellular
vesicles. To further characterize trophoblast-derived exosomes
(e.g., the cell surface properties and target cell-specific
delivery) and reveal the functional roles of exosome-mediated
placenta-associated miRINAs in maternal NK cells, future work
should be performed using a combination of primary immune
cells and exosomes isolated from primary human trophoblasts.

Article 129

‘640" poida4|010 MMM WO PEPEOJUMO(]




KAMBE ET AL.

ACKMOWLEDGMENT

The authors are indebted to Mr. Takuji Kosuge, Ms. Kazuko Tanaka,
and Ms. Yoshimi Hinohara (Nippon Medical School) for their technical
assistance.

REFERENCES

1. Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from
biogenesis and secretion to biological function. Immunol Lett 2006;
107:102-108.

2. Thery C, Zitvogel L, Amigorena 8. Exosomes: composition, biogenesis
and function. Nat Rev Immunol 2002; 2:569-579,

3. Caby MP, Lankar D, Vincendeau-Scherrer C, Raposo G, Bomnerot C.
Exosomal-like vesicles are present in human blood plasma. Int Immunol
2005; 17:879-887.

4. Pisitkun T, Shen RF, Knepper MA. Identification and proteomic profiling
of exosomes in human urine, Proc Natl Acad Sci U S A 2004; 101:
13368-13373.

5. Poliakov A, Spilman M, Dokland T, Amling CL, Mobley JA. Structural
heterogeneity and protein composition of exosome-like vesicles (prosta-
somes) in human semen. Prostate 2009; 69:159-167.

6. Reinhardt TA, Lippolis JD, Nonnecke BJ, Sacco RE. Bovine milk
exosome proteome. J Proteomics 2012; 75:1486-1492.

7. Ogawa Y, Miura Y, Harazono A, Kanai-Azuma M, Akimoto Y,
Kawakami H, Yamaguchi T, Toda T, Endo T, Tsubuki M, Yanoshita R.
Proteomic analysis of two types of exosomes in human whole saliva. Biol
Pharm Bull 2011; 34:13-23.

8. Camussi G, Deregibus MC, Bruno S, Cantaluppi V, Biancone L.
Exosomes/microvesicles as a mechanism of cell-to-cell communication.
Kidney Int 2010; 78:838-848.

9. Mathivanan S, Fahner CJ, Reid GE, Simpson RJ. ExoCarta 2012: database
of exosomal proteins, RNA and lipids. Nucleic Acids Res 2012; 40:
D1241~D1244.

10. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO.
Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat Cell Biol 2007; 9;
654-659.

11. He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene
regulation. Nat Rev Genet 2004; 5:522-531.

12. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell
2009; 136:215-233.

13. Kogure T, Lin WL, Yan IK, Braconi C, Patel T. Intercellular nanovesicle-
mediated microRNA. transfer: a mechanism of environmental modulation
of hepatocellular cancer cell growth. Hepatology 2011; 54:1237-1248.

14. Bentwich I, Avniel A, Karov Y, Aharonov R, Gilad S, Barad O, Barzilai
A, Einat P, Einav U, Meiri E, Sharon E, Spector Y, et al. Identification of
hundreds of conserved and nonconserved human microRNAs. Nat Genet
2005; 37:766-770.

15. Noguer-Dance M, Abu-Amero S, Al-Khtib M, Lefevie A, Coullin P,
Moore GE, Cavaille J, The primate-specific microRNA gene cluster
(C19MC) is imprinted in the placenta. Hum Mol Genet 2010; 19:
3566-3582.

16. Morales-Prieto DM, Ospina-Prieto S, Schmidt A, Chaiwangyen W,
Markert UR. Elsevier Trophoblast Research Award Lecture: origin,
evolution and future of placenta miRNAs. Placenta 2014; 35(suppl):
S$39-845.

17. Flor 1, Bullerdiek J. The dark side of a success story: microRNAs of the
C19MC cluster in human tumours. J Pathol 2012; 227:270-274.

18. Delomme-Axford E, Bayer A, Sadovsky Y, Coyne CB. Autophagy as a
mechanism of antiviral defense at the maternal-fetal interface. Autophagy
2013; 9:2173-2174.

19. Delorme-Axford E, Donker RB, Mouillet JF, Chu T, Bayer A, Ouyang Y,
Wang T, Stolz DB, Sarkar SN, Morelli AE, Sadovsky Y, Coyne CB.
Human placental trophoblasts confer viral resistance to recipient cells.
Proc Natl Acad Sci U S A 2013; 110:12048-12053.

20. Luo SS, Ishibashi O, Ishikawa G, Ishikawa T, Katayama A, Mishima T,
Takizawa T, Shigihara T, Goto T, Izumi A, Ohkuchi A, Matsubara S, et al.
Human villous trophoblasts express and secrete placenta-specific micro-
RNAs into maternal circulation via exosomes. Biol Reprod 2009; 81:
717-729.

21. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-
Agadjanyan EL, Peterson A, Noteboom J, O’Briant KC, Allen A, Lin DW,
Urban N, et al. Circulating microRNAs as stable blood-based markers for
cancer detection. Proc Natl Acad Sci U S A 2008; 105:10513-10518.

22. Kotlabova K, Doucha J, Hromadnikova I. Placental-specific microRNA in
maternal circulation—identification of appropriate pregnancy-associated

— 100 —

10

23,

24.
“and relative quantification of placenta-specific micromas in maternal

25.

26.

27.

28.

29.

30.

31

32,

33.

34,

36.

37.

38.

39.

40,

41.

42,

43,

45.

46.

microRNAs with diagnostic potential. J Reprod Immunol 2011; 89:
185-191.

Miura K, Miura S, Yamasaki K, Higashijima A, Kinoshita A, Yoshiura K,
Masuzaki H. Identification of pregnancy-associated microRNAs in
maternal plasma. Clin Chem 2010; 56:1767-1771.

Hromadnikova I, Kotlabova K, Doucha J, Dlouha X, Krofta L. Absolute

circulation with placental insufficiency-related complications. ¥ Mol Diagn
2012; 14:160-167.

Hao 8, Yuan J, Xiang J. Nonspecific CD4(+) T cells with uptake of
antigen-specific dendritic cell-released exosomes stimulate antigen-
specific CD8(+) CTL responses and long-term T cell memory. J Leukoc
Biol 2007; 82:829--838.

Bennett WA, Brackin MN, Long CA, Cowan BD. Immunosuppression by
conditioned media derived from a cloned choriocarcinoma cell line in
serum-supplemented and defined media. Am J Reprod Immunol 1995; 33:
108-113.

Gillis S, Watson J. Biochemical and biological characterization of
lymphocyte regulatory molecules. V. Identification of an interleukin 2-
producing human leukemia T cell line.J Exp Med 1980; 152:1709-1719.
Thery C, Amigorena S, Raposo G, A. Clayton Isolation and character-
ization of exosomes from cell culture supernatants and biological fluids.
Curr Protoc Cell Biol 2006; Chapter 3:Unit 3.22.

Sakai T, Sarawatari T, Fukushima O, Saito T. The covering method: an
improved negative staining method for ultrathin cryo-sections of tissue. J
Electron Microsc (Tokyo) 1995; 44:479-484,

Donker RB, Mouillet JF, Chu T, Hubel CA, Stolz DB, Morelli AE,
Sadovsky Y. The expression profile of C19MC microRNAs in primary
human trophoblast cells and exosomes. Mol Hum Reprod 2012; 18:
417-424.

Morales-Prieto DM, Chaiwangyen W, Ospina-Prieto S, Schaeider U,
Herrmann J, Gruhn B, Markert UR. MicroRNA expression profiles of
trophoblastic cells. Placenta 2012; 33:725-734.

Ng Y8, Roca H, Fuller D, Sud S, Pienta KJ. Chemical transfection of dye-
conjugated microRNA precursors for microRNA functional analysis of
M2 macrophages. J Cell Biochem 2012; 113:1714-1723,

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J,
Bartel DP, Linsley PS, Johnson JM. Microarray analysis shows that sorne
microRNAs downregulate large numbers of target mRNAs. Nature 2005;
433:769-773. )

Saito S, Nakashima A, Myojo-Higuma S, Shiozaki A. The balance
between cytotoxic NK cells and regulatory NK cells in human pregnancy.
J Reprod Immunol 2008; 77:14-22.

. Arck PC, Hecher K. Fetomaternal immune cross-talk and its consequences

for maternal and offspring’s health. Nat Med 2013; 19:548-556.
Ratajczak J, Wysoczynski M, Hayek F, Janowska-Wieczorek A, Ratajczak
MZ. Membrane-derived microvesicles: important and underappreciated
mediators of cell-to-cell communication. Leukemia 2006; 20:1487-1495.
Simons M, Raposo G. Exosomes-vesicular carriers for intercellular
communication. Curr Opin Cell Biol 2009; 21:575-581.

Taylor DD, Akyol S, Gercel-Taylor C. Pregnancy-associated exosomes
and their modulation of T cell signaling. J Immuncl 2006; 176:1534—1542.
Sabapatha A, Gercel-Taylor C, Taylor DD. Specific isolation of placenta-
derived exosomes from the circulation of pregnant women and their
immunoregulatory consequences. Am J Reprod Immunol 2006; 56:
345-355.

Atay S, Gercel-Taylor C, Taylor DD. Human trophoblast-derived
exosomal fibronectin induces pro-inflammatory IL-1beta production by
macrophages. Am J Reprod Immunol 2011; 66:259-269.

Hofmann F, Feil R, Kleppisch T, Schlossmann J. Function of cGMP-
dependent protein kinases as revealed by gene deletion. Physiol Rev 2006;
86:1-23.

Hofmann F, Wegener JW. cGMP-Dependent Protein Kinases (cGK).
Methods Mol Biol 2013; 1020:17-50.

Keilbach A, Ruth P, Hofmann F. Detection of cGMP dependent protein
kinase isozymes by specific antibodies. Eur J Biochem 1992; 208:
467-473.

. Feil S, Zimmermann P, Knom A, Brummer S, Schlossmann J, Hofmann F,

Feil R. Distribution of cGMP-dependent protein kinase type I and its
isoforms in the mouse brain and retina. Neuroscience 2005; 135:863-868.
Fischer TA, Palmetshofer A, Gambaryan S, Butt E, Jassoy C, Walter U,
Sopper S, Lohmann SM. Activation of cGMP-dependent protein kinase
Ibeta inhibits interleukin 2 release and proliferation of T cell receptor-
stimulated human peripheral T cells. J Biol Chem 2001; 276:5967-5974.
Olarerin-George AO, Anton L, Hwang YC, Elovitz MA, Hogenesch JB, A
functional genomics screen for microRNA regulators of NF-kappaB
signaling. BMC Biol 2013; 11:19.

Article 129

*610°poJdaljoIg MW LLIOJ) PEPEOJUMOC]




EXOSOMAL COMMUNICATION OF

47. Hayden MS, West AP, Ghosh S. NF-kappaB and the immune response. 49.
Oncogene 2006; 25:6758-6780.

48. Katsuda T, Kosaka N, Ochiya T. The roles of extracellular vesicles in
cancer biology: toward the development of movel cancer biomarkers.
Proteomics 2014; 14:412-425.

11

— 101 —

PLACENTA MICRORNA

Bobrie A, Colombo M, Krumeich S, Raposo G, Thery C. Diverse
subpopulations of vesicles secreted by different intracellular mechanisms
are present in exosome preparations obtained by differential ultracentri-
fugation. J Extracell Vesicles 2012; 1:18397.

Article 129

"0’ po.d@l|oIg MMM LLIOJ) PEPEOJUMO(]




PEDIATRICS Offcial Journalof
’NTER NAT’ONAL Pediet?ic Society ! o

Pediatrics International (2014) 56, 559-565

doi: 10.1111/ped.12324

Original Article

Intrauterine growth restriction modifies gene expression profiling
in cord blood
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Absiract Background: Small-for-gestational-age (SGA) newborns are at an increased risk for perinatal morbidity and mortality
and development of metabolic syndromes such as cardiovascular disease and type 2 diabetes mellitus (T2DM) in
adulthood. The mechanism underlying this increased risk remains unclear. In this study, genetic modifications of cord
blood were investigated to characterize fetal change in SGA newborns.

Methods: Gene expression in cord blood cells was compared between 10 SGA newborns and 10 appropriate-for-
gestational-age (AGA) newborns using microarray analysis. Pathway analysis was conducted using the Ingenuity
Pathways Knowledge Base. To confirm the microarray analysis results, quantitative real-time polymerase chain reaction
(RT-PCR) was performed for upregulated genes in SGA newborns.

Resulis: In total, 775 upregulated and 936 downregulated probes were identified in SGA newborns and compared with
those in AGA newborns. Of these probes, 1149 were annotated. Most of these genes have been implicated in the
development of cardiovascular disease and T2DM. There was good agreement between the RT-PCR and microarray
analyses results.

Conclusions: Expression of certain genes was modified in SGA newborns in the fetal period. These genes have been
associated with metabolic syndrome. To clarify the association between modified gene expression in cord blood and
individual vulnerability to metabolic syndrome in adulthood, these SGA newborns will be have long-term follow up for
examination of genetic and postnatal environmental factors. Gene expression of cord blood can be a useful and
non-invasive method of investigation of genetic alterations in the fetal period.

Key words cord blood, gene expression, intrauterine growth restriction, metabolic syndrome, microarray analysis.

Intrauterine growth restriction (IUGR) is used to designate a
fetus that has not reached its growth potential; it can be caused by
fetal, placental, or maternal factors.! TUGR results in the birth of
an infant who is small for gestational age (SGA).! SGA newborns
are at increased risk for perinatal morbidity, mortality, and
adverse developmental outcome.”* After Barker er al. reported an
association between restricted fetal growth and increased risk of
mortality from cardiovascular disease in adulthood,® several
studies noted the same or similar results in a variety of
ethnicities.>” Using several animal models of TUGR, other
studies have confirmed the association between restricted fetal
growth and increased risk of developing metabolic and cardio-
vascular disease in the future.’'® Despite the evidence of the
relationship between fetal undernutrition and adult diseases,”™°
the specific mechanism underlying this increased risk remains
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unclear. In the recent studies, they hypothesized that fetal and
neonatal undernutrition may lead to epigenetic alterations, result-
ing in an increased susceptibility to development of metabalic
syndrome and other chronic diseases in adulthood.!""3 The high
rate of DNA synthesis of the fetal and neonatal genome is par-
ticularly vulnerable to environmental factors, and the elaborate
DNA methylation pattern required for normal tissue development
is established during the early stages of fetal development.**

The microarray method provides a means to examine the
expression profiles of several hundred genes. In combination
with this method, pathway analysis technologies allow the
mapping of gene expression data into the relevant pathway maps
on the basis of their functional annotation and known molecular
interactions.”® Previous studies have shown that the total RNA
derived from circulating blood can be used to distinguish control
subjects and patients with certain diseases.’®!” Cord blood is a
non-invasive and readily available source of fetal cells. In this
study, the global gene expression profiling of SGA newborns was
characterized in cord blood cells using Affymetrix Gene Chip
technology by comparing appropriate-for-gestational-age (AGA)
with SGA newborns.
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Methods
Subjects

In this study, SGA was defined as birthweight and height below
the 10th percentile of the local sex-specific distribution for ges-
tational age, and AGA as these parameters between the 10th
and 90th percentiles for gestational age. Singleton newborns
were selected, and those with congenital malformations or
exposure to intrauterine infection were excluded. After applica-
tion of these criteria, 10 SGA newborns and 10 AGA newborns
were included in the study. The AGA newborns were randomly
selected from among infants whose birthweight and height
matched these criteria. This study was approved by the
Research Ethics Committee of the University of Toyama.
Written informed consent was obtained from the families of all
participants before the study.

RNA exiraction from whole biood

Whole blood samples (0.5 mL) were obtained from umbilical
cords, conserved in RNA later® (Ambion, Austin, TX, USA)
following the manufacturer’s instructions and stored at —20°C.
Following complete thawing, RNA later® was eliminated by
centrifugation. Total RNA was extracted from cord blood cells
using a RiboPure-Blood Kit (Ambion) and treated with DNase I
(Ambion) for 30 min at 37°C to remove residual genomic DNA.
Whole blood messenger (m)RINA consists of a relatively large
population of globin mRNA transcripts. Because globin mRNA
interferes with the expression profiling of whole blood samples,
o and B globin mRNA were depleted from the total RNA prepa-
rations using a GLOBIN clear Kit (Ambion).

Microarray hybridization and pathway analysis

Gene expression profiling of cord blood cells from AGA and
SGA newborns was performed on an Affymetrix HG-U133A
plus 2.0 array that was spotted with 54 674 probe sets
(Affymetrix, Santa Clara, CA, USA). In this study, a total of 20
arrays were used: 10 for the AGA newborns and 10 for the
SGA newboms. Samples were prepared for array hybridization
following the manufacturer’s instructions. In short, biotin-
labeled complementary (c)RNA was prepared from 500 ng of
globin-depleted total RNA using a 3-IVT Express Kit
(Affymetrix) and hybridized to the array. The arrays were
scanned with a probe array scanner. The data files (CEL files)
resulting from the analysis using the Affymetrix GCOS soft-
ware were imported into GeneSpring GX 11.0 software
(Agilent Technologies, Santa Clara, CA, USA) to exiract the
differentially expressed genes in the cord blood of SGA and
AGA newborns.

Quantiiative real-time polymerase chain reaction

To confirm the microarray analysis results, quantitative real-time
polymerase chain reaction (RT-PCR) was performed to examine
'mRNA expression in four genes: fibronectin 1 (FNI), collagen
“type lalpha2 (COLIA2), famesyl diphosphate synthase (FDPS)
and mitochondrial tumor suppressor 1 (MTUSI). Complemen-
tary DNA (cDNA) was synthesized from total RNA (1 pig) using

© 2014 Japan Pediatric Society

an oligo (dT) 16 primer and Omniscript reverse transcriptase
(Qiagen, Hilden, Germany). RT-PCR was performed using Bril-
liant T Ultra-Fast SYBR Green QPCR Master Mix (Agilent
Technologies, Tokyo, Japan) and a Mx3000P QPCR system
(Agilent Technologies). The following primer pairs were used:
FNI: forward, 5'-gagagaagtgggaccgtcag-3'; reverse, 5'-tggcacc
gagataticetic-3"; COLIA2: forward, 5’-gcceaacctgaaaacateee-3;
reverse, 5’-aggitgccagtetcctcate-3", FDPS: forward, 5'-aggacaaca
aatgcagctgg-3"; reverse, 5'-ggtgctgcgtactgttcaat-3'; MTUSI:
forward, 5’-gaaagctcggatggacaage-3'; 1everse, 5'-gtccceattgtg
cagtttce-3’. RT-PCR was performed under the following condi-
tions: 95°C for 10s and 60°C for 30 s. All mRNA expression
was normalized with respect to the mRNA of glyceraldehyde
phosphate dehydrogenase (GAPDH).

~ Cluster 1

~ Cluster 2

Normalized intensity values

45 0 45

Fig. 1 Hierarchical clustergram. Each probe set is represented
by a single row of colored bars. Red, upregulated; and green,
downregulated; black, no change. Each line represents a cord blood
sample from among the appropriate-for-gestational-age (AGA;
n = 10) and small-for-gestational-age (SGA; n = 10) newborns.
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Table 1 Neonatal and maternal characteristics

GA Sex Delivery Birthweight Birth Cord Placental Cord Maternal Pregnancy
® height (cm) blood pH weight (g) insertion Age Height Weight BMI weight

, (years)  (cm) (@ gain (kg)
SGA 1 39 weeks 5 days M \% 2400 46 7.31 440 Central 30 157 55 22.3 8.9
2 39 weeks 4 days M v 2430 46 7.25 430 Marginal 31 154 46.2 19.5 7.8
3 39 weeks 5 days F v 2066 43 7.30 330 Velamentous 28 159 48. 19 8

4 40 weeks 0 days F v 2194 45 7.36 340 Marginal 26 155 48 20 12.5
5 37 weeks 2 days F C 1960 435 7.23 345 Eccentric 31 160 64 25 7.8
6 37 weeks 6 days M C 2214 43 7.40 270 Central 21 151 52 219 35
7 37 weeks 0 days M v 2070 40 7.35 440 Marginal 32 153 40 17.1 8

8 38 weeks 1 days F v 2398 435 7.33 510 Marginal 25 148 40 18.3 10

9 39 weeks 4 days F C 2054 44 7.33 430 Marginal 33 154 48 20.2 8

10 38 weeks 3 days M C 2355 442 7.22 375 Central 34 153 47 20.1 8
Mean 38 weeks 4 days 2214 43.8 7.31 391 29.1 154.4 48.8 203 8.3
AGA 1 40 weeks 3 days F v 3224 50.5 731 605 Central 35 155 58 24.1 10.8
2 38 weeks 2 days F v 2814 50 7.35 584 Central 26 157 52 21.1 9

3 38 weeks 0 days M A\ 2684 46.5 7.30 580 Marginal 31 149 44 19.8 59
4 38 weeks 1 days F C 2840 48.5 7.31 400 Central 39 168 61 21.6 6

5 39 weeks 2 days F A% 2904 49.5 731 640 Marginal 37 149 42 18.9 6.5
6 37 weeks 2 days M C 3220 47 7.25 622 Central 35 167 54.5 19.5 9

7 39 weeks 2 days M v 3334 51 7.30 800 Central 25 168.5 56 19.7 11.3
8 40 weeks 3 days M A% 3392 . 50.5 7.33 600 Central 25 162 65 24.8 14.8
9 39 weeks 5 days M v 3014 495 7.39 520 Marginal 37 154 50 21.1 93
10 37 weeks 0 days F C 2530 47.5 7.30 590 Central 39 149 44 199 9
Mean 38 weeks 5 days 2996 49.1 7.31 595 33 157.9 52.7 21.1 9.2

AGA, appropriate for gestational age; BMI, body mass index; GA, gestational age; SGA, small for gestational age.
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Statistical analysis

Statistical analysis was done using unpaired r-test. Statistically
significant differences were identified at P < 0.05. A fold change
>2 (upregulated) or <2 (downregulated) was considered to be
biologically important.'® We used Ingenuity Pathways Analysis
(IPA) tools (Ingenuity Systems, Mountain View, CA, USA) to
investigate the following characteristics of upregulated and
downregulated genes from cord blood of SGA newborns: bio-
logical processes, cellular components, molecular functions,
genetic networks, and toxicity functions. IPA allowed the estima-
tion of the likelihood of SGA newborns developing disease. Dif-
ferences in demographic characteristics and clinical measures
between SGA and AGA newborns were also examined using
unpaired #-test.

Resulis

Cord blood samples were collected from 10 SGA and 10 AGA
newborns. The characteristics of the newborns and their mothers
are given in Table . Mothers were free of diseases such as
gestational diabetes mellitus and hypertension. Significantly
lower birthweight, height, and placental weight were recorded for
SGA newborns than for AGA newborns (Table 1). Abnormal cord
insertion was identified in 60% of placentas from SGA infants,
suggesting that the placenta tended to be light or cord insertion
tended to be abnormal in SGA newborns. There was no signifi-
cant difference in maternal height, weight, body mass index
before pregnancy, alcohol consumption or pregnancy weight gain
between the two groups (Table 1). One mother had a smoking
history in each group.

Gene expression was compared between cord blood samples
from SGA and AGA newborns to characterize fetal changes in
SGA newborns. Hierarchical clustering based on similarities in

Table 2 Functional analysis of the genes specific for SGA newborns

gene expression using differentially expressed genes (>twofold
increase or decrease in RNA) demonstrated a clear distinction
between SGA and AGA newborns (Fig. 1). In SGA newborns,
936 downregulated (Fig. 1, cluster 1) and 775 upregulated probes
(Fig. 1, cluster 2) were identified for a total of 1711 changed
probes. Of these 1711 probes, 1149 were annotated and labeled as
SGA-specific genes.

To identify the biologically relevant networks and pathways
of these genes, pathway analysis was conducted on the SGA-
specific genes using the Ingenuity Pathways Knowledge Base.
SGA-specific genes were classified into functional groups related
to diseases and disorders, and the top 10 diseases are identified in
Table 2 and the top five genes in Table 3. Most of these listed
genes overlapped with biological processes and were related to
metabolic syndromes, including cardiovascular disease and dia-
betes mellitus.

Four genes (FNI, COLIA2, FDPS and MTUSI) from Table 3
were selected for confirmation of the microarray analysis results.
Overall, there was good agreement between the RT-PCR and
microatray analyses results (Fig. 2).

Discussion

To characterize gene expression of the IUGR fetus, we compared
cord blood between SGA and AGA newborns. IUGR was found
to modify the expression patterns of certain genes during the fetal
period. These genes are associated with development of meta-
bolic syndromes including cardiovascular disease and type 2
diabetes mellitus (T2DM; Table 2). In the top five upregulated
SGA-specific genes (Table 3), FNI is outstanding. Fibronectin
regulates a wide variety of cellular interactions with the
extracellular matrix (ECM) and plays crucial roles in cell adhe-
sion, migration, growth, differentiation and embryogenesis.!>*

Category Function P Associated
genes
Immunological disease Autoimmune disease 1.55 x 107 198
Immunological disorder 1.25x 1078 219
Insulin-dependent diabetes mellitus 2.74 x 1077 101
Genetic disorder Genetic disorder 1.64 x 107 483
Alzheimer’s disease 5.96 x 1077 86
Coronary artery disease 3.14 x 1078 104
Metabolic disease Metabolic disorder 1.22 x 107 220
Diabetes mellitus 3.72 x 107 186
Endocrine system disorder Endocrine system disorder 3.35x 107 198
Glucose intolerance 1.10 x 1072 7
Cardiovascular disease Arteriosclerosis 3.51 x 107 115
Atherosclerosis 4,49 x 107 114
Cardiovascular disorder 1.69 x 1076 190
Neurological disease Neurodegenerative disorder 541x 107 90
Neurological disorder 745 % 10°° 286
Inflarnmatory disease Inflammatory disorder 1.47 x 1078 231
Arthritis 4.09 x 10°¢ 146
Cardiovascular system development Development of blood vessel 1.67 x 10°¢ 50
Organismal development Angiogenesis 3.88 x 107 39
Cancer Tumorigenesis 2.82 x 1076 245

SGA, small for gestational age.

© 2014 Japan Pediatric Society
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Category AffylD Gene symbol Description Log ratio
Immunological disease 211719 x_at  FNI Fibronectin 1 2.235
206683 _at ZNF165 Zinc finger protein 165 1.164
221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123
211151 _x_at Gh Growth hormone 1 0.991
202404 _s_at COLIA2 Collagen, type 1, alpha 2 0.956
Genetic disorder 211719_x_at  FNI Fibronectin 1 2.235
236517 _at MEGFI0 Multiple EGF-like-domains 10 1.641
217344 _at FDPS Farnesyl diphosphate synthase 1.308
1569701 _at PER3 Period homolog 3 (Drosophila) 1.267
221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123
Metabolic disease 211719_x_at  FNI Fibronectin 1 2.235
217344 _at FDPS Farnesyl diphosphate synthase 1.308
206683 _at ZNF165 Zinc finger protein 165 1.164
211151 _x_at Gh Growth hormone 1 0.991
202404 _s_at COLIA2 Collagen, type I, alpha 2 0.956
Endocrine system disorder  211719_x_at  FN/ Fibronectin 1 2.235
217344 _at FDPS Farnesyl diphosphate synthase 1.308
212093_s_at MTUSI Mitochondrial tumor suppressbr 1 1.204
206683 _at ZNF165 Zinc finger protein 163 1.164
221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123
Cardiovascular disorder 211719 _x_at  FNI Fibronectin 1 2.235
1562301 _at C8orf34 1.079
208190_s_at LSR Lipolysis-stimulated lipoprotein receptor 0.762
211506_s_at IL8 Interleukin 8 0.678
202988_s_at RGS1I Regulator of G-protein signaling 1 0.663
Neurological disorder 236517 _at MEGF10 Multiple EGF-like-domains 10 1.641
243483 _at TRPMS8 Transient receptor potential cation channel, subfamily M, member 8 1417
217344 _at FDPS Farnesy! diphosphate synthase 1.308
1569701 _at PER3 Period homolog 3 (Drosophila) 1.267
206084_at PTPRR Protein tyrosine phosphatase, receptor type, R 1.207
Inflammatory disorder 211719_x_at FNI Fibronectin 1 2.235
221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123
209278_s_at TFPI2 Tissue factor pathway inhibitor 2 0.936
220406_at TGFB2 Transforming growth factor, beta 2 0.847
226189_at ITGBS8 Integrin, beta 8 0.718
Cardiovascular system 211719_x_at FNI Fibronectin 1 2.235°
development and 208357_x_at CSHI Chorionic somatomammotropin hormone 1 (placental lactogen) 1.417
function 221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123
211151 _x_at GHI Growth hormone 0.991
202404 _s_at COLIA2 Collagen, type I, alpha 2 0.956
Organismal development 211719_x_at FNI Fibronectin 1 2.235
208357 _x_at CSHI Chorionic somatomammotropin hormone 1 (placental lactogen) 1.417
221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123
211151_x_at GHI Growth hormone 0.991
202404 _s_at COLIA2 Collagen, type I, alpha 2 0.956
Cancer 211719_x_at FN1 Fibronectin 1 2.235
243483 _at TRPMS8 Transient receptor potential cation channel, subfamily M, member 8 1.417
217344 _at FDPS Farnesyl diphosphate synthase 1.308
1555471 _a_at  Fmn2 Formin 2 1.160
221796_at NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 1.123

SGA, small for gestational age.

Interestingly, ECM such as integrin and collagen were also
upregulated in SGA cord blood (Table 3). Although these acti-
vated interactions could affect the fetal development of SGA
newborns, we need further research to account for this pathologi-
cal meaning.

Many studies have reported an association between low
birthweight and the development of cardiovascular diseases in
the future.*” In the present study, 190 SGA-specific genes were
associated with cardiovascular disease and 115 were related to

arteriosclerosis (Table 2). Hence, we speculated that cardiovas-
cular disease could develop during the fetal period. Several
reports noted that the aortic wall in SGA newborns was thicker
and stiffer than that in AGA newbormns.”** Fetal TUGR has also
been associated with significant thickening of the aortic intima—
media, suggesting that atherosclerosis may occur during the fetal
period.* Interestingly, systolic blood pressure in these SGA
infants significantly increased at a mean postnatal age of 18
months compared with AGA infants,* suggesting that fetal

© 2014 Japan Pediatric Society
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Relative expression

FDPS

FN1 COL1A2 MTUS1
Fig.2 (@) Real-time polymerase chain reaction (RT-PCR) confir-
mation of (B8) microarray analysis results. Complete agreement was
found between RT-PCR and microarray results. GAPDH expression

was used for normalization of RT-PCR. COLIA2, collagen type

lalpha2; FDPS, famesyl diphosphate synthase; FNI, fibronectin 1;
MTUS1, mitochondrial tumor suppressor 1.

atherosclerosis may have an effect on blood pressure in the
future. Thus, the risk for cardiovascular disease may originate
from as early as the fetal period.

Many reports of the relationship between low birthweight and
increased incidence of T2DM have been reviewed.'** The
precise mechanisms of this relationship, however, remain
unknown. Genome-wide association studies have identified
T2DM susceptibility variants in various ethnic groups.”*® In
addition, several reports have proposed an association between
variants of T2DM risk genes and reduced birthweight because
insulin is a key fetal growth factor.?®** This fetal insulin hypoth-
esis proposes that genetic variants reduce insulin secretion or
action, which may predispose toward the development of T2DM
and reduce birthweight. Among the SGA-specific genes identi-
fied here, 186 have been associated with T2DM (Table 2). Some
of these may be consistent with the fetal insulin hypothesis.

Maternal undernutrition exposes the fetus to hormonal, meta-
bolic, and vascular alterations.* Maternal stress or undernutrition
during gestation also disturbs the hypothalamic-pituitary-adrenal
(HPA) axis in SGA newborns.?>* This disturbance may provide a
mechanism for susceptibility to cardiovascular and metabolic
diseases.* In this study, 220 genes related to metabolic disorders
and 198 genes related to endocrine system disorders were found
among the SGA-specific genes (Table 2). These data suggest that
fetal undernutrition induces dramatic changes in the fetal HPA
axis, which may induce metabolic diseases in the future.

Although many animal models of fetal undernutrition have
been reported, biopsy analysis of tissues of healthy infants for
research is unethical. Therefore, gene expression in cord blood
was investigated in this study. Genes in cord blood have had
direct contact with many organs such as the pancreas, liver, and
heart. Hayashi eral. showed that the transcriptional levels of
genes in leukocytes could be a diagnostic marker for T2DM.*

© 2014 Japan Pediatric Society

The present analysis has demonstrated that cord blood can be
utilized as a good resource for non-invasive investigation of fetal
genetic alterations.

This study has some limitations that must be considered in the
interpretation of the results. First, family history of metabolic
syndrome was not included in the analysis; hence, the effect of
heredity on the results cannot be excluded. Second, SGA new-
bomns may be a mixture of IUGR and constitutionally small
newborn. Although maternal height, weight and parity are risk
factors for SGA, we did not recognize any difference in risk
factors between the AGA and SGA group.*® Moreover, the SGA
group had significantly lower placenta weight and a high percent-
age of abnormal cord insertion. This implies that most of the
present SGA newborns were IUGR. Third, the association
between modified gene expression in cord blood and develop-
ment of metabolic disease in adulthood was not clarified. In
addition, the relationship between low birthweight and future risk
of disease may be mediated by epigenetic mechanisms.**3® Modi-
fied gene expression in SGA newborns has been associated with
metabolic disease, but epigenetic factors were not investigated in
this study. Previous studies have found an association between
rapid weight gain during infancy and higher blood pressure and
risk of coronary heart disease in the future *’*® Moreover, not all
SGA newborns are at risk of insulin resistance and diabetes.” The
results of these reports indicate that the association between
TUGR and future development of diseases may be due to genetic
and postnatal environmental interactions. In the future, long-term
follow up of these SGA newborns will be conducted for the
analysis of genetic and postnatal environmental factors to deter-
mine the precise pathological consequences of the genetic find-
ings of this study.

Conclusion

A total of 1149 genes were differentially expressed in SGA cord
blood in comparison with AGA cord blood. Interestingly, most of
these genes have been implicated in the development of cardio-
vascular disease and T2DM. To clarify the association between
modified gene expression in cord blood and individual vulner-
ability to metabolic syndrome in future, these SGA newborns will
undergo long-term follow up for examination of genetic and
postnatal environmental factors. Gene expression of cord blood
can be a useful and non-invasive method of investigation of
genetic alterations in the fetal period.
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Shallow trophoblast invasion and impaired vascular remodeling of spiral arteries have been
recognized in early-onset preeclampsia. Placentation and vascular remodeling are mul-
tistep processes, and hypoxia, placental oxidative stress, excessive or atypical maternal
immune response to trophoblasts, exaggerated inflammation, and increased production of
anti-angiogenic factors such as the soluble form of the vascular endothelial growth factor
(VEGF) receptor (sFlt-1) and soluble endoglin (sENG) may play a role in poor placentation in

Iézﬁgﬁf{ug trophoblast preeclampsia. Recent findings suggest that autophagy plays an important role in extravil-
Hypoxia lous trophoblast (EVT) invasion and vascular remodeling under hypoxia, and sENG inhibits
Soluble endoglin EVT invasion and vascular remodeling by the inhibition of autophagy under hypoxic condi-
SQSTM1/p62 tions. In this review, we discuss the relationship between inadequate autophagy and poor

Vascular remodeling

placentation in preeclampsia.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The pathogenesis of preeclampsia remains largely
unknown. However, many researchers support the two-
step theory (Steegers et al., 2010) or the three-step theory
(Redman and Sargent, 2010). In normal pregnancy, extrav-
illous trophoblasts (EVTs) deeply invade the uterine spiral
arteries, disrupt the muscular coat and elastica, and replace
the vascular endothelial cells (Pijnenborg et al., 1980).
This remodeling dilates the spiral arteries and triggers
increased uteroplacental blood flow. The placental oxygen
curve estimated by Jauniaux et al. shows that this vas-
cular remodeling starts from a gestational age of 10-12
weeks (Jauniaux et al.,, 2001). Therefore, failed remodel-
ing at this stage leads to reduced uteroplacental blood flow
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and hypoxic stress to the fetus and placenta. In stage 1
of early-onset preeclampsia, impaired EVT invasion into
maternal spiral arteries causes poor vascular remodel-
ing and induces placental and endothelial damage (Khong
et al, 1986).In stage 2, these damaged tissues release anti-
angiogenic factors such as the soluble form of the vascular
endothelial growth factor (VEGF) receptor (sFlt-1) and
soluble endoglin (SENG), a co-receptor for transforming
growth factor (TGF)-B; and -B3, which induces mater-
nal intravascular systemic inflammatory responses and
endothelial dysfunction, resulting in hypertension and pro-
teinuria after 20 weeks’ gestation, especially in early-onset
preeclampsia (Venkatesha et al., 2006; Levine et al., 2006).

During early pregnancy, the placental oxygen concen-
tration is only 2%, while the decidual oxygen concentration
is around 8% (Jauniaux et al, 2001). Furthermore, glu-
cose concentration in the intervillous space at 5-12
weeks’ gestation is only one quarter to one fifth of that
in maternal serum, coelomic fluid, and amniotic fluid
(Jauniaux et al., 2005). Nevertheless, EVTs invade the
maternal decidua and myometrium, and induce vascular
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remodeling under harsh conditions. Indeed, the hypoxia-
inducible factor (HiF) 1 system plays a critical role in EVT
functions. Therefore, we should understand the mecha-
nism by which EVTs can invade decidua or myometrium
and induce vascular remodeling of spiral arteries under
physiological conditions of low oxygen in normal preg-
nancy. In addition, we should understand why shallow
EVT invasion and inadequate vascular remodeling occur in
early-onset preeclampsia. Burton et al. have shown that
total blood flow and hence oxygenation of the placenta
was only slightly changed in patients with failure to trans-
form the spiral arteries (Burton et al., 2009); thus, not only
hypoxia, but also other unknown factors, may play impor-
tant roles in the pathogenesis of early-onset preeclampsia.

Recent studies have demonstrated that autophagy
is a process of self-degradation of cellular components
in which double-membrane autophagosomes sequester
organelles and fuse with lysosomes so that the contents can
be digested by lysosomal enzymes (Mizushima et al., 2010,
2011; Ichimura and Komatsu, 2011). By using this system,
cells can survive under starvation or stress conditions such
as hypoxia or oxidative stress.

The expression ofautophagy-related proteins in the pla-
centa (Oh et al.,, 2008; Signorelli et al., 2011) and activated
autophagy in the placenta of intrauterine growth restric-
tion (IUGR) pregnancies (Hung et al, 2012) have been
reported. Recently, we reported that autophagy is recog-
nized in deeply invaded EVTs in the uterine myometrium
and perivascular region. We have found that autophagy
is essential for EVT functions, invasion, and vascular
remodeling under physiological conditions of low oxy-
gen (Nakashima et al., 2013; Saito and Nakashima, 2013).
We also reported that anti-angiogenic factor SENG inhibits
autophagy in EVTs under hypoxia, resulting in poor EVT
invasion and vascular remodeling (Nakashima et al., 2013).

In this review, we discuss the mechanisms of poor
placentation in preeclampsia from the perspective of
autophagy.

1.1. Previous reports on the mechanisms of poor
endovascular trophoblast invasion in preeclampsia

In normal pregnancy, invasive extravillous trophoblasts
(EVTs) express integrin o131, a receptor for collagen 1,
collagen 1V, and laminin. However, in preeclampsia, the
expression of integrin oy is downregulated, and this
failure to acquire the vascular repertoire of adhesion
molecules may explain the impaired invasion of EVTs(Zhou
etal, 1993)(Fig. 1). Early in the first trimester (<10 weeks),
placental oxygen tension is very low (~2%; 25.6 mmHG O;)
(Jauniaux et al,, 2001), and this low-oxygen environment
maintains trophoblasts in an immature, proliferative state
mediated by TGF-B3 through HIF-1« (Caniggia et al., 1999,
2000). After the gestational age of 10 weeks, increased pla-
cental oxygen tension increases, and may reduce the pool
of proliferating trophoblasts and increase the number of
invasive trophoblasts. Caniggia et al. (1999) speculated that
increased placental oxygen tension reduces the expression
of HIF-1a and TGF-B3 and the failure of TGF-B3 production
ataround 9 weeks’ gestation results in shallow trophoblast
invasion. However, Lyall et al. (2001) reported that TGF-34

and -B,, and to a much lesser extent, TGF-B3, were present
within the placental bed, and no change in the expression
of either isoform of TGF-B was found in the placenta and
placental bed in preeclampsia and fetal growth restriction
(FGR) compared with those in normal pregnancy.

Smith et al. (2009) reported that NK cells and
macrophages were present in the vascular wall at the
stage of remodeling (gestational age of 9~ 10 weeks).
These NK cells produce matrix metalloproteinase —7 and
~9, and urokinase plasminogen activator (uPAR) (Fig. 1)
(Smith et al.,, 2009; Naruse et al., 2009a,b). These enzymes
can break down the extracellular matrix and induce the
separation of vascular smooth vessel cells. Cell culture
supernatant of uterine NK cells ata gestational age of 12-14
weeks stimulated EVT invasion (Lash et al., 2010; Lash and
Bulmer, 2011), and this effect was partially abrogated in the
presence of neutralizing antibodies to IL-8 and IP-10 (Fig. 1)
(Hanna et al., 2006). Adequate NK cell stimulation might
be necessary for EVT invasion and vascular remodeling of
uterine spiral arteries. In this regard, Fraser et al. (2012)
reported some very interesting findings. They studied the
resistance indices using uterine artery Doppler ultrasound.
Uterine NK cells isolated from pregnant women with
higher resistance indices, i.e., impaired vascular remod-
eling, were less able to promote invasive behavior of
trophoblasts. Furthermore, uterine NK cells isolated from
high-resistance-index pregnancies failed to induce vascu-
lar apoptosis (Fraser et al., 2012). These findings suggest
that dysregulation of uterine NK cells may contribute to
the impaired vascular remodeling (Fig. 1). Indeed, Hiby
et al. (2004) reported that the combination of maternal
killer-cell immunoglobulin-like receptor (KIR) AA and fetal
HLA-C2 was a risk factor for preeclampsia (Fig. 1). KIR AA
lacks the activation receptor for HLA-C2; therefore, inad-
equate NK cell activation might induce poor EVT invasion
and vascular remodeling, and adequate NK cell activation
might be necessary for the placentation. Kaufmann et al.
(2003) reported that activated macrophages induce tro-
phoblast apoptosis by the secretion of TNFa and by the
expression of indoleamine 2,3-dioxygenase (IDO), which
depletes the local level of tryptophan. They speculated that
activated macrophages reduce EVT invasion by the induc-
tion of apoptosis of EVTs in preeclampsia (Fig. 1). Indeed,
the serum level of TNFa is elevated (Meekins et al., 1994)
and peripheral blood mononuclear cells produce a lot of
TNFa in such cases (Saito et al.,, 1999).

2. The mechanisms of autophagy

Extravillous trophoblast s invade the myometrium and
maternal spiral arteries and replace the endothelial cells
at low oxygen concentration and under stressful condi-
tions. Autophagy may explain this mechanism, because
autophagy is a cellular bulk degradation system to main-
tain cellular homeostasis under stress (Mizushima et al,,
2010, 2011; Ichimura and Komatsu, 2011). By the degrada-
tion of cellular components, autophagy supplies energy so
that cells can survive under starvation conditions (Fig. 2).
In nutrient-sufficient conditions, amino acids, glucose,
and insulin activate mTORC1, resulting in the regula-
tion of autophagy (Fig. 3). However, under starvation
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Fig. 1. The mechanisms of vascular remodeling in normal pregnancy and inadequate vascular remodeling in preeclampsia that have already been reported.
At a gestational age of 8-10 weeks, uterine NK cells produce MMP-2, MMP-9, and uPA, and these enzymes induce the separation of vascular smooth
muscle. NK cells also induce the apoptosis of endothelial epithelial cells and vascular smooth muscle, partly through Fas-Fas ligand signaling. These initial
morphological changes have been called “trophoblast-independent remodeling.” At a gestational age of 12-14 weeks, extravillous trophoblasts (EVTs)
accurnulate in spiral arteries owing to chemoattractant factors such as IL-10, IL-8, and HGF, and they invade the wall of the myometrial spiral arteries and
replace endothelial cells. These changes have been called “trophoblast-dependent remodeling”. In preeclampsia, poor EVT invasiveness and inadequate
vascular remodeling have been considered to result from poor a1f1 integrin expression on EVTs, NK cell dysfunction, and the activation of macrophages,
resulting in the induction of apoptosis of EVTs, and TGF-f production by hypoxic stress.

conditions, mTORC1 are suppressed, resulting in release
of the mTORC1-ULK complex. Free ULK complex induces
autophagy (Fig. 3). Hypoxia also induces autophagy, and
HIF-1a plays an important role in its induction (Fig. 3).
Hypoxia stabilizes HIF1o protein and activates BNIP3.
BNIP3 releases the Baclin 1 and Bcl-2 complex. Then, free
Bcl-2 inhibits PI3 kinase, resulting in the activation of
autophagy (Fig. 3). Autophagy also plays an important role
in the removal of old or misfolded proteins and dam-
aged organelles before they cause damage (Fig. 2). This is
a cellular homeostasis system, and basal autophagy acts
as quality control machinery for cytoplasmic components
(Mizushima et al., 2010, 2011). Autophagy also plays a role
in the cell defense mechanism to clear intracellular bacte-
ria or viruses. However, excessive autophagy can promote
cell death, which is called autophagic cell death.

When cells recognize stress, an isolation double-
membrane arises from the endoplasmic reticulum or the
Golgi apparatus. Next, this isolation membrane elongates
to engulf cytoplasmic components, including mitochon-
dria and endoplasmic reticulum (Fig. 2). Association with
the Atg5-Atg12 complex forms the isolation membrane.
LC3-1I derived from LC3-l localizes to the elongated

isolation membrane during the latter step of autophago-
some formation. Finally, the isolation membrane is
enclosed to form an autophagosome. The diameter of
the autophagosome is approximately 1m. Lastly, the
lysozome fuses with the autophagosome to form an
autolysosome, and lysosomal enzymes degrade the cell
components in the autolysosome. They obtain energy by
eating themselves (autophagy; Fig. 2).

2.1. Autophagy in trophoblasts

Hypoxia induces autophagy in choriocarcinoma cell
lines JEG-3 and BeWo (Oh et al, 2008; Curtis et al,,
2013), and in EVT cell lines HTR/SV40-neo and HchEpcib
(Nakashima et al., 2013). Autophagy was also observed in
primary cultured trophoblasts under hypoxic conditions
(Chen et al., 2012) or hypoxia-reoxygenation (Hung et al.,
2010). Hypoxia was also shown to promote autophagy in
placental chorionic plate-derived mesenchymal stem cells
(Lee et al,, 2013). Increased autophagy in the placenta was
also found in fetal growth restriction (FGR) (Hung et al,,
2012; Curtisetal., 2013; Changetal., 2013) and preeclamp-
sia (Oh et al., 2008).
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Fig. 2. Schematic diagram of autophagy. When cells experience stress, the isolation membrane arises and elongates, finally forming an autophagosome.
Lastly, the autophagosome fuses with lysosomes, resulting in degradation of the cytoplasmic components by lysosomal hydrolases. Then, the cells obtain
energy. At the same time, damaged mitochondria and ER are removed by autophagy, resulting in the regulation of inflammation.
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mTORC1 associates with the UCL complex, resulting in the regulation of autophagy. Under starvation conditions, mTOR activity is reduced, resulting in

autophagy. Hypoxia induces HIF-1« expression. HIF-1 induces BNIP3 expression, resulting in the release of Baclin 1 and Bcl2 complex. Free Bcl2 reduces
mTORC1 activity, resulting in autophagy.
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When primary cultured trophoblasts were cultured
under hypoxic conditions, autophagy was mainly observed
in syncytiotrophoblasts. Tuuli et al. (2011) proposed
that hypoxia results in marked increases in p53 activity
and yields apoptosis in cytotrophoblasts. In syncytiotro-
phoblasts, hypoxia results in a diminished level of p53 and
promotes autophagy. Indeed, autophagy has been shown to
localize predominantly in the syncytiotrophoblasts in FGR
cases (Curtis et al., 2013).

Autophagic cell death is also observed in amniotic
epithelial cells near the ruptured parts (Shen et al., 2008).
Autophagic cell death may be involved in the development
of membrane rupture of the human amnion in term gesta-
tion.

A higher level of autophagy in placental villi from
cesarean section was observed compared with that in pla-
centas from spontaneous vaginal delivery (Signorelili et al.,
2011). Maternal fasting prior to the operation is commonly
performed, so that the lower glucose level of the cord blood
of infants may increase the autophagy in the placenta from
cesarean section. Indeed, maternal starvation in a mouse
model results in enhanced placental autophagy (Broad and
Keverne, 2011). These findings suggest that autophagy is
activated as a survival mechanism during nutrient depri-
vation (Bildirici et al., 2012).

2.2. The role of autophagy in EVT invasion and vascular
remodeling by EVT

We have studied autophagy in EVTs obtained from
induced abortion cases before 10 weeks' gestation
(Nakashima et al., 2013). Interestingly, LC3B puncta, which
exhibited autophagosomes, were present in cytokeratin
7-positive EVT cells in the decidua basalis at a deeper
site than the fetal site (interstitial EVTs) and perivascular
site (perivascular EVTs). We could not obtain the decidual
samples after 10 weeks’ gestation; thus further analysis
is necessary whether EVTs experiencing higher oxygen
during invasion (e.g., at 14-16 weeks’ gestation) show a
different autophagy pattern or not. These findings sug-
gest that autophagy might play a role in EVT invasion and
vascular remodeling by them under hypoxic conditions.
To clarify the specific roles of autophagy in EVT func-
tions, we constructed two autophagy-deficient EVT cells
such as SV40 large T transformed-HTR8/SV neo and human
papilloma virus (HPV) E6- and hTERT-transfected EchEpc
1b cells by stable transfection of ATG4B74A an inactive
mutant of ATG4B, which inhibits autophagic degradation
and lipidation of LC3B paralogs.

Under 20% O,, EVT invasion was similar in wild-type
EVT cell lines and autophagy-deficient EVT cell lines.
However, importantly, the depth of invasion of autophagy-
deficient cell lines was significantly shallower than that
of wild-type EVT cell lines in three-dimensional culture
assays under hypoxic conditions (O,: 2%), although levels
of cell viability and proliferation were similar in wild-type
EVT cells and autophagy-deficient EVT cells (Nakashima
et al,, 2013). The oxygen level in the decidua is 6-8%;
thus, a 2% oxygen level in this study is considered a patho-
logical hypoxic condition. Thus, it may be different from
the chronically mild hypoxic condition. Kadyrov et al.

reported that there was a much deeper invasion of more
EVTs (Kadyrov et al, 2003). Under pathological hypoxic
conditions, autophagy may play a role in EVT invasion.
Supplementation of ATP under hypoxic conditions rescued
the impairment of cell invasion in our recent study (unpub-
lished data); thus, obtaining energy by autophagy plays a
role in EVT invasiveness under pathological hypoxia.

We can evaluate vascular remodeling by tube forma-
tion assays with EVT cells and human umbilical vascular
endothelial cells (HUVECs) (Kalkunte et al., 2010). Under
a pathologically low oxygen level, 2% O,, HUVEC did not
undergo vascular formation on a Matrigel-coated plate;
thus, we set the oxygen concentration at 8%. This concen-
tration reflects the physiologically low oxygen level at a
gestational age of 10-18 weeks in placenta and decidua,
when vascular remodeling occurs. In the culture with wild-
type EVT cells and HUVECs, tube areas were formed by EVT
cells and HUVEC at 6 h, but the tubes were mostly occupied
by EVT cells at 12 h or later. Meanwhile, tubes were still
occupied by HUVEC when autophagy-deficient EVT cells
were co-cultured with HUVECs, suggesting that replace-
ment of endothelial cells by EVT under typical hypoxic
conditions might require autophagy.

2.3. Impaired autophagy by soluble endoglin might be
involved in poor placentation in preeclampsia

We have studied whether preeclampsia-related sub-
stances such as soluble endoglin (SENG), sFlt-1, TGF-3, and
TNF-a affect autophagy in EVTs under hypoxia (2% O,)
(Fig. 4). Only sENG inhibited the number of autophago-
somes in cytoplasm using confocal microscopy and
reduced the LC3B-II conversion in western blotting under
hypoxia. Importantly, SENG inhibited the cell invasion of
EVT under 2% 0O, and reduced the vascular remodeling
under 8% O, although sENG did not affect the EVT inva-
sion and vascular remodeling under 20% O, (Nakashima
et al,, 2013). These findings were from an in vitro study;
thus, we studied the evidence showing impaired autophagy
in EVTs in preeclampsia using placental bed biopsy sam-
ples. It has been reported that p62/SQSTM1 is selectively
digested by autolysosome; therefore, p62/SQSTM1 lev-
els were suppressed under hypoxia in hepatic carcinoma
cells (Pursiheimo et al., 2009) and EVT cells (Nakashima
et al,, 2013), but not in autophagy-deficient EVT cells.
p62/SQSTM1 expression in interstitial EVTs and endovas-
cular EVTs was markedly enhanced compared with that
in normal pregnancy. The ratio of p62/SQSTM1 to CK7
expression was significantly higher in preeclampsia than
in normal pregnancy in both interstitial EVTs and endovas-
cular EVTs (Nakashima et al., 2013). These findings suggest
that impaired autophagy in EVTs might be present in
preeclampsia. It is unknown whether the sENG level is ele-
vated at a gestational age of 10-18 weeks in that EVTs
invade the myometrium and replace the endovascular cells
of spiral arteries. Farina et al. (2008) examined the mRNA
expression in chorionicvilliat 11 weeks’ gestation obtained
by chorionic villous sampling. Five patients subsequently
developed preeclampsia, while 25 did not. They showed
that sSENG mRNA expression was significantly higher in
patients who subsequently developed preeclampsia than
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in the controls. This report may show that sENG level at
the feto-maternal interface is already upregulated before
the onset of clinical symptoms of preeclampsia, although
serum SENG during early pregnancy did not increase in a
longitudinal study.

Poor early placentation is associated with early onset
of preeclampsia and FGR patients without hyperten-
sion and proteinuria (Steegers et al,, 2010; Redman and
Sargent, 2010). Thus, the next question that arises is
whether impaired autophagy is present in the EVTs of
FGR patients. Our preliminary data showed that the
ratio of p62/SQSTM1 to CK7 expression in FGR cases
without preeclampsia was similar to that in normal
pregnancy. The serum sENG level of FGR patients was
reported to be lower than that of preeclampsia (Stepan
et al, 2007; Jeyabalan et al, 2008); therefore, ele-
vated sENG might play some role in the impairment of
autophagy in EVTs, resulting in poor EVT invasion and
inadequate vascular remodeling. This impaired autophagy
reduces the ‘trophoblast-dependent vascular remodeling’
in preeclampsia (Fig. 1). Meanwhile, dysfunction of uterine
NK cells may disturb the ‘trophoblast-independent vascu-
lar remodeling’ in preeclampsia (Fig. 1).

2.4. Correlation between impaired autophagy and
systemic inflammation and inadequate tolerance in
preeclampsia

Redman et al. (1999) proposed that an excessive
maternal inflammatory response to pregnancy induces
endothelial dysfunction, resulting in hypertension, pro-
teinuria, edema, and clotting dysfunction. Oxidative stress
(Stark, 1993) and system inflammation play an impor-
tant role in the pathophysiology of preeclampsia. Recent

studies have revealed that impaired autophagy in
macrophages and adipocytes induce inflammation (Saitoh
et al., 2008; Yoshizaki et al.,, 2012). Autophagy plays an
important role in the elimination of damaged mitochon-
dria or endoplasmic reticulum (ER) (Fig. 5). Signals from
damaged mitochondria induced by uric acid or toll-like
receptors induce oxidative stress and activate inflamma-
some components such as NALP-3 and caspase-1, resulting
in overproduction of IL-13 and IL-18 (Saitoh et al., 2008;
Yoshizaki et al,, 2012) (Fig. 5). Uric acid also induces tro-
phoblast IL-1f production via the inflammasomes (Mulla
et al, 2011) (Fig. 5). Impaired autophagy additionally
leads to ER stress, resulting in excessive inflammation.
These findings suggest that autophagy impairment by
SENG might play a part in the systemic inflammation of
preeclampsia (Fig. 5).

Regulatory T cells (Treg) play essential roles in implan-
tation and allogeneic pregnancy maintenance (Aluvihare
etal., 2004; Sasaki et al,, 2004). Treg cells are classified into
thymic (naturally occurring) Treg cells that differentiate in
the thymus and extrathymic (peripheral or inducible) Treg
cells that differentiate in the periphery upon stimulation
of naive CD4*T cells in the presence of TGF-f. Thymic Treg
cells account for 70% of Treg cells, while extrathymic Treg
cells account for the rest. Samstein et al. (2012) reported
that extrathymic Treg cells play an essential role in the
maintenance of allogeneic pregnancy. Interestingly, SENG
inhibits TGF-3 activity by competition with the binding of
TGF-f3 receptor. Therefore, it can be readily speculated that
increased sENG disturbs the differentiation of extrathymic
Treg cells, resulting in the breakdown of maternal tol-
erance to the fetus (Fig. 4). Indeed, decreased Treg cells
in preeclampsia have been reported (Sasaki et al., 2007;
Saito et al., 2007). One of the important roles of Treg
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cells consists of the regulation of inflammation; there-
fore, decreased Treg cells induce exaggerated inflammation
(Fig. 4). This inflammation induces Thi-type immunity,
which subsequently induces rejection (Saito et al., 2007),
inhibits the function of Treg cells (Yang et al., 2004), and
induces endothelial dysfunction (Redman et al., 1999).
Redman and Sargent (2010) proposed that the inflam-
matory drive of preeclampsia results from the three-way
interactions among oxidative stress, ER stress and inflam-
matory responses. Inadequate autophagy of EVTs may
accelerate oxidative stress, ER stress and inflammation.
Further studies are needed to clarify this hypothesis.

3. Comclusion

Autophagy plays an important role in trophoblast func-
tion under physiologically low oxygen conditions in normal
pregnancy. Autophagy plays an important role in EVT inva-
sion and vascular remodeling under a physiologically low
oxygen concentration. Autophagy impaired by SENG may
be involved in poor placentation due to impaired EVT inva-
sion and poor vascular remodeling, systemic inflammation
by activating inflammasome and induction of ER stress, and
inadequate tolerance by reducing the pool of Treg cells in
preeclampsia.
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