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The eutheria-specific miR-290 cluster modulates placental growth
and maternal-fetal transport
Alireza Paikari1,2, Cassandra D. Belair1,2, Daniel Saw1,2 and Robert Blelloch1,2,*

ABSTRACT
The vertebrate-specific ESCC microRNA family arises from two
genetic loci in mammals: miR-290/miR-371 and miR-302. The miR-
302 locus is found broadly among vertebrates, whereas the miR-290/
miR-371 locus is unique to eutheria, suggesting a role in placental
development. Here, we evaluate that role. A knock-in reporter for
the mouse miR-290 cluster is expressed throughout the embryo
until gastrulation, when it becomes specifically expressed in
extraembryonic tissues and the germline. In the placenta,
expression is limited to the trophoblast lineage, where it remains
highly expressed until birth. Deletion of the miR-290 cluster gene
(Mirc5) results in reduced trophoblast progenitor cell proliferation and
a reduced DNA content in endoreduplicating trophoblast giant cells.
The resulting placenta is reduced in size. In addition, the vascular
labyrinth is disorganized, with thickening of the maternal-fetal blood
barrier and an associated reduction in diffusion. Multiple mRNA
targets of the miR-290 cluster microRNAs are upregulated. These
data uncover a crucial function for the miR-290 cluster in the
regulation of a network of genes required for placental development,
suggesting a central role for these microRNAs in the evolution of
placental mammals.
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INTRODUCTION
The placenta is a highly specialized organ that supports the normal
growth and development of the embryo during pregnancy. Growth
and function of the placenta are precisely regulated and coordinated,
ensuring that the exchange of nutrients, gases and waste products
between the maternal and fetal circulatory systems operates at
maximal efficiency (Gude et al., 2004). Any inadequacy in
placental function can lead to a wide range of pregnancy
complications such as preeclampsia, intrauterine growth
restriction (IUGR) and abruption (Chaddha et al., 2004). Both
intrauterine growth restriction, which is defined as failure of
an embryo to reach its growth potential (Dessi et al., 2012), and
preeclampsia, which is the new onset of hypertension and
significant proteinuria in a previously healthy woman after the
twentieth week of gestation (Eiland et al., 2012), are among the most
common conditions contributing to increased perinatal morbidity

and mortality (Moran et al., 2015). These diseases are thought to
predominantly arise from defects in placental development and
function, but the mechanisms underlying these defects are largely
unknown.

Given the diverse roles of microRNAs (miRNAs) in mammalian
development, they are likely candidates to play a role in the growth
and function of the placenta (Fu et al., 2013). A particularly
interesting group of miRNAs is the mouse miR-290 cluster located
on chromosome 7 and its human ortholog, the miR-371 cluster
located on chromosome 19. Transcription of the miR-290 cluster is
controlled by a super-enhancer that is bound by the core
pluripotency transcription factors Oct4 (Pou5f1), Sox2 and
Nanog in embryonic stem cells (Hnisz et al., 2013, 2015;
Marson et al., 2008). Transcription of the cluster produces a
long noncoding RNA that is then processed in the nucleus by the
Microprocessor to produce seven hairpins. Following transport of
these hairpins to the cytoplasm, they are further processed by
Dicer to produce eleven mature miRNA species (Fig. S1A). These
miRNA species can be grouped into four families based on shared
seed sequences (Fig. S1A) (Houbaviy et al., 2005). Each miRNA
binds and post-transcriptionally suppresses multiple mRNAs
through partial base pairing with target sites in the 3′UTRs of
the mRNAs. The seed sequence plays a central role in this pairing,
and thus miRNAs within a family have overlapping targets (Bartel,
2009). One of the miRNA families within the miR-290 cluster
comprises the embryonic stem cell-enriched cell cycle (ESCC)
miRNAs, which have been shown to promote pluripotency in vitro
(Greve et al., 2013). Much less is known about the other families
in the cluster. Loss of the miR-290 cluster results in germ cell
defects in mice (Medeiros et al., 2011). While the role of the miR-
290 cluster in placental development has not been previously
studied, its evolution is tightly correlated with the emergence of
placental mammals (eutheria) (Houbaviy et al., 2005; Wu et al.,
2014).

Given the evolutionary association between the emergence of the
miR-290 cluster and placental mammals along with the known role
of the ESCCmiRNA family in pluripotency, we aimed to dissect the
expression and requirement for this cluster in mouse placental
development using a knock-in miR-290 cluster co-expressing
reporter and a miR-290 knockout line (Fig. S1B,C).

RESULTS
The miR-290 cluster is uniquely expressed in
extraembryonic tissues from E8.5 to birth
Given the evolutionary relationship between placentation and the
emergence of the miR-290 cluster (Wu et al., 2014), we evaluated
miR-290 cluster expression throughout mouse placental
development using the miR-290-mCherry reporter (Parchem
et al., 2014). As previously described, the miR-290 cluster was
broadly expressed throughout the embryo from E2.5 to E6.5, but
then began to diminish in the embryo proper at E7.5 (Parchem et al.,Received 7 March 2017; Accepted 30 August 2017
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2014) (Fig. 1A). By E8.5, little to no expression was seen in the
embryo proper and it remained absent throughout the rest of
embryonic development (Fig. 1B-D, Fig. S1D-G). By contrast,
expression remained high in extraembryonic tissues, including the
yolk sac and placenta (Fig. 1B-D, Fig. S1D-G). Interestingly, qRT-
PCR of mature miRNAs arising from the miR-290 cluster showed
opposing expression patterns in the yolk sac and placenta, starting at
E10.5 and extending throughout the remainder of development

(Fig. 1E,F, Fig. S1H,I). Expression of the miRNAs increased within
the placenta reaching maximal levels at birth, whereas they
decreased in the yolk sac over time reaching minimal levels at
birth. This switch coincides with the transition for the primary site
of nutrient/waste transfer from the yolk sac to the placenta (Jollie,
1990; Zohn and Sarkar, 2010). This expression pattern of the miR-
290 cluster is consistent with these miRNAs playing a central role in
placental development.

Fig. 1. miR-290 cluster expression becomes localized to extraembryonic tissues following gastrulation. (A) At E7.5, the miR-290-mCherry reporter (red) is
expressed in both embryonic and extraembryonic tissue. (B) At E8.5, the miR-290 mCherry reporter (red) is strongly expressed in yolk sac, chorion and
ectoplacental cone, but not in the embryo. (C,D) At E10.5 andE15.5, miR-290mCherry reporter (red) continues to be expressed in placenta and yolk sac but not in
the embryo. (E,F) qRT-PCR results showing that miR-290 cluster expression changes in yolk sac and placental labyrinth at different time points, normalized to
Sno202. B.F, bright field; EPC, ectoplacental cone; Ch, chorion; YS, yolk sac. Scale bars: 100 μm.
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The miR-290 cluster is expressed in syncytiotrophoblast
cells and trophoblast giant cells throughout placental
development
To gain an understanding of the ontogeny of cells expressing the
miR-290 cluster during extraembryonic development, we

performed detailed immunohistochemical analyses from E7.5 to
E18.5 (Fig. 2, Fig. S2). Placental development starts with formation
of the trophectoderm at E2.5, which becomes separated into the
mural and polar trophectoderm with formation of the blastocoel at
E3.5. The polar trophectoderm expands to form the inner chorion

Fig. 2. miR-290 cluster expression becomes localized to the trophoblast cells of the labyrinth and parietal TGC layers of the placenta. (A,B) H&E and
immunofluorescent staining for miR-290-mCherry reporter at E7.5 and E9.5. At E7.5, the reporter is expressed strongly in extraembryonic tissue and also in
embryonic tissue,whereas at E9.5 it is onlyexpressed in extraembryonic tissues. (C)H&Eand immunofluorescent staining formCherry reporter of fullymature E18.5
placenta. It is expressed in labyrinthandparietalTGCsbut not in thespongiotrophoblast cell layer.Theboxed region ismagnifiedabove, showingsingle channelsand
merge. (D) The miR-290 cluster is expressed in trophoblast-derived cells of the labyrinth, whereas allantois-derived CD31+ endothelial cells are negative miR-290
clusterexpression.DAPI (left), CD31 (middle)andmerge (right) are shownwithmCherry. (E)Ontogenyof cells expressing themiR-290cluster duringextraembryonic
tissue formation. Red denotes expression of themiR-290 cluster in that cellular compartment. EXT, extraembryonic tissue; ET, embryonic tissue; EPC, ectoplacental
cone; Ch, chorion; YS, yolk sac; CP, chorionic plate; La, labyrinth; Sp, spongiotrophoblast layer; TGCs, trophoblast giant cells; TE, trophectoderm; spTGCs,
spiral artery TGCs; cTGCs, canal TGC; TCs, trophoblast cells; sTGCs, sinusoidal TGCs; Syn, syncytiotrophoblast cells. Scale bars: 100 μm.
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and outer ectoplacental cone (Gasperowicz and Natale, 2011). The
miR-290 cluster was expressed in all of these cells through E9.5,
although expression appeared to be slightly reduced in cells of the
ectoplacental cone (Fig. 2A,B,E, Fig. S2A).
With further development, the chorion develops into the

labyrinth, the main site of maternal-fetal exchange, while the
ectoplacental cone develops into the spongiotrophoblast layer,
which is the site of nutrient storage (Malassine et al., 2003;
Simmons and Cross, 2005). The miR-290 cluster was silenced
within the spongiotrophoblast layer (Fig. 2C, Fig. S2B,C). In
contrast, it remained highly expressed in the labyrinth throughout
placental development (Fig. 2C, Fig. S2B,C). The labyrinth itself
forms a thin four-cell layer barrier between maternal and fetal blood
circulations consisting of sinusoidal TGCs, two layers of
syncytiotrophoblasts, and fetal endothelium (Coan et al., 2005).
Double staining for mCherry and the endothelial markers CD31
(Pecam1) and laminin showed that, within the labyrinth, all three
trophoblast layers are miR-290 positive, whereas the mesoderm-
derived fetal endothelial cells are miR-290 negative (Fig. 2D, Fig.
S2D,E). Expression of the miR-290 cluster following formation of
the labyrinth and spongiotrophoblast layers contrasted with
expression of another marker, Tpbpa. Tpbpa became specifically
localized in the spongiotrophoblast layer at the same time that the
miR-290 cluster became localized in the labyrinth layer (Fig. S2C).
In addition to the labyrinth and spongiotrophoblast layers, there

are the parietal TGCs that attach the embryo to the uterine lining or
decidua. These cells are derived from both the mural trophectoderm
(primary parietal TGCs) and the leading edge of the ectoplacental
cone (secondary parietal TGCs) (Simmons and Cross, 2005;
Simmons et al., 2007). Co-staining with placental lactogen-I
(PL1; also known as Prl3d1), which is expressed in parietal TGCs
(Faria et al., 1991), showed expression of the miR-290 cluster in
these cells (Fig. S2F,G). The miR-290 cluster was also expressed in
the yolk sac, specifically in the primitive endoderm layer, but not the
mesoderm-derived layer (Fig. S2H). Together, these findings
further detail the ontogeny of the cells that form the mammalian
placenta (Hu, and Cross, 2011; Malassine et al., 2003; Mould et al.,
2012; Simmons and Cross, 2005; Simmons et al., 2007; Ueno et al.,
2013), as summarized in Fig. 2E.

miR-290 cluster knockout embryos show late embryonic
lethality associated with defects in placenta growth
Given the striking expression pattern in, and evolutionary
relationship to, the placenta, we next asked whether the miRNA
cluster is essential for placental development. The miR-290 cluster
knockout has a germline defect (Medeiros et al., 2011), the germline
being another site of miR-290 cluster expression (Fig. S3A). In
addition, the mice show a non-fully penetrant embryonic lethal
phenotype, with most of the embryos dying late in development
(Medeiros et al., 2011). Consistent with these previous findings, we
found very few miR-290 cluster gene (Mirc5) homozygous
knockout pups (7/120 births). Embryo loss was most evident
starting at E10.5, with progressive loss throughout the remainder of
embryonic development (Fig. 3A). Heterozygous animals showed
no discernable lethality (Fig. S3B,C).
Visual inspection of knockout versus heterozygous/wild-type

embryos at E12.5, E15.5 and E18.5 suggested growth defects in
both the placenta and embryo of the knockout animals (Fig. 3B,C).
Careful measurements of the placenta and embryo showed a
decrease in placental weight preceding that of the embryo. At E10.5
and E12.5, the mean weights of the knockout placentas were 83%
and 72% of wild types, respectively. By contrast, no obvious

difference was observed in the embryos. However, starting at E15.5,
significant changes were also observed in the embryo (Fig. 3D,E,
Fig. S3C). The difference in the fetal-to-placental weight ratio
continued to increase throughout development, showing that the
phenotype continued to be more severe in the placenta (Fig. 3F).
These decreases in placental and embryonic size were not secondary
to developmental delay as key morphological milestones including
limb bud development, CNS development and closure of the
abdominal midline all occurred at a similar time as in their wild-type
and heterozygous counterparts (Fig. S3D,E). Area measurements of
the labyrinth and spongiotrophoblast layers showed a more severe
decline in the labyrinth layer, consistent with this being the site of
miR-290 cluster expression (Fig. 3G, Fig. S3F,G). Together, these
data strongly support a primary defect in the placenta, especially the
labyrinth, associated with embryonic loss late in development.

miR-290 cluster knockout trophoblast progenitor cells exit
the cell cycle prematurely and TGCs show reduced
endoreduplication
The increasing size of the wild-type placenta is regulated by a
combination of trophoblast progenitor cell division and trophoblast
cell growth (Ueno et al., 2013). Cell division primarily occurs in the
ectoplacental cone and then later in the labyrinth, rapidly
diminishing after E12.5, when placental growth largely depends
on cell growth rather than on cell division (Iguchi et al., 1993). To
determine the basis of the reduced size of the knockout placenta, we
measured the number of cells in the cell cycle (Ki67) and passing
through S phase (BrdU) at the height of placental cell division
(E10.5 and E12.5). Changes in cell cycle rate are expected to show a
change in the BrdU/Ki67 ratio, while exit from cell cycle is
associated with the simultaneous loss of both markers (Farhy et al.,
2013; Gonsalvez et al., 2013; Qu et al., 2013). Knockout placentas
showed a small but reproducible reduction in the number of BrdU+

and Ki67+ cells, with the BrdU/Ki67 ratio remaining constant
(Fig. 4A-F). These data suggest premature cell cycle exit and loss of
progenitor cells. To directly measure the number of progenitor cells,
we counted cells expressing high levels of Epcam, a marker for
trophoblast progenitor cells in the labyrinth (Ueno et al., 2013). The
fraction of Epcamhi cells was reduced in the knockout placenta at
both E10.5 and E12.5, although variability in counts reduced the
significance of these differences (Fig. 4G). Cleaved caspase 3
staining showed only extremely rare positive cells in the labyrinths
of wild-type and knockout placentas (Fig. S4A). Therefore, the
observed reduction in dividing progenitors was not secondary to
apoptosis.

Another major source of growth of the placenta is the
endoreduplication of TGCs. Parietal TGCs form particularly high
DNA content nuclei associated with their overall large size (Hu and
Cross, 2010; Sakaue-Sawano et al., 2013). We evaluated their DNA
content in wild-type and miR-290 cluster knockout placentas using
FeulgenDNAstaining alongwithDNA image cytometry (Biesterfeld
et al., 2011; Hardie et al., 2002). There was a significant reduction in
both size and optical density in the knockout nuclei, consistent with a
reduction in DNA content (Fig. 4H-J).

Together, these data show a crucial role for the miR-290 cluster in
the cell cycle both in maintaining mitotic divisions of trophoblast
progenitor cells and the endoreduplication of TGCs.

The labyrinth of miR-290 cluster knockout placenta is
disorganized, with a reduced area of vasculature
A key function of the placenta is nutrient, gas and waste exchange
between fetal and maternal blood. This exchange occurs within the
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labyrinth across a relatively thin barrier consisting of the fetal
endothelium, two layers of syncytiotrophoblast cells, and the
sinusoidal TGCs, which are in direct contact with maternal blood.
This thin barrier is essential for normal exchange (Rossant and Cross,

2001;Watson and Cross, 2005). Histological analysis of the labyrinth
suggested disorganization, with thickening of the barrier in the
knockout versus wild-type placenta. To better evaluate this
phenotype, we stained with antibodies to cytokeratin 8 (CK8)/

Fig. 3. A decrease in placenta size precedes reduction in embryo size in miR-290 cluster knockouts. (A) Survival curve for miR-290 cluster knockout
(KO) embryos during development determined as a ratio to all embryos (heterozygous mating). n>60 for each time point. (B,C) Bright-field images comparing the
gross morphology of wild-type and miR-290 cluster knockout embryos and placentas at different developmental stages after mid-gestation. (D,E) Quantification
of wild-type and miR-290 cluster knockout placenta and fetal weights. Error bars represent s.d. Line within the bars denotes mean. (F) Fetal-to-placental
weight ratio during the second half of pregnancy. n>30 for each time point. Error bars represent mean±s.d. (G) Quantification of labyrinth area in wild-type and
miR-290 cluster knockout placentas. n>3 placentas for each time point, and at least three sections per placenta. Upper and lower whiskers representmax andmin,
and middle line denotes the median. Scale bar: 1 mm.
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E-cadherin (trophoblast layers) and CD31/vimentin (endothelium).
The knockout placentas had areas of trophoblast cell disorganization,
with cells piled up leading to barrier thickening and resulting in
increased intervascular space (Fig. 5A-D, Fig. S4B). Furthermore,
measurements of fetal and maternal vasculature surface areas were

significantly reduced in the labyrinths of the knockout placentas
(Fig. 5E,F). Together, these data suggest a second phenotype in which
the placenta is not only reduced in size but also, due to epithelial
disorganization, the exchange surface between maternal and fetal
blood is further reduced.

Fig. 4. See next page for legend.
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Diffusional exchange capacity is reduced in the miR-290
cluster knockout placenta
Reduced exchange surface area is expected to result in reduced
diffusion between maternal and fetal blood. To study the directional
maternal-fetal diffusional transfer capacity, we measured fetal
accumulation of 51Cr-EDTA after its injection into the maternal
circulation of pregnant mice at E12.5 and E15.5 (Constância et al.,
2002; Sibley et al., 2004). Knockout embryos showed a significant
reduction in the diffusional transfer capacity of the placenta
compared with wild-type/heterozygous animals (27% and 61% of
the mean of wild-type/heterozygous animals for E12.5 and E15.5,
respectively; Fig. 5G). This decrease could be entirely due to a
reduction in exchange area owing to the reduced size of the placenta.
Therefore, to normalize the impact of the reduced placental size, we
calculated the diffusional transfer capacity per unit of placental
weight. This calculation still showed a reduction in the knockout
placentas (38% and 72% of the mean of wild-type/heterozygous
animals for E12.5 and E15.5, respectively; Fig. 5H). These data
reveal a reduction in solute exchange between themother and embryo
due to both the reduced size of the maternal-fetal vasculature
interface and the reduced efficiency of exchange across that interface.

Multiple targets areupregulated inmiR-290 cluster knockout
placenta
To explore the molecular basis underlying the miR-290 cluster
placental defect, we analyzed and compared the transcript profile of
wild-type and knockout placentas using RNA-sequencing (RNA-
Seq) technology. As miRNAs negatively regulate both translation
and mRNA stability, the abundance of mRNA targets should be
increased in the miR-290 cluster knockout background. Although
the gross phenotype of the knockout placentas is beginning to be
evident at E12.5, the molecular defects underlying this outcome are
likely to precede this event. Therefore, we performed RNA-seq on
wild-type and knockout placentas at E10.5.
The results showed that hundreds of genes were significantly

upregulated or downregulated. There was a highly significant
enrichment among the upregulated genes for targets of the ESCC
and miR-293-3p, but not the miR-291-5p and miR-290a-5p, seed
families (Fig. 6A-D, Fig. S4C). The expression of eight
representative genes that were upregulated and had seed sequence
matches to the miR-290 cluster were validated by qRT-PCR
(Fig. S4D). Gene ontology (GO) analysis on the upregulated ESCC
and miR-293-3p targets showed enrichment for signaling and cell

adhesion (Fig. 6E,F, Fig. S4E). Given the multiple targets per seed,
it is unlikely that any single target is responsible for the observed
placental phenotypes. Thus, these data suggest that the miRNAs of
the miR-290 cluster, especially the ESCC and miR-293-3p
miRNAs, regulate a network of genes that are responsible for the
normal development of the mammalian placenta.

DISCUSSION
The data presented here uncover a crucial role for a eutheria-specific
miRNA cluster, miR-290/miR-371, in placental development. This
process requires carefully coordinated growth of multiple cell types,
which must parallel that of the embryo. The miR-290 cluster is
expressed in all cells of the conceptus prior to gastrulation (Parchem
et al., 2014), but then becomes localized to the germline and
extraembryonic tissues including the yolk sac and developing
placenta. Within the developing placenta, the miR-290 cluster
becomes localized to the trophoblast cells of the labyrinth and
parietal TGC layers. In general, there is a dearth of markers defining
the different cells of the placenta and, to our knowledge, no
other marker shows a similar expression pattern to the miR-290
cluster. Therefore, the miR-290 cluster provides new insights into
the ontogeny of these cells. In particular, the expression pattern
suggests an important bifurcation occurring within the ectoplacental
cone, with one arm giving rise to TGCs of the parietal layer, while
the other arm gives rise to the spongiotrophoblast cells, glycogen
trophoblast cells, canal TGCs, and spiral artery TGCs. Future
development of an inducible lineage-tracing model based on the
miR-290 locus would enable further in-depth characterization of the
timing and origin of these cell fate choices.

Our functional data complement the expression data. In
particular, we uncover defects in trophoblast progenitor cell
proliferation during early stages of placenta development followed
by defects in endoreduplication in the later stages. These two defects
correspond to the two major means of placental growth, with cell
proliferation acting early versus cell growth being the major source
late (post E12.5) (Iguchi et al., 1993; Ueno et al., 2013). In
embryonic stem cells, the miR-290 cluster, specifically the ESCC
miRNAs of this cluster, suppress the G1-S restriction point of the
cell cycle resulting in a rapid G1 transition (Wang et al., 2008,
2013). By contrast, loss of the miR-290 cluster in the placenta does
not appear to alter the structure of the cell cycle, but rather induces
premature exit from the cell cycle as observed by the reduction in the
number of Ki67+ cells. The combination of exit from cell cycle,
decreased progenitor number, and no apparent increase in apoptosis
is consistent with a premature differentiation of the progenitor cells.
This phenotype is reminiscent of the miR-290 cluster paralog, miR-
302, which is specifically expressed in the embryo proper. Loss of
miR-302 results in premature differentiation of the neural
epithelium first into progenitors and then into neurons, resulting
in a failure to close the neural tube (Parchem et al., 2015). Therefore,
a common role for these two miRNA clusters appears to be the
regulation of the developmental timing of cell fate decisions.

The decrease in the number of cells in the cell cycle was specific
to progenitor cells of the labyrinth. Notably, there was no significant
change in the proliferation rate of cells in the spongiotrophoblast
layer (Fig. S4F), consistent with the absence of miR-290 expression
in this layer. However, there was a decrease in the DNA content of
endoreduplicating TGCs at the periphery of the placenta, the parietal
TGCs, which do express the miR-290 cluster. This reduction is once
again likely to be secondary to premature exit from the cell cycle,
albeit not a mitotic cell cycle. This phenotype could be another form
of premature differentiation, although additional markers would be

Fig. 4. Labyrinth trophoblast progenitor cells exit the cell cycle
prematurely and parietal TGCs show reduced endoreduplication in miR-
290 cluster knockouts. (A) BrdU incorporation staining of E12.5 labyrinth.
(B) Percentage of BrdU+ cells of the labyrinth in wild-type and miR-290 cluster
knockout placentas. (C) Ki67 staining of E12.5 labyrinth. (D) Percentage of
Ki67+ cells of the labyrinth in wild-type and miR-290 cluster knockout
placentas. (E) BrdU and Ki67 co-staining of E12.5 labyrinth. (F) BrdU+/Ki67+

cell ratio in wild-type and miR-290 cluster knockout placentas. (B,D,F) n>3
placentas for each time point, at least three sections per placenta; cells are
counted in at least 20 high-power fields (HPFs), randomly selected, in each
section. (G) Epcam staining of E12.5 labyrinth. Epcamhi cells are arranged in
clusters in labyrinths of wild-type and miR-290 cluster knockout placenta. n>3
placentas for each time point, at least three sections per placenta; cells are
counted in at least 20 fields (20× objective lens), randomly selected, in each
section. (H) Feulgen staining of parietal TGCs of wild-type andmiR-290 cluster
knockout placentas at E12.5 and E15.5. (I,J) Size and integrated optical
density of parietal TGCs in wild-type and miR-290 cluster knockout placentas.
n>3 placentas for each time point, at least three sections per placenta. All
upper and lower whiskers represent max and min, and all middle lines denote
median. Scale bars: 100 μm.

3737

RESEARCH ARTICLE Development (2017) 144, 3731-3743 doi:10.1242/dev.151654

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.151654.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151654.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151654.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151654.supplemental


required to confirm such an interpretation. Of note, in primates there
is another large cluster of miRNAs on chromosome 19 (C19MC),
which is likely to have originated from the miR-290/miR-371
cluster (Morales-Prieto et al., 2012; Zhang et al., 2008). It is highly

expressed in the placenta in the first trimester. Whether the
cellular pattern of expression of this cluster and its function in
the placenta are similar to those of the miR-290/miR-371 clusters is
unknown.

Fig. 5. miR-290 cluster knockout labyrinth is disorganized and has reduced exchange area and diffusion capacity. (A,B) Staining of fetal and maternal
vasculature in E12.5 and E15.5 labyrinths. CD31 stains endothelial cells surrounding fetal vasculature. CK8 stains the epithelial cells surrounding the maternal
vasculature. Arrows indicate cell aggregates between vessels. The boxed region is magnified to the right. (C,D) Staining of fetal andmaternal vasculature in E12.5
and E15.5 labyrinths. Vimentin stains endothelial cells surrounding fetal vasculature. E-cadherin stains the epithelial cells surrounding the maternal vasculature.
(E,F) Quantification of exchange surface area in labyrinth of E12.5 and E15.5 placentas. n>3 placentas for each time point, at least five sections per placenta.
Upper and lower whiskers represent max and min, and middle line denotes median. F.V, fetal vasculature; M.V, maternal vasculature. (G) Quantification of
diffusion capacity of placenta as measured by transfer of 51Cr-EDTA from maternal blood to embryo. (H) Diffusion capacity normalized to placental weight.
(G,H) Error bars represent s.d., and line within the bars denotes mean. dpc, days post coitus. Scale bars: 100 μm.
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Fig. 6. Many miR-290 cluster targets are upregulated in the knockout placental labyrinth at E10.5. (A-D) RNA-Seq results. Volcano plots showing fold
change and significance values for the four distinct seed families produced by the miR-290 cluster. Targets for each seed family, as predicted by TargetScan, are
highlighted in red. Inset bar charts show enrichment P-values for miRNA targets among the upregulated and downregulated genes. (E,F) Top ten GO terms
identified by Enrichr for genes that are upregulated and have a seedmatch to the ESCC (E) or miR-293-3p (F) family. SS, seed sequence; Up, upregulated target;
Down, downregulated targets.
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Unlike the miR-290 cluster and its human ortholog miR-371,
which are specific to placental mammals, miR-302 and its ortholog
are found across vertebrate species. The miR-302 and miR-290
clusters are related in their production of the ESCC miRNAs, but
they also express non-ESCC miRNAs that are not shared between
the two loci (Gruber et al., 2014; Gu et al., 2016). Therefore, the
miR-290 and miR-302 clusters not only differ in the timing and
localization of expression, but also in the repertoire of miRNAs they
produce. Our expression analysis of the miR-290 cluster knockout
placenta at E10.5 shows a strong enrichment for predicted targets of
the ESCC and miR-293-3p families (common seed) of the miR-290
cluster. However, for the other two families (miR-291-5p and miR-
290a-5p/292a-5p), this enrichment is not significant, suggesting a
less important role for these miRNAs. Separation of the roles for the
different miRNAs will require intracluster deletions that remove one
family at a time, similar to what has been done for the miR-17
cluster (Han et al., 2015).
Although it is unlikely that any single target is responsible for the

observed placental phenotypes, considering the multiple seed
sequences and multiple targets per seed, a number of the
differentially expressed genes found by RNA-Seq are known to be
involved in placental development and function. For example,
CYR61 is essential for placental development and vascular integrity
(Mo et al., 2002). Eomes is also required for mouse trophoblast
development (Chen et al., 2013b; Russ et al., 2000). FOSL1 is a key
downstream effector of the PI3K/AKT signaling pathway, which is
responsible for development of trophoblast lineages integral to
establishing the maternal-fetal interface (Kent et al., 2011). Insulin-
like growth factor binding protein 1 and 2 regulate fetal growth (Jin
et al., 2016; Madeleneau et al., 2015; Nawathe et al., 2016). In
addition, gene set enrichment and pathway analysis revealed
dysregulation of several pathways known to be involved in
placenta development and function. For example, the Wnt
signaling pathway is involved in implantation, trophoblast invasion
and differentiation (Sonderegger et al., 2010). The epidermal growth
factor receptor (EGFR) signaling and PI3K-Akt-mTOR pathways
regulate trophoblast proliferation (Dackor et al., 2007; Ferretti et al.,
2007; Pollheimer and Knöfler, 2005). By coordinating the activity of
these genes and pathways, the miR-290 cluster might be striking the
important balance between proliferation and differentiation required
for the growth and function of the placenta.
The miR-290 knockout embryos were lost during a broad

developmental window. Given that many conserved miRNAs are
dispensable for animal development or viability (Vidigal and
Ventura, 2015) and deletions of various miRNAs have been shown
to confer partially penetrant phenotypes (Kuhnert et al., 2008; Li
et al., 2006; Zhao et al., 2007), it has been suggested that miRNAs
aid in conferring robustness to biological processes and suppressing
random fluctuations in transcript copy number (Ebert and Sharp,
2012). Interestingly, expression analysis of later stage placentas
showed many fewer transcriptional changes (Table S2). This might
be due to increased noise and dilution of the primary molecular
effects at later stages. Alternatively, knockout placentas with the
most drastic changes in gene expression patterns might have arrested
and been resorbed earlier, whereas mutants with gene expression
patterns closer to those of their wild-type counterparts are likely to
have survived to these later time points. Indeed, the later stage
knockout embryos showed less severe differences in a number of
measures than earlier embryos. In this regard, acute conditional
knockouts at these later time points will be required to uncover
specific molecular and phenotypic roles for the miR-290 cluster at
different stages of placental development.

Although we see a significant impact of loss of the miR-290
cluster on placental size, with a likely secondary defect in fetal size,
it is unclear how this defect relates to the demise of the majority of
knockout animals prior to birth. Prior studies on other mutants
suggest that the size reduction that we see here is not alone sufficient
to result in embryonic death (Constância et al., 2002). Histological
analysis also uncovered disorganization and thickening of the barrier
between the maternal and fetal blood. Furthermore, physiological
measurements showed a reduction of diffusion across this barrier
even after normalization for the changes in placental size. This
additional defect in maternal-fetal transport is likely to add to risk of
fetal demise. However, it is likely that other processes are disrupted
as well, which will require further physiological studies. One
potential area of interest is defects in TGC secretion given the
reduction in their endoreduplication. For example, the parietal TGCs
are responsible for invasion/decidualization of the uterus as well as
secretion of endocrine and paracrine factors. These factors,
including steroid hormones and prolactin-related cytokines, play
essential roles in pregnancy (Simmons et al., 2007).

In conclusion, our work establishes a crucial role for a eutheria-
specific miRNA cluster in placental development and establishes a
new model to dissect the ontogeny and distinct roles of the many
cell types found in the placenta, an area currently understudied. In
future experiments, it will be important to determine if the human
orthologs of these miRNAs play a similar role in directing the
timing of trophoblast cell fate decisions. If this is the case, their
dysregulated expression could be involved in pregnancy
complications that are associated with fetal growth restriction
secondary to defects in placental structure and function.

MATERIALS AND METHODS
Husbandry and genotyping
Construction of miR-290-mCherry reporter was previously reported
(Parchem et al., 2014). miR-290 heterozygous knockout mice were
purchased from The Jackson Laboratories (B6;129S4-Mirc5tm1Jae/J).
Reporter and heterozygous mice were maintained on a C57BL/6NCrSim
background (N>10). Heterozygous mice were interbred to produce a
combination of wild-type, heterozygous and knockout embryos. Genomic
DNA was isolated from toes of postnatal mice or tails of embryos. Tissue
was digested in lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA,
100 mM NaCl, 0.1% SDS, 5 mg/ml proteinase K) overnight at 55°C. DNA
was isolated by the addition of an equal volume of isopropanol, gentle
vortexing, and then a 15 min centrifugation (10,000 g). Isopropanol was
removed, and samples were allowed to air dry. After the addition of water,
samples were mixed and heated at 85°C for 5 min. PCR was performed
using primer pairs (5′-3′, forward and reverse) to distinguish the miR-290
wild type (TCCAGGTTTCCTTCAGGTTG and GATGGCCGCTACAT-
AGGTGT) and mutant (TCCAGGTTTCCTTCAGGTTG and CGTGCA-
ATCCATCTTGTTCA). PCR conditions were 35 cycles at 94°C for 45 s,
52°C for 45 s, and 72°C for 60 s. Band sizes were: wild type, 391 bp;
mutant, 697 bp. miR-290 mCherry primers were: wild type (GGTCTAGG-
GAGTCTATGCAG and CGGAGCCCTCCATGTGCA) and reporter (GG-
TCTAGGGAGTCTATGCAG and GGAAAGAACGTGGAGAAC). PCR
conditions were as above except with an adjustment of the annealing
temperature to step down 64°C, 62°C and 60°C. Band sizes were: wild type,
169 bp; mCherry, 219 bp.

Histopathology and immunohistochemistry
Tissue was collected from mice of various genotypes as described
previously (Belair et al., 2015). Briefly, placentas and embryos were
dissected in PBS, fixed in 4% paraformaldehyde (PFA) in PBS at 4°C
overnight, dehydrated in 10%, 20% and 30% sucrose at 4°C, embedded
in OCT (Thermo Scientific, Tissue-Plus O.C.T Compound) and stored at
−80°C until use. Cryomicrotome sectioning was at 7-10 μm. Sections were
stored at −80°C prior to Hematoxylin and Eosin (H&E) staining and
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immunohistochemistry. For H&E, briefly: 5 min in Hematoxylin (Sigma), 2
min wash (tap water), 1 min in Eosin Y (Richard Allan Scientific), 1 min
wash (tap water) and dehydration through 80%, 90%, 95% and 100%
ethanol (2 min each) before 30 min in Histo-Clear (National Diagnostics,
HS-200) and mounting. For BrdU staining, 50 mg BrdU/kg body weight
was injected 2 h prior to dissecting the mouse. BrdU-labeled cryosections
were then steamed in 10 mM citrate buffer (pH 6) for 20 min at 99°C for
antigen retrieval. Sections were blocked with 5% goat serum in PBS/0.1%
Tween 20, and incubated in primary antibody in blocking solution at 4°C
overnight: BrdU, 1:1000 (Abcam, ab6326); CD31, 1:50 (Abcam, ab28364);
mCherry, 1:500 (Abcam, ab167453); CK8, 1:100 (Abcam, ab107115);
vimentin, 1:100 (Cell Signaling, 5741s); Ki67, 1:500 (Thermo Scientific,
RM-9106-S1); cleaved caspase 3, 1:400 (Cell Signaling, 9664s); laminin,
1:300 (Abcam, ab11575); Epcam, 1:250 (Abcam, ab71916); PL1, 1:100
(Santa Cruz, sc34713); E-cadherin, 1:200 (BD Biosciences, 610181).
Secondary antibodies (AlexaFluor conjugated; Invitrogen, 1:500) in
blocking buffer were applied for 2 h at room temperature.

Quantitative analysis of histological sections
To quantify BrdU and Ki67 expression, placentas of at least four biological
replicates for each time point, and at least three sections for each placenta,
were stained simultaneously for BrdU, Ki67 and with DAPI. The cells
were evaluated and counted in at least 20 high-magnification fields (40×
objective lens), randomly selected, in each section, blinded with respect to
genotype.

To quantify Epcam expression, placentas of at least four biological
replicates for each time point, and at least three sections for each placenta,
were stained simultaneously for Epcam and with DAPI. The cells were
evaluated and counted in at least 20 fields (20× objective lens), randomly
selected, in each section, blinded with respect to genotype.

To measure the thickness of the spongiotrophoblast and labyrinth layers,
we made serial sagittal sections through the entire placental tissue, mounting
four sections per slide. We then stained every tenth slide with H&E. Slides
were examined in order to find the midpoint of the placenta (site of umbilical
cord attachment to placenta), which is used as the major reference point for
comparisons between mutants and wild-type littermates (Natale et al.,
2006). These layers have distinct morphological features and can be
distinguished even in H&E-stained sections. Then, we used ImageJ software
(NIH) to measure the labyrinth and spongiotrophoblast layer areas, blinded
with respect to genotype (Jensen, 2013).

To measure the exchange surface and intervascular area in labyrinth, we
performed immunofluorescence for CD31 and CK8, staining the epithelial
and trophoblast cells, respectively. CD31 demarcates the fetal vessels,
whereas CK8 demarcates the maternal vessels. CellProfiler (Jones et al.,
2008) was used to measure the vascular perimeter (exchange surface) for
both the fetal and maternal vessels as well as the intervascular area.

Feulgen staining and image analysis densitometry
Feulgen staining was performed as previously described (Hardie et al.,
2002). Briefly, slides were thawed, fixed in 4% PFA for 10 min at room
temperature and rinsed for 10 min in tepid running tap water. For hydrolysis,
tissue sections were incubated in 55°C preheated 1 M HCL and, after
staining by Schiff reagent (Sigma Aldrich, 1001579456), incubated in
bisulfite solution (Sigma Aldrich, 1001521877) for 15 min at room
temperature, rinsed in tepid running tap water, dried and mounted.
Histological images were acquired on a Leica DM1000 (100× objective)
with a DFC290 camera. CellProfiler software was used to measure nuclear
area and integrated optical density.

Quantitative RT-PCR (qRT-PCR)
The labyrinth and yolk sac were isolated from E10.5, E12.5, E15.5 and
E18.5 wild-type and mutant embryos. The labyrinth tissue was enriched by
physically peeling off the decidua and junctional zone under a dissecting
microscope. The isolated tissues were lysed in 1 ml Trizol (Invitrogen,
15596018) and RNA isolated and purified according to the manufacturer’s
instructions and stored at −80°C. cDNA was generated for miRNA and
mRNA analyses by reverse transcription with oligo(dT) primers
(SuperScript III Reverse Transcriptase kit, Invitrogen). Gene-specific

primers (500 nM) and Power SYBR Green PCR Master Mix (Life
Technologies) were used. PCR quality controls, experimental runs, and
statistical methods were performed as described (Shi and Chiang, 2005).
Primers are listed in Table S1.

Analysis of unidirectional maternal-fetal transfer
As previously described (Constância et al., 2002; Sibley et al., 2004),
radiolabeled 51Cr-EDTA (50 mCi) in 100 ml PBS was injected at E15.5 into
the jugular veins of miR-290 heterozygous female mice bred with
heterozygous males. The females were sacrificed 4 min after injection of
radioisotope. Embryos and placentas were weighed and a small section of
tail was removed for genotyping. Embryos were lysed overnight at 55°C in
Biosol (National Diagnostics, LS310). Then, liquid scintillation fluid
(Bioscint, National Diagnostics, LS309) was added for γ-counting.
Radioactive counts in each embryo were then used to calculate the
amount of radioisotope transferred per whole placenta or per gram of
placenta.

RNA-Seq library preparation
The labyrinth tissue was enriched as described above. Total RNA was
isolated from four paired biological samples of dissected placentas using
miRNeasy micro columns (Qiagen) according to the manufacturer’s
protocol. cDNA libraries were prepared using a KAPA Stranded mRNA-
Seq Kit (07962142001, KK8400).

Statistical analysis
For small-scale experiments performed in three or more independent
experiments, P-values were calculated using Student’s t-test.

For RNA-Seq analysis the data were preprocessed using Kallisto (Bray
et al., 2016). Differential expression analysis was performed using Sleuth
(https://pachterlab.github.io/sleuth). Cutoffs for significance were set at an
adjusted P<0.01, log2 fold change >0.3. Seed sequence enrichment was
performed using Fisher’s exact test (fisher.test function in R). GO terms
were identified using Enrichr (Chen et al., 2013a). A list of all differentially
expressed genes with fold change and significance value is provided in
Tables S2 and S3. Raw, processed, fold change and significance values for
all genes are provided at Gene Expression Omnibus (GSE95687).

Animal use
The Institutional Animal Care and Use Committee of the University of
California, San Francisco, approved all animal experiments reported in this
article.
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