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Developmental arrest of Blimp1/Prdm1 mutant embryos at around embryonic day 10.5 (E10.5) has been attributed
to placental disturbances. Here we investigate Blimp1/Prdm1 requirements in the trophoblast cell lineage. Loss of
function disrupts specification of the invasive spiral artery-associated trophoblast giant cells (SpA-TGCs)
surrounding maternal blood vessels and severely compromises the ability of the spongiotrophoblast layer to
expand appropriately, secondarily causing collapse of the underlying labyrinth layer. Additionally, we identify
a population of proliferating Blimp1+ diploid cells present within the spongiotrophoblast layer. Lineage tracing
experiments exploiting a novel Prdm1.Cre-LacZ allele demonstrate that these Blimp1+ cells give rise to the
mature SpA-TGCs, canal TGCs, and glycogen trophoblasts. In sum, the transcriptional repressor Blimp1/Prdm1 is
required for terminal differentiation of SpA-TGCs and defines a lineage-restricted progenitor cell population
contributing to placental growth and morphogenesis.
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Growth and survival of the mammalian embryo within
the maternal uterine environment depends on develop-
ment of the placenta. Reciprocal signaling cues between
closely interacting maternal, extraembryonic, and em-
bryonic tissues govern the balance between cell prolifer-
ation and terminal differentiation of trophoblast progen-
itors during formation of this specialized organ necessary
to promote maternal–fetal exchange, provide an immu-
nological barrier, and produce hormones that systemically
influence maternal physiology during pregnancy (Watson
and Cross 2005; Moffett and Loke 2006).

Shortly after implantation of the blastocyst, mural
trophodermal cells differentiate into highly polyploid mi-
gratory primary parietal trophoblast giant cells (P-TGCs).
In contrast, the polar trophectoderm immediately over-
lying the inner cell mass continues to proliferate, giving
rise to the extraembryonic ectoderm (ExE) and its de-
rivatives, the so-termed ectoplacental cone (EPC) and the
chorionic ectoderm. Diverse trophoblast cell subtypes
identified on the basis of restricted gene expression pro-

files, cell morphology, and localization become allocated
in an orderly sequence (Simmons and Cross 2005; Simmons
et al. 2007; Hu and Cross 2010). The EPC generates
secondary P-TGCs and the highly invasive spiral artery-
associated TGCs (SpA-TGCs) that migrate into the
deciduum to surround, invade, and remodel the incoming
maternal vasculature (Adamson et al. 2002; Hemberger
et al. 2003; Simmons and Cross 2005). Glycogen tropho-
blasts (Gly-Ts) are specified within the early spongiotro-
phoblast cell population (Bouillot et al. 2006; Tesser et al.
2010) and at later stages invade into the maternal tissue.
The canal-associated TGCs (C-TGCs) differentiate at later
developmental stages to line the blood canals of the spon-
giotrophoblast layer (Adamson et al. 2002). Derivatives of
the chorionic ectoderm closely interact with fetal endo-
thelial cells during formation of the labyrinth layer. The
chorionic trophoblast progenitors differentiate into poly-
ploid mononuclear sinusoidal cells (S-TGCs) and multinu-
cleated syncitiotrophoblasts (Syn-Ts) lining maternal blood
sinuses (Watson and Cross 2005; Simmons et al. 2008a).
Continuous growth of the labyrinth layer is necessary for
efficient maternal–fetal exchange to support the dramatic
growth of the embryo during the second half of gestation.

Gene targeting experiments have identified transcrip-
tional regulators and signaling pathways required for de-
velopment of the trophoblast cell lineage. The homeodomain
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protein Cdx2 and its downstream target, the T-box family
member Eomesodermin (Eomes), are essential to promote
trophectoderm development shortly after implantation
(Russ et al. 2000; Niwa et al. 2005; Strumpf et al. 2005). At
slightly later stages, Eomes expression marks the distal
ExE (Arnold et al. 2009). Self-renewing stem cells within
the ExE are maintained in the undifferentiated state by the
combined activities of Fgf4 and localized Nodal signaling
from the underlying epiblast (Tanaka et al. 1998; Guzman-
Ayala et al. 2004). Trophoblast stem (TS) cell cultures de-
prived of Fgf and Activin/Nodal spontaneously differentiate
to become mature TGCs (Tanaka et al. 1998; Simmons et al.
2007). Thus, terminal differentiation may represent the de-
fault pathway, whereas continuous exposure to growth factor
signaling is required to maintain stem cell capabilities.

Placental morphogenesis also crucially depends on
regulatory networks governing specification of mature
post-mitotic TGC subtypes at the correct time in the
appropriate placental location. Formation of polyploid
TGCs at the periphery of the EPC is controlled by the
antagonistic actions of the basic helix–loop–helix (bHLH)
family members Hand1 and Ascl2. Hand1 promotes
TGC formation (Riley et al. 1998), whereas Ascl2, co-
expressed with Hand1 in the EPC, suppresses TGC termi-
nal differentiation (Guillemot et al. 1994; Tanaka et al.
1997; Scott et al. 2000). A key feature of terminal differ-
entiation is that TGCs exit from the cell cycle and undergo
multiple rounds of DNA endoreduplication. Cyclin E is
required to promote endoreduplication within TGCs (Geng
et al. 2003; Parisi et al. 2003). Endoreduplication has also
been causally linked to the cell cycle regulator Geminin
(Gonzalez et al. 2006). Loss of Geminin function causes
the totipotent cells present at the morula stage to un-
dergo endoreduplication and acquire a TGC phenotype.

The transcriptional repressor Blimp1 (encoded by the
Prdm1 gene), originally identified as a master regulator of
plasma cell terminal differentiation, also controls gene
expression profiles in T-cell subsets, macrophages, the
sebaceous gland, and skin epidermis (Horsley et al. 2006;
Magnusdottir et al. 2007). Within lineage-restricted Tcells,
Blimp1 plays multiple roles controlling the balance be-
tween TH1 and TH2 subsets, memory and effector CD8 T
cells, and maturation of CD4 follicular helper T cells
(Kallies and Nutt et al. 2007; Nutt 2007; Martins and
Calame 2008; Welch 2009; Crotty et al. 2010). In the early
mouse embryo, Blimp1 governs primordial germ cell
(PGC) specification (Ohinata et al. 2005; Vincent et al.
2005) and regulates development of the forelimb and
caudal pharyngeal arches (Robertson et al. 2007). Recent
studies demonstrate that Blimp1 plays an essential role in
reprogramming of the intestinal epithelium during the
suckling-to-weaning transition (Harper et al. 2011).

Blimp1 contains an N-terminal PR/SET domain and
five C-terminal C2H2 zinc fingers that mediate nuclear
import and DNA binding. Its ability to mediate gene
silencing and reorganize chromatin architecture at spe-
cific target sites depends on recruitment of epigenetic
partners. Associations with histone deactylases (HDACs),
the G9a methyl transferase, and the lysine-specific de-
methylase LSD1 have been shown to regulate plasma cell

maturation (Bikoff et al. 2009). Complexes with the argi-
nine methyltransferase Prmt5 govern epigenetic changes
in the germ cell lineage (Ancelin et al. 2006). Considerable
evidence suggests that Blimp1 transcriptional targets are
cell type-specific. Thus, in B cells, macrophages, and
sebaceous gland progenitors, Blimp1 directly represses
c-Myc expression to arrest cell cycle progression (Horsley
et al. 2006; Martins and Calame 2008). However, c-Myc is
not a transcriptional target in T lymphocytes. Rather,
Blimp1 blocks proliferation by direct repression of the
T-cell cytokine IL2. Blimp1 regulates the key targets Ifng,
Tbx21, and Bcl6 to shift the balance between TH1/TH2
lineages (Martins and Calame 2008). Its ability to silence
Bcl6 expression is also crucial during terminal differenti-
ation of plasma cells and CD4+ follicular helper T
lymphocytes (Crotty et al. 2010). In contrast, Bcl6 is not
a transcriptional target in mature natural killer (NK)
effector cells (Kallies et al. 2011). Genome-wide chroma-
tin immunoprecipitation (ChIP) experiments demon-
strate widespread promoter occupancy at hundreds of
candidate target genes (Doody et al. 2010). Context-
dependent local chromatin structure probably also has
an impact on target site selection and recruitment of
corepressors.

Blimp1/Prdm1 mutant embryos arrest at around em-
bryonic day 10.5 (E10.5) due to placental defects (Vincent
et al. 2005; Robertson et al. 2007). The present experi-
ments investigate the underlying causes of these tissue
disturbances. We demonstrate that the invading SpA-
TGCs display robust Blimp1 expression and that Blimp1
functional loss selectively disrupts specification of this
discrete TGC subtype. Transcriptional profiling experi-
ments identified additional SpA-TGC lineage-restricted
marker genes that potentially regulate placental morpho-
genesis. Blimp1 expression also delineates a discrete
population of diploid cells present within the spongio-
trophoblast layer at all stages examined. We engineered a
novel Prdm1.Cre-IRES-LacZ reporter allele for fate-map-
ping studies. The Blimp1+ subset of spongiotrophoblasts
gives rise exclusively not only to the invading SpA-TGC,
but also the Gly-T cell population and terminally differ-
entiated C-TGCs. Blimp1 functional activities in diverse
trophoblast cell types regulate their crucial contributions
to placental growth and development.

Results

Blimp1 is expressed by multiple trophoblast
cell subtypes in the developing placenta

Several trophoblast cell subtypes have been defined on
the basis of cell morphology, gene expression profiles, and
tissue localization (Simmons and Cross 2005; Simmons
et al. 2007). To examine temporally and spatially restricted
Blimp1 expression patterns by trophoblast cell subpopula-
tions in the developing placenta, we performed in situ
hybridization and immunostaining experiments. Recent
evidence suggests that Blimp1 regulates NK cell matura-
tion and effector functions (Smith et al. 2010; Kallies et al.
2011). Additionally, uterine NK cells may be required for
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remodeling of maternal blood vessels during placentation
(Adamson et al. 2002; Moffett and Loke 2006). To exclude
possible maternal contributions, we analyzed expression
of a paternally inherited hypomorphic Blimp1.gfp reporter
allele (Kallies et al. 2004; Robertson et al. 2007).

Gfp transcripts were detectable at E7.5 in a subset of
cells within the EPC (Supplemental Fig. 1A). Slightly later
(E8.5), we observed expression within a subset of cells
lying subjacent to the P-TGC layer as well as the invading
SpA-TGCs situated above the P-TGC layer (Supplemen-
tal Fig. 1B). However, by E9.5, the signal was predomi-
nantly restricted to small clusters of mature SpA-TGCs
associated with maternal blood vessels (Supplemental
Fig. 1C). Similarly, from E7.5 onward, immunohisto-
chemical experiments reveal strong nuclear staining in
the forming SpA-TGCs (Fig. 1A), with characteristic
polyploid nuclei, which surround the incoming maternal
arteries within the uterine stromal tissue (Adamson et al.
2002; Hemberger et al. 2003). At E9.5, robust expression
continues in SpA-TGCs, whereas, in contrast, the sec-
ondary P-TGCs lack Blimp1 expression (Fig. 1B). Simi-
larly, derivatives of chorionic trophoblast progenitors,
including the S-TGCs and Syn-Ts that line the maternal
labyrinth blood sinuses (Watson and Cross 2005; Simmons
et al. 2008a), are devoid of expression (Fig. 1B).

Interestingly, from E7.5 onward, we consistently ob-
served a subset of diploid Blimp1+ cells scattered within
the forming spongiotrophoblast layer (Fig. 1A), as well as
pockets of compact Blimp1+ cells having the highly
characteristic morphology of Gly-T cells (Fig. 1F). Gly-T
cells are readily identified by PAS staining (Bouillot et al.
2006; Tesser et al. 2010). Double-labeling experiments
confirmed that Blimp1 expression marks all Gly-Tcells in
the forming spongiotrophoblast layer (Fig. 1G). Next, to
assess the proliferative activities of the Blimp1+ diploid
cells, we stained for Ki67. As expected, at E9.5 in double-
labeling experiments, Blimp1+ mature SpA-TGCs are qui-
escent (Fig. 1I). Within the labyrinth, we observed a high
proportion of Ki67+ cells but no Blimp1 expression (Fig. 1H).
As shown in Figure 1I, ;10%–20% of the Blimp1+ diploid
cells scattered within the spongiotrophoblast layer are also
Ki67+. These results strongly suggest that the Blimp1+

diploid population is indeed capable of self-renewal.

Blimp1 loss of function disrupts specification
of the invasive SpA-TGC population

Blimp1-deficient embryos arrest at E10.5 due to placental
insufficiency (Vincent et al. 2005). One day earlier, at
E9.5, the characteristic morphological disturbances in-
clude extensive hemorrhaging of maternal blood within
decidual tissues above the placenta (Fig. 2A). To further
investigate the underlying causes of these abnormalities,
we examined a panel of markers defining the major tropho-
blast subtypes. The transcription factor Gcm1 (Anson-
Cartwright et al. 2000) and its target, SynB, are correctly
expressed in E9.5 mutant placenta, but in contrast to wild
type, the Gcm1+ Syn-T cell population fails to involute
and form characteristic long narrow branches (Supple-
mental Fig. 2A). Expression of a paternally inherited

Flk.LacZ allele marking endothelial tissue (Shalaby et al.
1995) confirmed that fetal capillaries fail to extend into the
labyrinth tissue (Supplemental Fig. 2A). Rather, fetal blood
cells identified by e-globin expression are largely restricted
to the base of the labyrinth (Supplemental Fig. 2A).

Figure 1. Characterization of Blimp1-expressing trophoblast
cell subpopulations in the developing placenta. Immunohisto-
chemical staining for nuclear Blimp1. (A) Midsections though
the EPC at E7.5 and E8.5. Blimp1 expression (brown) is detect-
able in diploid trophoblasts (unfilled arrow) and TGCs (filled
arrow) in the EPC. The position of the central maternal artery is
outlined. High-magnification images of the boxed areas are
shown below. (B–F) At E9.5, Blimp1 (red) is strongly expressed
by the SpA-TGCs surrounding the maternal arteries (D) and
diploid cells (unfilled arrow) and clusters of vacuolated Gly-T
(filled arrow) (F) , but labyrinthine trophoblasts (E), P-TGCs (B,
box in the bottom left corner) and Prdm1�/� mutant placenta
lack Blimp1 expression. (G) PAS staining (pink), in combination
with Blimp1 immunohistochemical staining (brown), confirms
that double-positive vacuolated cells are Gly-Ts. (H) Numerous
Ki67+ (brown) cells present in the labyrinth are Blimp1�, whereas
Blimp1+ SpA-TGCs are quiescent (H,I). Ki67 staining confirms
that ;10%–20% of the diploid cells present within the spongio-
trophoblast layer are double Blimp1+ (red)/Ki67+ (brown)-positive
(unfilled arrow). Bars: A–C, 200 mm; G,H, 50 mm. (ma) Maternal
artery; (SpT) spongiotrophoblast; (lab) labyrinth trophoblast.

Blimp1/Prdm1 requirements in the placenta

GENES & DEVELOPMENT 2065



Next, we examined expression of prolactin-related
family members (Prls) selectively expressed by tropho-
blast subtypes in the spongiotrophoblast layer (Simmons
et al. 2008b). Expression of Prl5a1 and Prl3b1 as well as
Tpbpa by cells of the dense spongiotrophoblast cell layer
(Simmons et al. 2008b) is unaffected (Fig. 2B–D). Simi-
larly, expression of Prl2a1, a marker of Gly-Tcells (Simmons
et al. 2008b), is retained within the spongiotrophoblast
layer (Fig. 2E). Additionally, PAS staining shows that the
Gly-T cells differentiate appropriately (Fig. 2F). However,
in the absence of Blimp1, this population becomes
intermixed with cells of the compacted spongiotropho-
blast layer. As assessed by expression of Prl3d1 (PL-1) or
Prl2c2 (Plf) (Supplemental Fig. 2), Blimp1 functional loss
has no noticeable effect on the formation of the secondary
P-TGC population.

In striking contrast, the SpA-TGCs coexpressing Prl5a1,
Prl2a1, Prl3b1, and Tpbpa, which normally invade the

deciduum to surround the central maternal artery and
ingressing spiral arteries, are entirely absent (Fig. 2A–E).
The prominent cone-shaped spongiotrophoblast layer nor-
mally seen between the outer P-TGCs and the proximal
labyrinth is abnormally flattened and unevenly distributed
(Fig. 2A). To further investigate defective trophoblast
invasion into the maternal tissue, we stained for cytoker-
atin (CK), a pan-trophoblast marker. The cone of invasive
CK+ trophoblast cells that normally surrounds and mi-
grates up the prominent invading central maternal artery
is entirely absent (Fig. 2G). Additionally, we examined the
pattern of alkaline phosphatase (AP) staining in maternal
decidual tissue immediately surrounding the invading
TGCs. In mutant placentae, maternal AP+ cells become
closely and inappropriately juxtaposed to the central ma-
ternal artery (Fig. 2H). Collectively, these results demon-
strate that Blimp1 expression is essential for specification
of the SpA-TGCs.

Figure 2. Blimp1 inactivation eliminates trophoblast
invasion into the maternal decidua, resulting in com-
paction of the labyrinth. (A) H&E sections of E9.5 wild-
type and Blimp1-deficient placentae. (B–E) Expression of
trophoblast lineage-restricted markers was analyzed at
E9.5 by RNA in situ hybridization. Prl5a1 (B), Prl3b1

(C), Tpbpa (D), and Prl2a1 (E) identify both spongiotro-
phoblasts and the invading SpA-TGC population (red
arrows). In Prdm1�/�mutants, expression is confined to
the spongiotrophoblast layer, and the SpA-TGC popu-
lation is absent. The position of the central maternal
artery is outlined. (F) PAS staining reveals that Gly-T
cells are correctly specified but are localized to the
dense compacted spongiotrophoblast layer. Immunohis-
tochemical labeling of CK (cytotrophoblasts) (G) and
histochemical staining for AP (maternal cells) (H) high-
light the absence of trophoblast invasion surrounding
the maternal artery (traced by dotted line) in the
Prdm1�/� placenta. Bar, 200 mm. (Dec) Maternal de-
cidua; (ma) maternal artery; (SpT) spongiotrophoblast;
(lab) labyrinth trophoblast.
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Transcriptional profiling experiments reveal
misregulated patterns of gene expression

To identify Blimp1-dependent transcripts and potentially
new markers specific for the SpA-TGC lineage, we used
the Illumina array platform to compare wild-type versus
mutant transcripts in E9.5 placental tissue (Supplemental
Fig. 3). We identified a modest number of differentially
expressed genes (Illumina DiffScore >13, equivalent to
P < 0.05) widely distributed throughout the genome
(Supplemental Fig. 3A). Of these, 12 were up-regulated
and 24 were down-regulated. None of these differen-
tially expressed genes correspond to previously described
Blimp1 targets (Doody et al. 2010). Limited evidence of
common ontological function was noted among some
of these genes (e.g., protease activity). However, func-
tional annotation clustering analysis using DAVID 6.7
(Huang et al. 2009) did not identify significant enrich-
ment of any ontological category due to the small number
of significantly altered genes. Candidate misregulated
genes were validated by quantitative PCR (Supplemental
Fig. 3A).

Changes in expression patterns were also assessed by in
situ hybridization analysis (Fig. 3). Prl7b1 expression is
initially induced in a subset of cells within the EPC at
E7.5 (Simmons et al. 2008b) and by E9.5 marks cells at the
periphery of the spongiotrophoblasts and invading SpA-
TGCs (Fig. 3). Consistent with results above, Prl7b1
expression levels are >1000-fold reduced by quantitative
PCR (Supplemental Fig. 3), and transcripts are undetect-
able in Blimp1-deficient placentae (Fig. 3). Interestingly,
the regulator of G protein signaling family member Rgs5,
a key regulator of vascular remodeling and pericyte
maturation (Manzur and Ganss 2009), also shows signif-
icantly down-regulated expression. Rgs5 is also selec-
tively expressed within the SpA-TGC trophoblasts at
E9.5, and mutant placentae entirely lack Rgs5+ tropho-
blasts (Fig. 3). The matricellular protein Lipocalin 7
(Lnc7/Tinagl), known to contribute important proangio-
genic functions in vascular microenvironments (Brown
et al. 2010), is also robustly expressed by SpA-TGCs (Fig.
3) and largely absent in mutant placentae. Interestingly,
proprotein convertase Pace4/Pcsk6 transcripts normally
expressed in the invading SpA-TGCs are also undetect-
able in mutant sections (Fig. 3).

In contrast, loss of Blimp1 results in up-regulated ex-
pression of the metalloprotease Mmp1a (Fig. 3). Mmp1a
transcripts normally mark a small population of spongio-
trophoblast cells lying immediately proximal to the
P-TGC layer (Fig. 3; Balbin et al. 2001). In contrast, here
we observed increased numbers of Mmp1a+ cells in the
flattened mutant spongiotrophoblast layer. The placenta-
specific cathepsin Cts8, normally expressed in migratory
trophoblasts (Hemberger et al. 2000; Screen et al. 2008), is
also significantly up-regulated (Fig. 3; Supplemental Fig.
3). Cts8 overexpression in cultured TS cells results in
increased cell and nuclear size, suggestive of giant cell
differentiation (Screen et al. 2008). If Blimp1 normally
represses Cts8 expression, its absence could potentially
lead to precocious giant cell differentiation and loss of

invasive potential. To examine this possibility, we com-
pared nuclear sizes in the spongiotrophoblast layer of wild-
type and mutant placentae (Fig. 4A). Nuance analysis of
DAPI-stained sections at E9.5 revealed no significant
differences in nuclear size profiles (Fig. 4B). Thus, Blimp1
functional loss has no global effect on endoreduplica-
tion and terminal giant cell differentiation.

Figure 3. Blimp1 function is essential for terminal differenti-
ation of endovascular TGCs. RNA in situ hybridization reveals
complete loss of Prl7b1, Rgs5, and Pace4/Pcsk6 and reduced
expression of Lcn7/Tinagl, consistent with a failure to specify
the SpA-TGC population. In contrast, Mmp1a expression is up-
regulated but confined to the compacted spongiotrophoblast
layer. Similarly, Cts8 expression, normally present in a sub-
population of migratory trophoblasts at the edges of the ecopla-
cental cone, is up-regulated and confined to the compacted
mutant spongiotrophoblast layer. Bar, 200 mm.
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Characterization of lineage-restricted Blimp1+

progenitors present within the spongiotrophoblast
layer

Formation of the mature chorio-allantoic placenta de-
pends on the continued ability of diploid trophoblast

stem cells within both the spongiotrophoblast and laby-
rinth layers to undergo multiple rounds of proliferation.
Intriguingly, at all stages examined, we consistently observed
a subpopulation of diploid Blimp1+/Ki67+ cells present
within the developing spongiotrophoblast layer (Fig. 1H,I).

Unfortunately, the Prdm1.Cre BAC transgene (Ohinata
et al. 2005) that allowed fate mapping of Blimp1+ cells in
the embryo proper (Robertson et al. 2007) is not expressed
in the developing placenta. To test whether Blimp1+Ki67+

cells are lineage-restricted unipotent SpA-TGC progenitors
or, alternatively, may give rise to multiple spongiotropho-
blast subtypes, we generated a novel Prdm1.Cre.LacZ
reporter allele (Prdm1Cre.LacZ) by inserting a Cre-IRES-
nLacZ cassette into the first coding exon of the Prdm1
locus (Fig. 5A).

To test expression of the nuclear LacZ reporter cas-
sette, we mated Prdm1Cre.LacZ/+ males to wild-type fe-
males and stained the resulting embryos. As expected, at
E7.5, whole-mount staining reveals LacZ activity con-
fined to the Blimp1+ PGCs at the proximal end of the
primitive streak (Fig. 5C). Later, at E9.5 (Fig. 5D), we also
found that LacZ precisely mirrors dynamic patterns of
endogenous Blimp1 expression within the second heart
field (SHF), limb buds, and otic vesicle (Vincent et al.
2005; Robertson et al. 2007). In postnatal skin (Fig. 5E),
LacZ activity identifies the dermal papillae of the hair
follicles as well as the granular layer keratinocytes
(Magnusdottir et al. 2007; Robertson et al. 2007). Impor-
tantly, we also observed at E10.5 that LacZ reporter activity
accurately reflects down-regulated expression in the poste-
rior forelimb and SHF (Fig. 5F; Robertson et al. 2007).

Similarly, we observed faithful expression of the nu-
clear LacZ reporter cassette in the developing placenta
that tightly overlaps with endogenous Blimp1 immuno-
reactivity (Figs. 1B, 5H). At E9.5, LacZ precisely labels the
polyploid nuclei of the SpA-TGCs surrounding the ma-
ternal blood vessels (Fig. 5I). Similarly, double staining for
LacZ and PAS reactivity identifies the Gly-T cells (Fig. 5J).
Scattered diploid nuclear LacZ cells are present within
the spongiotrophoblast layer (Fig. 5K), but we observed no
staining within the labyrinth (Fig. 5L).

Next, we examined stage-matched E10.5 and E12.5
Prdm1Cre.LacZ/+ embryos alongside those recovered from
Prdm1Cre.LacZ/+animals crossed to R26R reporter mice
(Soriano 1999). As expected, transient Prdm1.Cre expres-
sion accurately fate-maps descendents of the zone of
polarizing activity (ZPA) that ultimately give rise to the
bulk of the posterior tissue of the forelimbs and hind-
limbs, as well as the descendents of the SHF giving rise
to the right ventricle (Supplemental Fig. 4A). Notably,
transient Prdm1.Cre expression in endothelial progeni-
tors also efficiently marks the embryonic and allantoic
vasculature (Supplemental Fig. 4A,B).

To fate-map Blimp1+ trophoblasts, we compared nu-
clear-specific LacZ-staining patterns of the Prdm1Cre.LacZ/+

reporter allele with cytoplasmic LacZ labeling seen in
Prdm1Cre.LacZ/+:R26R placentae (Fig. 6; Supplemental Fig.
4C,D). At E12.5, we detected Prdm1Cre.LacZ/+ expression in
all of the SpA-TGC as well as the Gly-T populations (Fig.
6A,D), also identified by Blimp1 immunostaining (Supple-

Figure 4. Loss of invasive behavior is not associated with
precocious TGC differentiation. (A) H&E and DAPI staining of
E9.5 placental sections demonstrates compaction and paucity of
the spongiotrophoblast layer. High-magnification images of the
boxed areas are shown below. Bar, 200 mm. (B) Morphometic
analysis of DAPI-stained nuclei within the spongiotrophoblast
layer demonstrates that the distribution of nuclear sizes in
Prdm1+/+ and Prdm1�/� placenta are indistinguishable. (B) Data
represent mean 6 SEM of five fields. (A) Typical DAPI-stained
fields from each genotype are indicated in the bottom panel.
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Figure 5. Generation and validation of a dual-pur-
pose Prdm1.Cre-LacZ reporter allele. (A) Targeting
strategy for generating the Prdm1-Cre-IRES-nlacZ
allele. Mutant (top) and wild-type (bottom) alleles
with Southern blotting restriction enzyme sites,
fragment sizes, and location of probes indicated.
(K) KpnI; (N) NcoI; (ATG) Prdm1 translation initia-
tion methionine codon. (B) Southern blot screening
of embryonic stem (ES) cell clones. (C–G) X-gal
staining of Prdm1 Cre-LacZ embryos to monitor
endogenous Prdm1 transcriptional activity. (C) At
E7.5, PGCs are readily visible. (D) E9.5 LacZ expres-
sion in the otic vesicle (ov), emerging forelimb bud
(lb), and SHF faithfully reflects previously docu-
mented sites of mRNA expression. (E) LacZ staining
of postnatal day 0 (P0) back skin identifies Prdm1-
positive dermal papillae (dp) and granular layer
keratinocytes (gl). Prdm1 Cre-LacZ reporter expression
in E10.5 (F) and E12.5 (G) embryos demonstrating
down-regulation of transcriptional activity in the
forelimb and SHF. (H) LacZ staining of the E9.5
Prdm1 Cre-LacZ placenta shows faithful reporter gene
expression. (H,L) The P-TGCs and labyrinth region
are devoid of LacZ activity. (I) Nuclear LacZ expres-
sion marks the SpA-TGC associated with maternal
blood vessels. (J) PAS staining identifies clusters of
LacZ+ Gly-T cells. (K) Small diploid cells with blue
nuclei (unfilled arrows) are interspersed with non-
labeled cells throughout the spongiotrophoblast
layer. Bars: E,I,K,L, 100 mm; H, 200 mm; J, 50 mm.
(Ma) Maternal artery; (SpT) spongiotrophoblast; (lab)
labyrinth trophoblast.
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mental Fig. 4B). Interestingly, at this stage, C-TGCs also
coexpress nuclear LacZ and endogenous Blimp1 protein
(Fig. 6C; Supplemental Fig. 4B). Lineage tracing analysis
shows Blimp1+ trophoblasts clearly only give rise to SpA-
TGCs, fully differentiated C-TGCs, and both the spongio-
trophoblast and interstitial Gly-T populations (Fig. 6F–H).
Thus, diploid Blimp1+ cells comprise discrete lineage-
restricted progenitors of multiple spongiotrophoblast sub-
sets, including the invasive endovascular cells, Gly-Ts, and
C-TGCs formed at different stages and tissue sites within
the developing placenta. In contrast, spongiotrophoblasts
and P-TGCs are formed from Blimp1� progenitors and
represent a distinct trophoblast cell lineage.

Discussion

In eutherian mammals, the placenta is essential to sup-
port fetal development in utero. Derivatives of the
trophoblast cell lineage grow in concert with the fetal
capillary network and the maternal vasculature to con-
struct this highly specialized organ. In both humans and
rodents, invasive TGCs migrate through the uterine
epithelium to infiltrate the maternal blood vessels. Deg-
radation of the maternal endothelium and smooth mus-
cle layers and replacement by endovascular TGCs result
in vessel dilation and promote the formation of maternal
blood sinuses (Hemberger et al. 2003; Screen et al. 2008).
Blimp1/Prdm1 mutant embryos arrest at around E10.5
due to placental insufficiency. Here we investigate the
underlying causes of this post-implantation lethality.

The present experiments demonstrate that Blimp1 is
required for specification of SpA-TGCs, a crucial TGC
subpopulation that normally migrates away from the

edges of the EPC to surround the incoming maternal
arteries (Adamson et al. 2002). Our findings clearly reveal
for the first time essential contributions made by this
functionally discrete population of terminally differenti-
ated TGCs. Focal loss of the SpA-TGCs disrupts forma-
tion of the maternal blood sinuses and severely compro-
mises the ability of the spongiotrophoblast and labyrinth
layers to expand appropriately.

Migrating SpA-TGCs coexpress several closely related
Prl family members, including Prl2a1, Prl3b1, Prl5a1, and
Prl7b1 (Figs. 2, 3; Simmons et al. 2008b), but Prl7b1 is
exclusively expressed in mature SpA-TGCs associated
with the maternal spiral arteries (Simmons et al. 2008b).
Consistent with the focal loss of this cell population, we
observed that Prl7b1 expression is undetectable in
Blimp1-deficient placentae. Our transcriptional profiling
experiments also identified several new markers specific
for the SpA-TGC lineage, including the pericyte marker
Rgs5 and the proangiogenic matricellular protein Lcn7
that potentially contribute to blood vessel remodeling.
Interestingly, SpA-TGCs robustly express the proprotein
convertase Pace4, required at early implantation stages
for local signaling by the TGFb growth factor Nodal
during establishment of the anterior–posterior axis (Ben-
Haim et al. 2006). Nodal signaling from the embryo also
maintains the TS cell compartment within the early ExE
(Guzman-Ayala et al. 2004). At later stages, Nodal ex-
pression within the spongiotrophoblast layer potentially
prevents default differentiation of secondary P-TGCs (Ma
et al. 2001). Pace4 expressed by SpA-TGCs may activate
Nodal signaling within the underlying spongiotropho-
blasts to regulate the balance between cell proliferation
and differentiation.

Figure 6. Lineage-restricted Blimp1+ multipotent pro-
genitors give rise to the SpA-TGCs, Gly-Ts, and
C-TGCs. At E12.5, the Prdm1 Cre-LacZ reporter allele
identifies the SpA-TGCs lining the maternal blood
vessels (D), the Gly-T cells (A), and the C-TGCs (C),
and a population of small diploid cells (A, unfilled
arrows) within the spongiotrophoblast layer. (B) There
was no expression in the labyrinth. Cell fate-mapping
studies (lineage tracing identified by cytoplasmic LacZ
activity) (Supplemental Fig. 4D). Blimp1+ cells exten-
sively contribute to the spiral artery trophoblast cells
(F), canal (G), and interstitial/glycogen trophoblasts (H)
in the E12.5 placenta. (H) Notably, diploid trophoblast
cells (unfilled arrows) located in the spongiotrophoblast
layer retain nuclear Prdm1Cre-LacZ expression. (E) The
LacZ-positive cells in the labyrinth in Prdm1Cre-LacZ 3

R26R sections are fetal endothelial cells that tran-
siently express Blimp1 at earlier stages (Supplemental
Fig. 4A,B). Bar, 500 mm. (Dec) Maternal decidua; (ma)
maternal artery; (SpT) spongiotrophoblast; (lab) laby-
rinth trophoblast; (FE) fetal endothelium.
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Placental growth depends on ongoing recruitment of
SpA-TGCs for remodeling of the maternal vasculature.
Similarly, C-TGCs are continuously generated to sur-
round the expanding surface area of the large blood canals
within the spongiotrophoblast layer. Increasing numbers
of glycogen-rich Gly-Ts form within the spongiotropho-
blast layer from early stages onward and emerge to invade
into interstitial maternal tissues beginning around E12.5.
Interestingly, we found that Gly-Ts also express Blimp1
but in its absence are correctly specified. As judged by
PAS staining, comparable numbers of Gly-T cells are
present at E9.5 in both wild-type and mutant placentae.
However, Blimp1-deficient Gly-T cells cannot migrate
appropriately. Similarly, invasive trophoblast cells marked
by Mmp1a and Cts8 expression (Balbin et al. 2001; Screen
et al. 2008) differentiate normally but also fail to infiltrate
maternal tissues. One possibility is that Blimp1 directly
regulates gene expression profiles controlling their migra-
tory behavior. Alternatively, defective migration may be
a secondary consequence due to focal loss of the SpA-TGC
population. It is tempting to speculate that trophic factors
produced by the SpA-TGC are required for recruitment of
these subjacent trophoblast cell subtypes to promote in-
vasion into the maternal tissue.

Intrinsic and extrinsic cues that maintain Blimp1
expression within the SpA-TGCs as well as in the small
proliferating cells and terminally differentiated C-TGC
and Gly-T subtypes have yet to be elucidated. Recent
experiments demonstrate that TLR/NFkB signals acti-
vate Blimp1 expression during plasma cell differentia-
tion via consensus binding sites located upstream of the
proximal exon 1A promoter (Morgan et al. 2009). How-
ever, cis-acting regulatory elements that direct dynamic
patterns of tissue-specific expression remain largely un-
known. Expression in committed PGCs at the base of the
allantois is controlled by dose-dependent Bmp4–Smad
signals (Bikoff et al. 2009). Bmp family members, nota-
bly Bmp2, are robustly expressed in the decidual tissue
surrounding the EPC starting at E7.5 (Paria et al. 2001).
We speculate that induction of Blimp1 expression in the
SpA-TGCs may be controlled in part by Bmp signaling
from maternal decidual cells surrounding the forming
EPC.

Here we identified a novel population of lineage-re-
stricted Blimp1+ Ki67+ diploid cells present within the
spongiotrophoblast layer. Fate-mapping studies establish
that these represent bona fide multipotent stem cells that
give rise to mature SpA-TGCs as well as C-TGCs and
Gly-Ts. In striking contrast, spongiotrophoblasts and
secondary P-TGCs are derived from Blimp1� progenitors
and represent a distinct trophoblast lineage. Previous
fate-mapping studies reveal contributions made by the
Tpbpa+ spongiotrophoblast cells to the SpA-TGCs, Gly-
Ts, and a subset of P-TGCs and C-TGCs (Simmons et al.
2007). Cre-medated ablation of the Tpbpa+ population
broadly disrupts the entire spongiotrophoblast layer and
SpA-TGCs and arrests development at around E11.5 (Hu
and Cross 2011). It will be important to learn more about
regulatory networks governing underlying stage-depen-
dent allocation of diverse trophoblast subtypes.

As outlined in Figure 7, Blimp1+ progenitors, present
from early EPC stages onward, give rise to both the SpA-
TGCs and C-TGCs as well as the diploid glycogen cell
population. Cell fate choices may be determined in part
by local signaling cues. Thus, Blimp1+ progenitors adjacent
to blood sinuses may selectively give rise to C-TGCs,
whereas those situated more proximally adopt Gly-T fates.
In contrast, Blimp1� progenitors residing within both the
spongiotrophoblast and labyrinth layers give rise to the
remaining trophoblast lineages of the mature placenta,
including the spongiotrophoblasts, P-TGCs, and S-TGCs
and syncitial trophoblasts. Collectively, these diverse
trophectodermal derivatives orchestrate the dramatic
growth of the placenta during pregnancy (Fig. 7).

Divergent placental structures have evolved in mam-
mals to support viviparity. Human and mouse placentae
share many functional similarities. Both are character-
ized by the highly invasive nature of the trophoblast
lineage. In humans, the so-termed extravillous or cyto-
trophoblasts (counterparts of the murine SpA-TGC,
C-TGC, and Gly-T) invade the uterine stroma to form
both interstitial and endovascular derivatives (Moffett and
Loke 2006). Remodeling and dilation of maternal arteries
is also necessary for efficient maternal–fetal exchange.
Defects in cytotrophoblast invasion and differentiation are
causally associated with intrauterine growth retardation
and pre-eclampsia (Moffett and Loke 2006). Microarray
analysis of human placental samples demonstrate complex

Figure 7. Blimp1 functional roles in the mouse placenta. Diploid
Blimp1+ spongiotrophoblasts capable of self-renewal give rise to
mature Blimp1+; Prl7b1+; Rgs5+; Pace4+ and Lcn7+ SpA-TGCs that
invade the maternal decidua to surround and remodel maternal
blood vessels, as well as Blimp1+; Prl7b1+; PAS+ Gly-Ts and
Blimp1+; Prl7b1+ C-TGCs. In striking contrast, trophoblast sub-
types (Syn-Ts and S-TGCs) that form the labyrinth compartment,
derived from the Blimp1� progenitors, represent a distinct lineage.
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stage- and tissue-specific patterns of gene expression
encompassing a myriad of functional categories (Winn et al.
2007). It will be interesting to learn more about Blimp1
requirements in human endovascular lineages and whether
Blimp1 similarly defines TS cells driving expansion of
cytotrophoblasts throughout pregnancy.

Materials and methods

Animals

Prdm1BEH (Vincent et al. 2005), Blimp1gfp (Kallies et al. 2004),
Flk.LacZ (Shalaby et al. 1995), and R26R reporter (Soriano 1999)
mouse strains have been described. Prdm1BEH/+ animals were
intercrossed to generate null placental tissue. The Prdm1Cre-LacZ

allele was generated by introducing a cassette containing a codon-
optimized Cre (Shimshek et al. 2002) upstream of IRES-nlacZ
followed by a FRT-flanked neo cassette (iCre-IRES-nLacZ-FRT-
neo-FRT) into the ATG translational site in exon 3 via homol-
ogous recombination in embryonic stem (ES) cells. Correctly
targeted ES cell clones were transiently transfected with a FLP
expression construct. Drug-excised subclones were injected
into blastocysts to generate germline chimeras. All experi-
ments using mice were performed in accordance with Home
Office regulations.

Histology, in situ hybridization, and immunohistochemistry

For H&E staining, immunohistochemistry, and in situ hybrid-
ization, tissue was fixed overnight in 4% paraformaldehyde
(PFA), dehydrated in ethanol, embedded in paraffin wax, and
sectioned (6 mm). RNA in situ hybridization was performed
according to standard protocols (Nagy et al. 2003) using paraffin
sections collected from the mid-plane of the placenta. Probes for
Tpbpa, Gcm1, Prl3d1, Prl5a1, Prl2a1, Prl3b1, Prl7b1 (Simmons
et al. 2007, 2008b), and Pace4 (Constam and Robertson 2000)
have been described. SynB, Rgs5, and Lcn7/Tinagl probes were
generated by PCR.

For immunohistochemistry, dewaxed sections subjected to
antigen retrieval by boiling for 30 min in either Target Retrieval
Solution (S1699, DAKO) or Tris/EDTA (pH 9.0) were per-
meabilized for 10 min in 0.2% Triton X-100 in TBS and sub-
sequently treated with peroxidase blocking buffer (K4011, DAKO)
for 15 min, followed by 30 min in 10% goat serum. Sections
incubated in primary antibodies overnight at 4°C were subse-
quently developed with the appropriate DAKO peroxidase-labeled
polymer kit or VectaStain ABC System (Vector Laboratories) using
DAB or Vector Red substrate (Vector Laboratories). Primary anti-
bodies were rat monoclonal anti-Blimp1 (1:500 dilution; sc-130917,
Santa Cruz Biotechnology), rabbit polyclonal anti-Ki67 (1:200
dilution; Ab1558, Abcam), and a mouse monoclonal anti-Pan CK
(1:100 dilution; C-2562, Sigma-Aldrich).

For double-labeling experiments, Ki67-stained sections were
then subjected to a second round of antigen retrieval, blocked,
and incubated with rat anti-Blimp1 (1:500 dilution; sc-130917,
Santa Cruz Biotechnology) overnight at 4°C. The signal was
amplified with biotinylated rabbit anti-rat IgG (1:200 dilution;
E0468, DAKO) followed by AP-conjugated biotin/streptavidin
(ABC-AP, Vector Laboratories) and Vector Red substrate (Vector
Laboratories). Sections were lightly counterstained with haemo-
toxylin. PAS staining was performed using a commercially avail-
able kit (Sigma-Aldrich). Glycogen-specific reactivity on paraffin
sections was enhanced by acetylation prior to PAS staining as
previously described (Tesser et al. 2010). Morphometric analy-
sis of nuclear area was performed using DAPI-stained paraffin

sections (one section each from five placenta per genotype) using
a Nuance MSI camera (LOT, Oriel). Sections were post-stained
with H&E for imaging.

X-gal staining of intact embryos was performed as described
(Nagy et al. 2003). Cryosections (10 mm) of placental tissue were
stained as described (Navankasattusas et al. 2008) and counter-
stained with Nuclear Fast Red or PAS. AP staining was carried
out as described (Bissonauth et al. 2006).
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