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Abstract 

The development of trophoblast giant cells (TGCs) in the placenta is complex and is 

regulated during multiple steps from trophoblast stem cells to ectoplacental 

cone/spongiotrophoblast to TGCs by a variety of factors. The basic helix-loop-helix 

(bHLH) transcriptional factor Hand1 is a key regulator of TGC differentiation and is 

essential for development of various tissues including the placenta, yolk sac, and heart. 

While bHLH factors function through formation of dimers with other bHLH factors, it 

has remained mysterious as to what are the dimerization choices of Hand1 in various 

tissues.  Previous studies in the Cross Lab by Ian Scott, a former PhD student, suggested 

that Hand1 may exhibit its role in promoting TGC differentiation as a homodimer. Hand1 

tethered homodimer (Hand1TH) knock-in mice were generated to test the hypothesis.  Our 

results indicated that the Hand1 homodimer is sufficient for normal development at the 

right dosage whereas Hand1 forms heterodimers with other bHLH proteins to play an 

important regulatory role to modulate the activity of Hand1 homodimer in vivo. In other 

studies, I addressed the function of different subtypes of TGCs which are present within 

the mature mouse placenta, using two different models. In one study, I used cell subtype-

specific ablation of Tpbpa-positive TGC precursor cells with a Cre-activated diphtheria 

toxin A (DTA) system. These results directly revealed for the first time the function of 

spiral artery-associated TGCs which replace the endothelial cells in the spiral arteries and 

facilitate dilations of spiral arteries and maternal blood flow into the placenta. In addition, 

the study indicated that there is crosstalk between Tpbpa-positive and Tpbpa-negative 

precursors with respect to controlling the number of parietal TGCs that line the 

implantation site such that loss of Tpbpa-positive cells can be compensated by Tpbpa-
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negative lineage cells. In the second study, I used the same Tpbpa-Cre transgenic mice to 

generate a Hand1 conditional knockout model through breeding with Hand1loxP mice. 

The early lethality of Hand1 conditional knockout embryos before E10.5 suggested that 

Hand1 plays a critical role in development of Tpbpa-positive lineage. Overall, the 

contents of this thesis describe studies focused on different aspects of TGC development. 

Since similar cell types and physiological changes are present in human pregnancy, a 

better understanding of TGC development and function in the mouse will help us gain 

better insight into human normal pregnancy and treatment of pregnancy related diseases. 
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1.1 General Introduction     

The placenta is the first organ to form during early embryogenesis and it is critical for 

successful pregnancy. The mouse placenta is anatomically and functionally similar to the 

human placenta and is regarded as a good model to understand human placental 

development and disease. Trophoblast giant cells (TGCs) are the first specialized type of 

cell to differentiate during early placental development and are of vital importance for 

implantation and modulation of post-implantation placentation. Mouse TGCs are 

mononuclear and polyploid and appear to be analogous to human extravillous 

cytotrophoblast cells. Recent results suggest that there are several subtypes of TGCs that 

are anatomically and molecularly distinct. It thus becomes increasingly important to ask 

how is TGC development regulated at molecular level to give rise to distinctive and 

specialized subtypes, and what is the function of specific TGCs subtypes in the placenta?       

 

1.2 Function and development of the mouse placenta 

The mouse placenta plays a wide variety of roles during pregnancy which are 

critical for both survival and growth of the fetus and well-being of the mother.  The 

placenta implants the conceptus into the wall of the uterus, protects the fetus from the 

maternal immune system, modulates the maternal vasculature to facilitate maternal blood 

delivery to the implantation site, brings fetal and maternal blood in close association to 

promote nutrient exchange, and secretes hormones that target maternal physiological 

systems for pregnancy maintenance and adaptation.  

It is becoming increasingly clear that the placenta exhibits its various roles through 

the actions of many differentiated epithelial (derived from the trophoblast cell lineage) 
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cells types within the placenta. During pre-implantation development, the trophectoderm 

is first specified and segregated from the inner cell mass (Figure 1.1). Subsequently, the 

trophectoderm distant from the inner cell mass (called mural trophectoderm) 

endoreduplicates and differentiates to form primary TGCs and facilitates the process of 

implantation. By contrast, trophectoderm cells in contact with inner cell mass (polar 

trophectoderm) differentiate into extraembryonic ectoderm/chorion and ectoplacental 

cone, where trophoblast stem cells and spongiotrophoblast cells reside, respectively, and 

give rise to the three broad zones in the mature mouse placenta - the innermost labyrinth, 

the junctional zone and the maternal decidua on the outside (Figure 1.1). The labyrinth is 

the region of the placenta in which maternal and fetal blood are brought close to each 

other after the development of highly branched villi after embryonic day 8.5 (E8.5). The 

maternal blood and fetal blood spaces within the labyrinth are separated by three layers of 

trophoblast cells and a layer of fetal endothelial cell. The bulk of the trophoblast 

compartment is composed of two layers of multi-nucleated syncytiotrophoblast that arise 

from cell-cell fusion of post-mitotic cells and a single layer of TGCs (Simmons et al., 

2008a). The major function of the labyrinth, and syncytiotrophoblast cells specifically, is 

nutrient, gas and waste transport. The junctional zone consists of spongiotrophoblast cells 

and a layer of TGCs that line the implantation site. Fetal blood does not enter the 

junctional zone, but maternal blood flow is brought into and out of the labyrinth through 

maternal blood canals and channels that transverse this region (Adamson et al., 2002). 

The function of the spongiotrophoblast layer is unknown, although it probably has a 

structural role and endocrine role since spongiotrophoblast cells produce placenta 

hormones such as PL-II (Placental lactogen II). It also secretes several layer-specific anti- 
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Figure 1.1 Overview of placental structure and cell type in the mouse. Diagrams 

depict early development of the mouse conceptus at embryonic days (E) 3.5, 7.5 and 

12.5, displaying the components of the mature placenta and different subtypes of TGCs. 

ICM, inner cell mass; Dec, decidua; Epc, ectoplacental cone; Ch, chorion; Al, allantois; 

pYS, parietal yolk sac; vYS, visceral yolk sac; Am, amnion; Emb, embryo; TGC, 

trophoblast giant cell; C-TGC, canal TGC; P-TGC, parietal TGC; SpA-TGC, spiral artery 

associated TGC; S-TGC, sinusoidal TGC; SpT, spongiotrophoblast; Lab, Labyrinth; 

GlyT, glycogen trophoblast cell; Umb Cord, umbilical cord. Cyan-trophectoderm and 

trophoblast lineage, Black-inner cell mass and embryonic ectoderm, Gray-endoderm, 

Red-maternal vasculature, Purple-mesoderm, Yellow-decidua, Pink-fetal blood vessels in 

labyrinth. 
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angiogenic factors such as soluble Flt1 (a vascular endothelial growth factor/VEGF 

antagonist) and PRP (prolactin-related protein), suggesting also a role in modulating 

angiogenesis to prevent the growth of maternal blood vessels into the fetal placenta 

(Cross et al., 2002). The function of TGCs involves early implantation and post-

implantation and will be discussed in more detail in the following sections. The outer 

most decidua layer is transformed from uterine epithelium upon implantation of the 

blastocyst, a process in which uterine stroma cells at sites of blastocyst apposition 

undergo proliferation and differentiation into decidual cells. The decidua is devoid of 

trophoblast cells until around mid-gestation when glycogen trophoblast cells invade 

interstitially into the decidua and a specific subtype of TGCs invade up the spiral arteries, 

replacing the endothelium and thereby promoting the transition from endothelial cell-

lined arteries to trophoblast-lined blood spaces (hemo-chorial) in the placenta (Adamson 

et al., 2002). Thus, dramatic maternal vasculature remodeling takes place in this layer 

which is required to deliver sufficient maternal blood into the feto-placental unit. 

  

1.3 Mouse placenta as a model for human placenta 

Placental abnormalities are closely associated with many complications of human 

pregnancy such as gestational trophoblastic disease, preeclampsia and intra-uterine 

growth restriction (Cheung, 2003; Mayhew et al., 2007; Roberts and Post, 2008). It is 

critical to understand the development and function of the normal human placenta in 

order to gain insights into the aetiology of these common and/or severe pregnancy related 

diseases. The placental structures in Eutherian mammals vary a lot and it is hard to find a 

perfect animal model for human either due to similarity or availability (Carter, 2007). 
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However, mice have been shown to be the most powerful animal model for human 

placenta so far. Supported by molecular phylogenetics, rodents (mice) and primates 

(human) are included in the same superorder (Euarchontoglires) (Rose and Archibald, 

2005). The placenta type of both species is haemochorial (Carter, 2007) in which the 

maternal blood is direct contact with the trophoblast cells, while many similarities and 

differences in their structures have been well discussed (Cross, 2003; Cross et al., 2003; 

Georgiades et al., 2002; Rossant and Cross, 2001). There are three highly similar regions 

in mice and in human placenta. First, spiral arteries located in the maternal decidua are 

invaded by the specialized trophoblast cells, spiral artery-associated TGCs, in mice and 

by extravillous cytotrophoblast cells in the human. In both species, the endothelial lining 

of spiral arteries is replaced by trophoblast cells and maternal blood transits from 

endothelial lined arteries to trophoblast-lined (hemochorial) blood spaces with larger 

diameter and less hemodynamic resistance (Cross, 2003; Cross et al., 2003; Georgiades et 

al., 2002). Second, within the labyrinth of mouse placenta as well as in the villous tree of 

human placenta, the maternal blood delivered from trophoblast-lined spiral arteries and 

channels then percolates through a dense mesh of channels created and lined by 

trophoblast cells which are juxtaposed by an equally dense network of fetal capillaries 

(Cross et al., 2003; Georgiades et al., 2002). This is the region where the maternal and 

fetal blood circulations are brought close to each other to have nutrient, gas and 

metabolite exchange. Third, the placenta of both species has discoid shape with a flat 

surface on the fetus side and an irregular opposite surface adjacent to the maternal uterine 

side. The umbilical cord in both species is attached to the center of the fetal surface of the 
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placenta, containing fetal veins and arteries that connect the fetus to the placenta 

(Georgiades et al., 2002).  

In addition to their similar anatomical structures, recent studies on placental gene 

expression demonstrate that mice and humans have high molecular similarities (Cox et 

al., 2009). There is over 70% co-expression of orthologous genes in both species among 

over 7000 genes detected. In addition, over 80% of the genes known to cause placental 

phenotypes in mice are also expressed in the human placenta, which strongly suggests 

that we can use these genes as candidates for causative factors in human placental 

diseases (Cox et al., 2009). In examining the nature of genes functional in the placenta, it 

is apparent that two distinct evolutionary mechanisms were used during the evolution of 

eutherian mammals. Evolutionarily ancient genes that are conserved among species, 

particularly those involved in basic growth and metabolism, were co-opted for use during 

early development which is similar among species. By contrast, recently duplicated genes 

such as cathepsin family and prolactin-like protein family genes whose evolution and 

expression are not conserved across species, are utilized at later stages of gestation to 

meet the diverse pregnancy physiologies among species (Knox and Baker, 2008; Rawn 

and Cross, 2008).   

There are now several mouse models of human preeclampsia-like disease, 

intrauterine growth restriction and gestational hypertension (Cross, 2003). For example, 

mothers that carry p57Kip2 (Cdkn1c, cyclin-dependent kinase inhibitor 1C)-deficient pups 

show defective development of the labyrinth layer and signs of preeclampsia (Takahashi 

et al., 2000). Esx1 (extraembryonic, spermatogenesis, homeobox gene 1) mutants, in 

which placental expression of Igf2 (insulin-like growth factor 2) is reduced (Li and 
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Behringer, 1998), and Rag2/c (recombination activating gene 2/c) mutant mice which 

lack natural killer cells have compromised placental function (Croy et al., 2000) resulting 

in either fetal death or intrauterine growth restriction. Renin/angiotensinogen double 

transgenic mice develop gestational hypertension due to placental expression of renin 

(Takimoto et al., 1996), a gene that encodes for a proteolytic enzyme catalyzing the 

conversion of angiotensinogen to angiotensin I. The fact that the mutant mice mimic 

human diseases of pregnancy again strongly supports the use of mice as model for human 

placenta studies. In addition, better understanding the pathophysiology in these mutant 

mice will provide insights into our understanding of human pregnancy diseases. 

 

1.4 Characteristics of trophoblast giant cells (TGCs) 

TGCs are the first terminally differentiated cell type to form during embryogenesis 

in rodents and are of vital importance for implantation and placentation of the embryo 

and promoting maternal adaptations to pregnancy. They arise from the trophectoderm 

layer in the blastocyst and are characterized by their extremely large cytoplasm and 

polyploid nuclei that result from endoreduplication (Zybina and Zybina, 1985, 1996). 

TGCs are best studied in rodents and are usually mono-nucleated. In mice, there are 

several subtypes of TGCs with distinct functions that arise at different stages of gestation 

and in different locations within the placenta (Simmons et al., 2007; Simmons et al., 

2008b) (See 1.6). Mono-nucleated, bi-nucleated or occasionally multi-nucleated cells 

with polyploid nuclei have also been identified in the rat, rabbit, vole, fox, human, cow, 

water buffalo and alpaca placenta (Carvalho et al., 2006; Isakova et al., 1992; Klisch et 

al., 2005; Klisch et al., 1999; Zybina et al., 1975a; Zybina et al., 1975b; Zybina and 
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Zybina, 1985; Zybina et al., 1992; Zybina, 1987; Zybina et al., 2004; Zybina et al., 2001). 

In humans, the polyploid cells are the so-called extravillous cytotrophoblast cells that 

invade into the uterine decidua (Zybina et al., 2002) that are associated with remodelling 

of the spiral arteries (Pijnenborg et al., 1980).  

All TGCs subtypes in mice share the common characteristics that they are large, 

have polyploid (usually single) nuclei, and at an ultrastructural level are secretory in 

nature with their content of golgi and endoplasmic reticulum increasing during 

differentiation (Bevilacqua and Abrahamsohn, 1988). In contrast to proliferating cells, 

TGCs undergo rounds of DNA replication (S phase) without intervening mitoses (M 

phase), so called endoreduplication, and can accumulate their DNA contents to up to 

1000C (Zybina and Zybina, 1996). The genome of TGCs lining the implantation site is 

„polytene‟, a state in which many homologous chromatids are synapsed together resulting 

from multiple rounds of genome replication (Varmuza et al., 1988; Zybina and Zybina, 

1996). While the other subtypes of TGCs have polyploid nuclei (Simmons et al., 2007), it 

is unclear whether their nuclei are also polytene. Consistent with their large cytoplasm 

and extensive rough endoplasmic reticulum, TGCs secrete a variety of proteins including 

extracellular matrix, cell adhesion molecules, proteinases, cytokines and hormones (see 

1.7).  

The importance of endoreduplication and polyploidy for TGC function is a matter 

of speculation. Polyploid nuclei have been identified in many plant and animal cells with 

secretory or nutritive function such as salivary gland and follicle cells in Drosophila 

melanogaster, leaf cells in plants and TGCs (Edgar and Orr-Weaver, 2001). It has been 

suggested that polyploidy may increase their capacity for protein synthesis. Alternatively, 

http://en.wikipedia.org/wiki/Chromatid
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since TGCs have a relatively short lifespan, it may be that endoreduplication and the 

associated cell hypertrophy allow tissue growth but with less time and energy 

expenditure. An extension of this hypothesis is that because TGCs are post-mitotic, they 

take on their functions without risk of forming tumours (Hemberger, 2008). This is 

particularly important since TGCs have the ability to invade and promote local 

angiogenesis. Interestingly though, TGC nuclei in voles become fragmented during late 

gestation with sex chromosomes in each sub-domain, and this suggests that there is some 

structural order to the polyploid nuclei (Zybina et al., 2005). The formal test of whether 

or not polyploidy is critical for TGC function is to analyze mutants in which it does not 

occur. Endoreduplication is severely compromised in cyclin E1/E2-deficient mice but 

markers of TGCs such as Pl1 and Plf are still induced, indicating that endoreduplication 

and differentiation are not linked (Geng et al., 2003; Parisi et al., 2003).  

 

1.5 Transformation of the mitotic cell cycle to the endocycle in TGCs  

Mechanisms concerning the initiation and maintenance of endoreduplication have 

been well studied in flies and plants (Edgar and Orr-Weaver, 2001; Larkins et al., 2001), 

though there are some data from rodent TGCs as well (Hattori et al., 2000; MacAuley et 

al., 1998; Nakayama et al., 1998). Many cell cycle regulators such as cyclins, cyclin-

dependent kinase (Cdk), and Cdk inhibitors are involved in the mitotic to endocycle 

transition (Edgar and Orr-Weaver, 2001) (Figure 1.2). The most obvious change is that S 

phase is dissociated from M phase. This is not trivial since checkpoint controls normally 

prevent the initiation of a new round of DNA replication until completion of mitosis and 

entry into mitosis is prevented until completion of S phase (Elledge, 1996). TGCs show 
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Figure 1.2 Overview of the transition from the mitotic cell cycle to endocycle during 

TGC differentiation. This diagram shows that the key components of mitotic cell cycle 

machinery are altered to transit to and establish endocycle based on published data 

(Hattori et al., 2000; MacAuley et al., 1998; Nakayama et al., 1998; Ullah et al., 2008).  
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other changes in checkpoint controls such that they continue through DNA replication 

even after sustaining DNA damage (MacAuley et al., 1998). 

The G2 decision point: mitosis or endoreduplication? In a mitotic cell cycle, cyclin 

B and cyclin-dependent kinase 1 (Cdk1) form an active complex that promotes entry into 

mitosis (Sherr and Roberts, 2004). The Rcho-1 trophoblast cell line has been used to 

study TGC differentiation as cells that have made the commitment to leave the mitotic 

cell cycle can be selected as a result in a change in cell adhesiveness even before they 

have begun to endoreduplicate (MacAuley et al., 1998). The transition occurs in the G2 

phase of a normal mitotic cycle but cyclin B/Cdk1 complex is not activated due to 

reduced association of cyclin B and Cdk1 (MacAuley et al., 1998). In the subsequent 

endocycle, cyclin B expression is suppressed (MacAuley et al., 1998; Palazon et al., 

1998). A more recent study showed that inhibition of Cdk1 triggues endoreduplication of 

trophoblast stem cell to TGC and Cdk1 activity is selectively inhibited by p57Kip2 

(Cdkn1c), a G1/S Cdk inhibitor (Ullah et al., 2008). The zinc finger transcription factor 

gene Snail regulates the „G2 decision point‟ of whether trophoblast cells go through 

mitosis or enter the transition endocycle (Figure 1.2) (Nakayama et al., 1998). Its precise 

mechanism is unknown but over-expression of Snail in Rcho-1 cells increases expression 

of the mitotic cyclins A and B (Nakayama et al., 1998).  

Resetting the periodic S phases during endoreduplication. During the mitotic cell 

cycle, biochemical events coincident with mitosis lead to a re-setting of the origins of 

DNA replication (Elledge, 1996). This includes degradation of the protein Geminin 

which otherwise suppresses the firing of origins of DNA replication (McGarry and 

Kirschner, 1998). Geminin mutant mouse embryos die during pre-implantation 

http://www.google.ca/url?sa=t&source=web&ct=res&cd=1&ved=0CAcQFjAA&url=http%3A%2F%2Fwiki.medpedia.com%2FCyclin-dependent_kinase_inhibitor_1C_%28p57%2C_Kip2%29_%28CDKN1C%29&rct=j&q=p57+official+name&ei=j8l5S4vjBYeQNtST6bQH&usg=AFQjCNGi8vwNaQWNuaGCVnhTgBfQGBSYlQ
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development and show ectopic endoreduplication in blastomeres (Gonzalez et al., 2006)]. 

How Geminin is regulated during the endocycle is unknown. Another important 

mechanism to maintain periodicity during the endocycle involves cyclic expression of 

p57Kip2 (Hattori et al., 2000). When TGC differentiation is initiated, p57Kip2 mRNA 

expression appears during the transition endocycle (Figure 1.2) (Hattori et al., 2000). 

During subsequent endocycles, p57Kip2 protein levels fluctuate and this defines two 

distinct gap phases during the endocycle: a endo-G2 phase with p57Kip2 accumulating 

upon completion of S phase and a endo-G1 phase with p57Kip2 declining several hours 

before entry into S-phase (Hattori et al., 2000). C-terminal phosphorylation of p57Kip2 is 

required for promoting its turnover and this in turn is necessary to permit entry into the 

next S phase. Therefore, it is hypothesized that periodic expression of p57Kip2 protein can 

promote alternating S and gap phases during the endocycle.  

Altered G1 to S checkpoint. A G1 to S checkpoint is present during the mitotic cell 

cycle to ensure that chromosomes are intact before replication. At the G1 checkpoint, the 

Rb tumor suppressor protein is phosphorylated by cyclin D/Cdk allowing the E2F 

transcription factor to be liberated, which in turn drives the cell cycle into S phase 

(Giacinti and Giordano, 2006; Sherr and Roberts, 2004). The p53 tumour suppressor 

protein helps cells to survey genotoxic damage and cooperates with Rb to regulate G1 

arrest (Sherr, 2000). During the transition from the mitotic cell cycle to the endocycle in 

trophoblast cells, cyclin D isoform expression switches from D3 to D1 (MacAuley et al., 

1998) . Expression of p53 and Rb declines during TGC differentiation whereas their 

forced over-expression inhibits differentiation (Soloveva and Linzer, 2004). This altered 

G1 checkpoint control might allow cells to go through repeated S phases without 
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intervening mitoses.  

Maintenance of S phase cyclin/Cdk activities. Cyclins E and A function during S 

phase. Cyclin E is thought to be required for the G1 to S phase transition, whereas cyclin 

A is required for S phase progression (Sherr and Roberts, 2004). Both cyclin A and E are 

expressed during endo-S phase and this abruptly drops upon S phase completion 

(MacAuley et al., 1998). Cyclin E1/E2-deficient mice show a markedly reduced 

endoreduplication in TGCs, indicating that cyclin E is essential for endoreduplication 

(Geng et al., 2003; Parisi et al., 2003). Conversely, cyclin E levels are elevated in Fbw7 

(Tetzlaff et al., 2004) and Cul1 (Wang et al., 1999) mutants, due to compromised cyclin 

E degradation, and TGCs are larger than normal. 

 

1.6 Cell lineage origins of TGCs 

TGCs are a dynamic and heterogeneous population of cells containing four TGC 

subtypes identified in the mature placenta (Simmons et al., 2007), and include parietal 

TGC (P-TGC) that line the implantation site and are in direct contact with the decidual 

and immune cells of the uterus, spiral artery-associated TGCs (SpA-TGC), maternal 

blood canal-associated TGCs (C-TGC), and sinusoidal TGC (S-TGC) that are within the 

sinusoidal blood spaces of the labyrinth (Table 1.1). The four subtypes of TGCs are 

distinguished by their distinctive anatomical location and gene expression (Simmons et 

al., 2007). In addition, the different subtypes have different lineage origins and arise at 

different times during development (Simmons et al., 2007). Some of the P-TGCs arise 

directly from the ~60 mural trophectoderm cells that are present in the blastocyst in a 

process called primary TGC differentiation. However, most of the several hundred P- 
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Table 1.1 Characteristics and function of the four different TGC subtypes in the 

mature placenta.  

Subtype  Location  Temporal 

appearance 

Gene 

expression 

Suggested function 

SpA-TGC Lining maternal spiral 

arteries bringing 

blood into placenta 

E10.5~ Plf Regulate maternal spiral artery 

remodelling and blood flow into 

the placenta 

P-TGC Lining implantation 

site and outer layer of 

parietal yolk sac 

E7.5~ Pl1 

Pl2 

Plf 

Facilitate implantation and 

initial maternal vascular 

connections, regulate decidual 

cell differentiation, and maternal 

physiology 

C-TGC Lining canals that 

bring maternal blood 

to base of labyrinth 

E10.5~ Plf   

Pl2 

Regulate maternal vasculature 

remodelling and maternal 

physiology 

S-TGC Within maternal 

blood sinusoids of the 

labyrinth layer 

E10.5~ Cathepsin q  

Pl2 

Modulate hormone and growth 

factor activity before they enter 

fetal and/or maternal circulation, 

regulate maternal physiology 
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TGCs that are present by mid-gestation, and all of the other subtypes, arise from the polar 

trophectoderm through so-called secondary TGC differentiation. Historically, it has been 

hypothesized that secondary TGCs are derived from progenitor cells within the 

ectoplacental cone and the spongiotrophoblast layers that are Mash2 (Ascl2, achaete-

scute complex homolog 2) and Tpbpa/4311(Trophoblast specific protein alpha, a marker 

of ectoplacental cone/spongiotrophoblast) positive (Simmons and Cross, 2005). 

However, lineage-tracing studies have shown that only some TGC subtypes arise from 

Tpbpa-positive precursor cells (Simmons et al., 2007). Both P-TGCs and C-TGCs have 

mixed developmental origins (Figure 1.3). Moreover, in both P-TGCs and C-TGCs, cells 

from different lineage source are intermingled without obvious demarcation. In contrast 

to P-TGCs and C-TGCs, all of the SpA-TGCs originate from Tpbpa-positive cells, 

whereas all of the S-TGCs arise from Tpbpa-negative precursors (Figure 1.3). While 

Tpbpa-positive precursors are located in the outer ectoplacental cone starting at ~E8.5 

and later in the spongiotrophoblast layer, the source of the Tpbpa-negative precursors is 

unknown but could be either the extraembryonic ectoderm/chorion trophoblast cells or 

inner ectoplacental cone cells, or both (Figure 1.3). The chorion is patterned into distinct 

layers of cells by E8.5 that are thought to later contribute to the three different trophoblast 

cell layers in the labyrinth including the two multinucleated syncytiotrophoblast cell 

layers and the S-TGCs that separate maternal blood sinusoids from the fetal capillaries  

(Simmons et al., 2008a).  

 

1.7 Functions of TGCs 

TGCs have diverse paracine and endocrine functions that are crucial for  
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Figure 1.3 The trophoblast lineage and origins of different TGC subtypes in the 

mouse placenta. Summary of the trophoblast lineage, the key regulators and origins of 

different TGC subtypes. This figure is modified from published data of Dr. David G. 

Simmons (Simmons et al., 2007). 
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implantation and subsequent placental function (Figure 1.4). The mural trophectoderm-

derived TGCs mediate attachment of blastocyst to the uterine epithelium, induce uterine 

decidulization, invade into the uterine stroma, and anastomose to form the yolk sac 

placenta for early exchange of nutrients and endocrine signals between mother and fetus. 

After implantation, TGCs play a key role in maintenance of the fetomaternal interface 

and regulation of maternal adaptations to pregnancy through production of many 

hormones and cytokines. 

1.7.1 Functions of TGCs in establishment of fetal-maternal interface 

Adhesion to the uterine epithelium. At the time of implantation, mural 

trophectoderm cells increase their adhesiveness and become competent to attach to the 

uterus (Armant, 2005). Meanwhile, uterine epithelial cells are primed by progesterone 

and estrogen from the ovary and become capable of attaching to the blastocyst (Dey et 

al., 2004). TGCs also produce progesterone (Yamamoto et al., 1994) that may contribute 

to regulation of uterine changes. During implantation, trophoblast cells attach to 

extracellular matrix (ECM) in the receptive uterus, which is composed of fibronectin, 

laminin, vitronectin and collagen (Sutherland, 2003; Wang and Armant, 2002). As the 

blastocytst and uterine epithelium attach, the now differentiating P-TGCs express several 

integrins such as α5β1 (Rout et al., 2004; Schultz and Armant, 1995), α7β1(Klaffky et al., 

2001), α4 β1 (Basak et al., 2002), αIIbβ3 and αVβ3 (Rout et al., 2004) (Figure 1.4).  

TGCs affect decidualization of the uterine stromal cells. Upon attachment of the 

blastocyst to the uterine epithelium, the uterine stromal cells at sites of blastocyst 

apposition undergo proliferation and differentiation into decidual cells, a process called 

decidualization. The uterine stroma can undergo decidualization in response to even an 
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artificial stimulus such as scratching of the epithelium or intraluminal injection of lectin-

coated beads or oil, as long as the uterus has been exposed to appropriate priming by 

estrogen and progesterone (Dey et al., 2004). TGCs are thought to be indispensible for 

decidualization because of their production either of progesterone or other signals that 

affect decidual cell differentiation (Bany and Cross, 2006) (Figure 1.4). These latter 

signals are inferred from the fact that there are differences in gene expression between the 

decidua surrounding a normally implanted embryo compared to an artificially induced 

one, or surrounding mutant mouse embryos that have TGC defects (Bany and Cross, 

2006). At least one of the TGC signals is a type I interferon (Bany and Cross, 2006) 

(Figure 1.4).  

Invasion into the decidua and anastomosis with the maternal vasculature. After 

attachment of the blastocyst to the uterine luminal epithelium, P-TGCs invade the uterus 

by remodeling of the ECM, phagocytosis and cell motility (Cross et al., 1994). They form 

a transient structure called the parietal yolk sac (Figure. 1.1) that is the site of exchange 

for nutrients and gases between the mother and fetus in the early post-implantation 

conceptus (Cross et al., 1994). It is composed of P-TGCs, parietal endoderm cells and an 

extensive basement membrane (Reichert‟s membrane) between them (Welsh and Enders, 

1987). The formation of the yolk sac placenta is highly dependent on the ability of the 

TGCs to penetrate the uterine epithelium and anastomose with maternal blood spaces 

surrounding the implantation site. During anatomosis, the P-TGCs are highly protrusive, 

with long cytoplasmic lamina extended to envelope a diffuse network of maternal blood 

sinuses (Bevilacqua and Abrahamsohn, 1989; McRae and Church, 1990). The 

mechanisms of trophoblast invasion are best studied in P-TGCs but SpA-TGCs and 
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glycogen trophoblast cells also invade into the uterus (Adamson et al., 2002; Pijnenborg 

et al., 1991). TGCs secrete a variety of proteinases that are thought to digest the ECM as 

well as phagocytosed maternal cells and matrix materials. They include matrix 

metalloproteinases (MMP-2, -3, - 9, -13) and inhibitors of metalloproteinases (TIMP-1, -

2, -3, -4) (Alexander et al., 1996; Das et al., 1997; Harvey et al., 1995; Teesalu et al., 

1999; Zhang et al., 2003) urokinase plasminogen activators (Teesalu et al., 1998) and 

cathepsins (Afonso et al., 1999; Deussing et al., 2002; Hemberger et al., 2000; Ishida et 

al., 2004) (Figure 1.4). 

1.7.2 Functions of TGCs after implantation 

Production of hormones that regulate various maternal physiological systems. 

TGCs produce a broad range of hormones that regulate several maternal adaptations to 

pregnancy (Figure 1.4). In particular, the prolactin  (PRL)/placental lactogen 

(PL)/prolactin-like protein (PLP) gene family is highly evolved in rodents. There are 23 

members in mice and all except for the pituitary prolactin gene are exclusively expressed 

in the placenta and in TGCs in particular (Simmons et al., 2008b; Wiemers et al., 2003) 

(Figure 1.5). The expression patterns indicate that the 22 placenta-specific genes have 

diverse functions (Simmons et al., 2008b). The PLs were first identified in rodents as 

prolactin-related hormones that stimulate the mammary gland similar to prolactin and 

indeed they work through the prolactin receptor (Linzer and Fisher, 1999), though it is 

clear that PL has a variety of other target tissues. TGCs produce PL-I starting soon after 

implantation until mid-gestation and subsequently PL-II from mid-gestation until term 

(Talamantes, 1990). In mice in which the pituitary gland is removed as the source of 

prolactin, secretion of both PL-I (Lopez et al., 1991) and PL-II (Kishi et al., 1988) is  
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Figure 1.4 Summary of the paracrine and endocrine functions of TGCs. ECM, 

extracellular matrix; MMP, matrix metalloproteinase; TIMP, metalloproteinase inhibitor; 

IFN, interferon; PIGF, placental-like growth factor; VEGF, vascular endothelial growth 

factor; PL, placenta lactogen; PLF, proliferin; PRP, prolactin-related protein; PLP, 

prolactin-like protein, uPA, urokinase plasminogen activator.  
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Figure 1.5 Temporal and spatial expression of mouse prolactin (PRL) family genes. 

Scale diagram of the prolactin/placental lactogen/prolactin-like protein family gene locus 

on chromosome 13. Left of the slash is the official alias symbol, whereas right of the 

slash is the official symbol of the genes. For example, the official symbol for Pl2 is 

prolactin  family 3, subfamily b, member 1 (Prl3b1). Rectangles indicate the location of 

Prl family member genes and ovals represent the location of pseudogenes within the 28 

locus. Prl, prolactin; Pl, placental lactogen; Plp, prolactin-like protein; Plf, proliferin; 

dPrp; decidual prolactin-related protein. This figure is modified from published data of 

Dr. David G. Simmons (Simmons et al., 2008b). 
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elevated and some milk production occurs indicating that the placental lactogens are 

partially sufficient to promote mammary development (Thordarson et al., 1989). PL-I and 

PL-II have luteotrophic effects on the ovary and support progesterone production (Galosy 

and Talamantes, 1995; Thordarson et al., 1997). PL-I and PL-II also increase insulin 

secretion (Brelje et al., 1993; Fleenor et al., 2000; Nielsen et al., 1999; Sorenson and 

Brelje, 1997) and stimulate an increase in the number of insulin producing β cells in 

pancreatic islets. By contrast, progesterone inhibits insulin secretion and β cell division 

(Sorenson et al., 1993). PL-I affects the liver and induces expression of Na+/ 

taurocholate-co-transporting polypeptide (NTCP) (Cao et al., 2001), which is critical for 

bile salt transport. Finally, prolactin modulates the response of the immune system to 

stress (Dorshkind and Horseman, 2001; Dugan et al., 2007; Dugan et al., 2002). It is not 

yet clear if PL-I and/or PL-II have similar effects. TGCs secrete several PLPs that 

regulate hematopoiesis. PLP-E and PLP-F can stimulate megakaryocytopoiesis and 

erythropoiesis (Bhattacharyya et al., 2002; Lefebvre et al., 2001; Lin and Linzer, 1999; 

Zhou et al., 2005). PLP-E is expressed at the first half of pregnancy by P-TGCs, whereas 

PLP-F is secreted later in pregnancy by the spongiotrophoblast layer (Simmons et al., 

2008b), suggesting that they function in a sequential manner. PLP-E has been shown to 

stimulate human and mouse erythroid progenitor cell proliferation and differentiation 

through activation of the JAK/STAT pathway (Bittorf et al., 2000). Proliferin 2 (PLF2) 

stimulates an increase in the fraction of long-term culture-initiating cells (LT-CIC) in 

cultured bone marrow cells (Choong et al., 2003).    

Production of paracrine factors that regulate the feto-maternal interface. The 

vascular bed and repertoire of immune cells in the uterus changes dramatically during 
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gestation. TGCs secrete the PLP cytokines proliferin (PLF) and prolactin-related protein 

(PRP) that stimulate and inhibit endothelial cell migration, respectively (Jackson et al., 

1994). PLF  is expressed in the early half of gestation and in all TGC subtypes except for 

S-TGCs (Simmons et al., 2007). PRP is subsequently expressed in the latter half of 

gestation and in all four subtypes of TGCs. TGCs also express vascular endothelial 

growth factor (VEGF) (Shweiki et al., 1993) and placental-like growth factor (PLGF) 

(Achen et al., 1997) in early gestation. Antagonists of VEGF/PLGF are also expressed in 

the placenta. Flt-1 is a VEGF receptor that can undergo alternative splicing to result in a 

secreted Flt-1 protein (sFlt-1) that blocks VEGF action. sFLT-1 transcripts are detected in 

the spongiotrophoblast that lies beneath the P-TGCs (Cross et al., 2002; He et al., 1999), 

implying a mechanism by which maternal blood vessels are prevented from growing into 

the junctional zone. TGCs also produce several factors that can regulate blood flow. First, 

they secrete PLP-A that in vitro can inhibit the ability of NK cells to produce interferon-γ 

(IFN-γ) (Muller et al., 1999). Uterine NK cells are important for spiral artery dilatation 

through their production of IFN-γ (Ashkar et al., 2000). TGCs produce IFN-γ during mid-

gestation (Platt and Hunt, 1998), and could affect NK cell function directly. Despite the 

predictions from the expression patterns and in vitro activity of PLP-A, Plpa-deficient 

mice have normal pregnancies unless the pregnant female mice are exposed to hypoxia 

(Ain et al., 2004). Second, TGCs express adrenomedullin (Montuenga et al., 1997; 

Yotsumoto et al., 1998), a vasodilator, and endothelial nitric oxide synthetase 

(Hemberger et al., 2003), an enzyme that produces the vasodilator nitric oxide (NO) and 

that is implicated in vaso-relaxation during pregnancy (Gagioti et al., 2000). However, 

since spiral arteries at the feto-maternal interface lack smooth muscle, the targets of these 
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vasodilators are unclear (Cross et al., 2002). Finally, trophoblast cells, like endothelial 

cells, suppress coagulation of blood whereas blood normally rapidly clots when 

hemorrhage occurs. P-TGCs, ectoplacental cone and spongiotrophoblast cells express 

thrombomodulin, a protein that has anti-coagulant effects on maternal blood within the 

parietal yolk sac and placenta (Weiler-Guettler et al., 1996). The activity of the local 

immune function is also altered during pregnancy in rodents to prevent the maternal 

immune system from killing the allogeneic conceptus. The precise mechanisms are 

unknown. Progesterone produced by TGCs may have some effect since it can stimulate 

activities of type 2 T helper cells (Th2) (Szekeres-Bartho and Wegmann, 1996) that can 

secrete cytokines (e.g., IL-10) that have feto-protective effects. There are significant 

changes in the distribution of NK cells during pregnancy associated with the presence of 

a normal conceptus (Herington and Bany, 2007). This implies that factors from the 

conceptus, likely from TGCs, regulate NK cell homing, proliferation and/or survival. 

1.7.3 Functions of TGC subtypes 

Based on the distinct locations in the placenta and different expression patterns of 

Prl/Pl genes of the four TGCs subtypes (Simmons et al., 2007; Simmons et al., 2008b), 

we speculate that they have distinct functions (Table 1.1).  P-TGCs express the greatest 

variety of PRL/PL hormones among all subtypes of TGCs (Simmons et al., 2008b) 

(Figure 1.5). PL-I and PL-II can act on many maternal physiological systems such as 

corpus luteum, mammary gland, brain, and pancreas (Soares et al., 2007). P-TGCs also 

express the angiogenesis and hematopoiesis related hormones (PLF, PRP, PLP-A, PLP-E, 

PLP-F) (Simmons et al., 2008b), and may function early in establishing the parietal yolk 

sac before the circulation into the mature placenta is established. P-TGCs express 
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progesterone and IFN-γ (Platt and Hunt, 1998; Yamamoto et al., 1994) which are 

important for decidualization and NK cell function. Thus, the functions of P-TGCs are 

very broad. In general, SpA-TGCs express factors that regulate cardiovascular functions 

including formation of blood vessels (PLF and PRP) and blood cells (PLF2, PLP-E, PLP-

F), and dilation of spiral arteries (PLP-A by affecting NK cells) (Simmons et al., 2008b). 

SpA-TGCs also express placenta-specific cathepsins (Cts), Cts7 and Cts8, and Cts8 in 

particular is capable of mediating smooth muscle degradation and blood vessel 

disintegration to facilitate formation of trophoblast-lined blood sinuses (Screen et al., 

2008). These would facilitate the maternal blood supply to the conceptus. The C-TGCs 

line the canals, but other than this structural role, it is difficult to imagine their function. 

S-TGCs produce the least number of PLP hormones (PL-II, PRP, PLP-K) (Simmons et 

al., 2008b) (Figure 1.5). Their expression of PRP, but not PLF, suggests that growth of 

endothelial cells into the labyrinth may be inhibited which would be critical for 

maintaining the hemo-chorial blood space. S-TGCs also secrete cathepsin Q (Simmons et 

al., 2007), a cysteine protease with related family members implicated in trophoblast 

invasion, as described above, and hormone regulation. Some cathepsins can cleave 

prolactin into peptides that have alternative functions (Clapp et al., 2006; Hilfiker-Kleiner 

et al., 2007; Piwnica et al., 2006). The location of S-TGCs on the maternal side of the 

feto-maternal interface implies that they could cleave prolactin-like hormones before they 

leave the placenta and enter the maternal circulation.  

 

1.8 Regulators of trophoblast development 
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The process to form a terminal differentiated and fully functional TGC takes 

multiple steps. First, the trophectoderm needs to be specified and determined, which is a 

prerequisite for differentiation of all trophoblast cell types. Second, the trophoblast 

lineage/trophoblast stem cells should be maintained to provide precursors to all 

trophoblast cell types. Third, cells within the ectoplacental cone and later the 

spongiotrophoblast layer need to be specified and maintained to provide progenitors for 

TGC differentiation. Finally, TGCs need to be terminally differentiated to be fully 

functional. Trophoblast development is highly regulated in each of these steps. Through 

loss- and gain-of-function experiments, a wide variety of factors have been identified that 

regulate trophoblast development (Table 1.2).  

1.8.1 Genes involved in trophectoderm specification and determination  

Several genes are known to play an important role in early trophectoderm 

determination, including E-cadherin, Tead4, Cdx2 and Sox2 (Avilion et al., 2003; Larue 

et al., 1994; Nishioka et al., 2007; Strumpf et al., 2005). In the mutants lacking either E-

cadherin, Tead4 and Cdx2, the trophectoderm is not formed and embryos die at peri-

implantation stages. The failure to generate TGCs prevents the embryos from 

implantation and might be the cause of their early death. In addition, components of 

Ras/Raf/MAPK (Corson et al., 2003; Galabova-Kovacs et al., 2006; Lu et al., 2008; 

Mudgett et al., 2000; Yang et al., 2006) and Hippo (Nishioka et al., 2009) signaling 

pathways induce Cdx2 expression, and pattern Tead4 and Cdx2 activity, respectively, and 

therefore play an important role in trophectoderm specification.  

1.8.2 Genes involved in trophoblast stem cells specification and self-renewal 



 

 

33 

33 

After implantation, the trophoblast lineage is maintained by proliferation of 

trophoblast stem cells that reside in the polar trophectoderm and that produce the bulk of 

the trophoblast lineage save for ~60 of the P-TGCs that arise from mural trophectoderm. 

The trophoblast stem cell pool is maintained by FGF4/FGFR2 (Arman et al., 1998; 

Tanaka et al., 1998) and Nodal (Guzman-Ayala et al., 2004) signalling and the AP2γ 

(Auman et al., 2002), Eomes (Russ et al., 2000), Err2 (Luo et al., 1997; Tremblay et al., 

2001a), Foxd3 (Tompers et al., 2005), and Elf5 (Donnison et al., 2005) transcription 

factors. In mice that are deficient for these factors, TGCs do not form or form 

prematurely as a consequence of the failure to specify trophoblast lineage or failure to 

maintain trophoblast stem cells. 

1.8.3 Genes involved in maintenance of the ectoplacental cone and/or 

spongiotrophoblast  

There are many genes involved in maintaining the ectoplacental cone and/or 

spongiotrophoblast and, in general, loss-of-function mutations result in an increase in the 

number of TGCs. The precise mechanisms of action are established for only a few of 

these factors, and only these will be discussed in detail. The basic helix-loop-helix 

(bHLH) transcription factor Mash2 plays an essential role in maintenance of the 

ectoplacental cone and spongiotrophoblast and negatively affects TGC differentiation 

(Guillemot et al., 1995; Scott et al., 2000; Tanaka et al., 1997). The Mash2 gene is 

expressed in the in the chorion, ectoplacental cone and later spongiotrophoblast (Scott et 

al., 2000) and is imprinted, with maternal origin-specific expression established at the 

time of implantation (Tanaka et al., 1997). Mash2-deficient mice die by E10 due to 

placenta defects, which include the absence of spongiotrophoblast, an increase of TGCs 
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and a failure of labyrinth formation (Guillemot et al., 1994; Tanaka et al., 1997). A 

similar phenotype is observed in mutants for the DNA methyltransferase 3-like gene 

Dnmt3L (Arima et al., 2006). Dnmt3L is required for the establishment of maternal 

methylation imprints in both embryonic and extraembryonic tissues, and Dnmt3Lmat−/− 

mutants die by E10.5 due to an imprinting defect and expression of Mash2 is diminished 

(Arima et al., 2006).  

Oxygen levels can regulate trophoblast lineage cell fate in mice both in vitro and in 

vivo (Adelman et al., 2000; Cowden Dahl et al., 2005b). Hypoxia promotes in vitro 

differentiation of trophoblast stem cells into spongiotrophoblast cells as opposed to TGCs 

(Adelman et al., 2000; Takeda et al., 2007). Hypoxia inducible factors (HIFs) are 

heterodimeric basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) transcription factors, 

composed of HIF/Arnt and HIF1 or HIF2 that are activated by hypoxia (Semenza, 

2007). In HIF1/HIF2 double mutants, there are fewer spongiotrophoblast and 

syncytiotrophoblast cells, and more TGCs (Cowden Dahl et al., 2005a). Arnt mutant 

placentas are similar to HIF1/HIF2mutants (Adelman et al., 2000; Cowden Dahl et 

al., 2005b). Mash2 expression is reduced in HIF mutant placentas and HIF-deficient 

trophoblast stem cells in culture (Cowden Dahl et al., 2005a), implying that Mash2 may 

be a target of HIF.  

The Cx31 and Cx31.1 genes encode connexin gap junction proteins and are 

involved in maintaining TGC progenitor cells within the ectoplacental cone and 

spongiotrophoblast (Kibschull et al., 2005; Kibschull et al., 2004; Plum et al., 2001; 

Zheng-Fischhofer et al., 2007). Cx31 is expressed at pre-implantation stages, but is 

restricted to the ectoplacental cone and extraembryonic ectoderm after implantation and  
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Table 1.2 Genes regulating trophoblast stem cells to ectoplacental 

cone/spongiotrophoblast to TGC development 

Name Gene product Function Reference 

Trophectoderm specification and determination 

Tead4  TEAD family transcription 

factors 

Mutentas die at pre-implantation stages 

without forming the blastocoels 

Primary TGCs absent 

(Nishioka et al., 

2008; Yagi et al., 

2007) 

Cdx2  Caudal-type 

homeodomain transcription 

factor 2 

Mutants die at peri-implantation stages 

without implantation 

Primary TGCs absent 

(Deb et al., 2006; 

Strumpf et al., 

2005) 

Sox2   SRY-related HMG box 

transcription factor 2 

Mutants die at peri-implantation stages  

TGCs formed from mutant ICM culture 

(Avilion et al., 

2003) 

Cdh1 

(E-

cadherin) 

Cadherin 1 , cell adhesion 

molecule 

Mutants die at pre-implantation stages  

Trophectodermal epithelium or a 

blastocyst cavity not formed 

Morulae do not expand to form blastocysts 

and fail to hatch from the zona pellucida 

(Larue et al., 

1994) 

Hippo  STE20 (Sterile20) family 

of protein Serine/Threonin 

kinases  

Hippo signaling pathway components 

regulates Tead4 and Cdx2 to promote 

mouse trophectoderm specification 

(Nishioka et al., 

2009) 

Ras-

MAPK 

Ras–mitogen-activated 

protein kinase  

Ectopic Ras activation drives ES cells 

to form extraembryonic trophoblast cells 

Inhibition of MAPK signalling in cultured 

mouse embryos reduces trophectoderm 

outgrowth 

(Lu et al., 2008) 

Trophoblast stem cell specification and maintenance 

Eomes T-box transcription factor Mutants die at peri-implantation stage, 

primary TGCs absent 

(Russ et al., 2000) 

Elf5 Ets transcription factor Mutants die by E8.5 with extraembryonic 

ectoderm absent, ectoplacental cone 

present 

(Donnison et al., 

2005) 

Errβ Orphan nuclear receptor Mutants die by E9.5 with chorion absent, (Luo et al., 1997; 
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(Err2) TGC number increased Tremblay et al., 

2001a) 

Foxd3 Forkhead transcription factor Mutants ie by E6.5 with TGC number 

increased 

(Tompers et al., 

2005) 

AP-2γ AP-2 family of transcription 

factors 

Mutants die by E8.5 with trophoblast stem 

cells and ectoplacental cone reduced, 

primary TGCs reduced 

(Auman et al., 

2002; Werling and 

Schorle, 2002) 

Erf Ets domain transcriptional 

repressor 

Mutants die by 10.5 with persistence of 

ectoplacental cavity, failure in 

chorioallantoic attachement, expanded 

TGC layer  

(Papadaki et al., 

2007) 

Ets2 Ets transcription factor Mutants die by E8.5 with chorion absent 

and ectoplacental cone growth reduced, 

defective TS cell self-renewal 

(Wen et al., 2007; 

Yamamoto et al., 

1998) 

Dp1 DP family transcription 

factor 

Mutants die by E12.5 with reduced 

chorion, fewer TGCs and TGCs with 

minimal nuclear enlargement 

(Kohn et al., 2003) 

Id1,2 helix-loop-helix  

transcription factor 

Over-expression suppresses TGC 

differentiation 

(Cross et al., 

1995) 

FGF4 

 

 

Fibroblast growth factor 

 

 

Mutants die shortly after implantation with 

failure to maintain trophoblast stem cells, 

premature TGC formation 

(Feldman et al., 

1995; Tanaka et 

al., 1998) 

FGFR2 Fibroblast growth factor 

receptor 2 

Mutants die shortly after implantation with 

failure to maintain trophoblast stem cells, 

premature TGC formation 

(Arman et al., 

1998; Arman et 

al., 1999) 

Mapk1 

(Erk2) 

Mitogen-activated protein 

kinase 1 (extracellular 

signal-regulated kinase 2) 

Mutants die shortly after implantation, 

extraembryonic ectoderm and 

ectoplacental cone not formed  

(Hatano et al., 

2003; Saba-El-

Leil et al., 2003) 

 

Map3k4 

(Mekk4) 

Mitogen-activated protein 

kinase kinase kinase 4 

MEKK4 kinase-inactive TS cells 

preferentially differentiate to 

spongiotrophoblast and 

syncytiotrophoblast 

(Abell et al., 2009) 

Ptpn11 

(Shp2) 

Protein tyrosine phosphatase, 

non-receptor type 11 

Mutants die at peri-implantation stage, 

trophoblast stem cells not generated 

(Yang et al., 2006)  
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Nodal Transforming growth factor 

β superfamily member 

Mutants die by E9.5 with 

spongiotrophoblast layer reduced and 

TGC number increased 

(Guzman-Ayala et 

al., 2004; Ma et 

al., 2001) 

Activin Transforming growth factor 

β superfamily member 

Promotes maintenance of cultured 

trophoblast stem cells 

(Erlebacher et al., 

2004) 

Tgf β Transforming growth factor 

β superfamily member 

Promotes maintenance of cultured 

trophoblast stem cells 

(Erlebacher et al., 

2004) 

BMP2 Transforming growth factor 

β superfamily member; bone 

morphogenetic protein 2 

Mutants die by E8.5 with amnion/chorion 

defects caused by an open proamniotic 

canal 

(Zhang and 

Bradley, 1996) 

Acvr1b Activin/Nodal receptor 1b Mutants die by E9.5 with disorganized 

extraembryonic ectoderm  

(Gu et al., 1998) 

Acvr2, 

Acvr2b 

Activin/Nodal receptor 2 and 

2b 

Compound homozygous mutants die by 

E8.5 

(Song et al., 1999) 

Smad1 intracellular transducer of 

TGF-β signals 

Mutants die by E10.5 with chorion 

erratically folded and allantois growth 

defects 

(Arnold et al., 

2006; Lechleider 

et al., 2001; 

Tremblay et al., 

2001b) 

mTOR Mammalian TOR (target of 

rapamycin) 

Mutants die shortly after implantation. 

Mutant trophoblast fails to proliferate in 

vitro. 

(Murakami et al., 

2004) 

Ectoplacental cone and spongiotrophoblast maintenance 

Ascl2 

(Mash2) 

Achaete-scute complex 

homolog 2, basic helix-loop-

helix  transcription factor 

Mutants die by E10 with smaller 

ectoplacental cone and lack of 

spongiotrophoblast, TGC number 

increased, labyrinth layer reduced 

(Guillemot et al., 

1995; Scott et al., 

2000; Tanaka et 

al., 1997) 

Sp1,3 Zinc finger transcription 

factors 

Sp1-/- die by E10.5, Sp3-/- die postnatally, 

spongiotrophoblast layer decreased in 

Sp1/Sp3 compound heterozygous and 

Sp3-/- mutants 

(Kruger et al., 

2007) 

PPAR γ nuclear receptor peroxisome 

proliferator-activated 

Mutants die by E11.5 with 

spongiotrophoblast reduced and TGC 

(Barak et al., 

1999; Kubota et 
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receptor γ ; lipid-activated 

transcription factors 

layer expanded 

PPARγ null TS cells prematurely 

differentiate into TGC 

al., 1999; Parast et 

al., 2009) 

PPAR β/δ nuclear receptor peroxisome 

proliferator-activated 

receptor β/δ ; lipid-activated 

transcription factors 

Mutants die by E10.5 with reduced 

spongiotrophoblast and TGC  

(Nadra et al., 

2006; Wang et al., 

2007)  

HIF bHLH/PAS transcription 

factors composed of HIFα 

and HIFβ/Arnt subunits 

Arnt-/- and Hif1α-/- Hif2α-/- die by E10.5 

with TGC number increased, smaller 

ectoplacental cone and reduced 

spongiotrophoblast 

(Abbott and 

Buckalew, 2000; 

Adelman et al., 

2000; Cowden 

Dahl et al., 2005a) 

BPTF/FA

C1 

The bromodomain plant 

homeodomain transcription 

factor/ fetal ALZ50-reactive 

clone 1 

Mutants die by E10.5 with EPC 

substantially reduced or absent 

(Goller et al., 

2008) 

Cited 1 CBP/p300-interacting 

transactivator  

Mutants die shortly after birth, 

spongiotrophoblast layer irregular in shape 

and enlarged 

(Rodriguez et al., 

2004) 

Cited 2 CBP/p300-interacting 

transactivator  

 

Mutants die by E14.5 with reduced 

spongiotrophoblast, glycogen trophoblast 

cells and TGCs 

(Withington et al., 

2006) 

Dnmt3L DNA methyltransferase 3-

like protein 

Mutants die by E10.5 with TGCs number 

increased, spongiotrophoblast and 

labyrinth reduced 

(Arima et al., 

2006) 

Krt 8, 18, 

19 

Keratin, cytokeratin-

intermediate filaments 

K8-/- die by E12.5, K8-/-K19-/- die by 

E10.5 and K18-/-K19-/- die by E9.5, all 

with altered TGCs 

 

(Hesse et al., 

2000; Hesse et al., 

2005; Jaquemar et 

al., 2003; Tamai et 

al., 2000) 

GJB3 

(Connexin 

31) 

Gap junction protein 60% mutants die between E10.5 and 13.5 

TGC number increased, 

spongiotrophoblast and labyrinth 

decreased 

(Kibschull et al., 

2004; Plum et al., 

2001) 
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GJB5 

(Connexin 

31.1) 

Gap junction protein Mutants die by E14.5, compact 

spongiotrophoblast with increased 

thickness 

(Zheng-Fischhofer 

et al., 2007) 

Birc6 

(Bruce) 

BIR repeat-containing 

ubiquitin-conjugating 

enzyme 

Mutants in C57BL/6 background die 

perinatally with spongiotrophoblast 

reduced  

(Hitz et al., 2005; 

Lotz et al., 2004) 

HOP/ 

NECC1 

Homeodomain-only 

protein/not expressed in 

choriocarcinoma clone 1  

Mutants have TGCs number increased, 

spongiotrophoblast reduced 

(Asanoma et al., 

2007) 

Tln  

(Talin) 

Cytoplasmic protein 

associated with integrin-

containing cellular junctions 

Mutants die by E9.5 with disorganized 

extraembryonic tissues, and the 

ectoplacental and excocoelomic cavities 

are not formed 

(Monkley et al., 

2000) 

TGC terminal differentiation 

Hand1 basic helix-loop-helix  

transcription factor 

Mutants die by E8.5 with smaller 

ectoplacental cone, TGC number reduced 

and nuclear size reduced 

(Firulli et al., 

1998; Riley et al., 

1998; Scott et al., 

2000)  

Stra13 basic helix-loop-helix 

transcription factor 

Over-expression stimulates TGC 

differentiation 

(Hughes et al., 

2004) 

Mdfi 

(I-mfa) 

bHLH transcription factor 

repressor protein 

Mutants die by E10.5 in C57B1/6 

background  

TGC number reduced 

(Kraut et al., 

1998) 

Eed Polycomb group protein Mutants die by E11.5 with TGC number 

reduced, TGC nuclear size preferentially 

small in females 

(Wang et al., 

2001; Wang et al., 

2002) 

Snail zinc finger transcription 

factor 

Over-expression suppresses TGC 

differentiation 

(Nakayama et al., 

1998) 

Gata2,3 zinc finger transcription 

factor 

Gata2 -/- die by E10 and Gata3-/- die by 

E11.5, TGC number reduced 

(Ma and Linzer, 

2000; Ma et al., 

1997) 

Sox15 Sry-type HMG box (Sox) 

transcription factor 

Ectopic expression of Sox15 promotes 

TGC differentiation,  

(Yamada et al., 

2006) 
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LIF Leukemia inhibitory factor Administration promotes TGC 

differentiation in vitro and in vivo, genetic 

reduction in LIF rescues TGC phenotype 

in Socs3 null mutants 

(Robb et al., 2005; 

Takahashi et al., 

2003; Takahashi 

et al., 2008)  

LIFR Leukemia inhibitory factor 

receptor 

Mutants die perinatally, TGC number 

reduced, spongiotrophoblast and labyrinth 

layers disorganized 

(Takahashi et al., 

2003; Ware et al., 

1995) 

Socs3 suppressor of cytokine 

signalling protein 

Mutants die by E13.5 with TGC number 

increased, spongiotrophoblast and 

labyrinth layers reduced 

(Boyle and Robb, 

2008; Robb et al., 

2005; Takahashi 

et al., 2003) 

Jak1 Janus kinase 1; tyrosine 

kinase 

Mutants die perinatally, TGC number 

reduced and spongiotrophoblast cell 

number increased, labyrinth layer 

disorganized 

(Takahashi et al., 

2008) 

Stat3 Signal transducer and 

activator of transcription 3 

Mutants die by E7.5 with TGC number 

decreased 

(Takeda et al., 

1997) 

RA Retinoic acid Retinoic acid promotes TGC 

differentiation, preferentially Pl1/ Plf + 

TGCs 

(Simmons et al., 

2007; Yan et al., 

2001) 

RXR Retinoid X receptors RXRα-/- die by E16.5 and RXRα-/-/RXRβ-/- 

compound homozygous die by E10.5, 

TGCs disorganized, spongiotrophoblast 

reduced, labyrinth layer absent 

(Sapin et al., 1997; 

Wendling et al., 

1999) 

Csf2 

(GM-CSF) 

 

Colony stimulating factor 2 

(granulocyte-macrophage) 

Mutants show altered placenta structure 

characterized by an expanded junctional 

zone and by increased Cx31(+) glycogen 

cells and TGCs at E15 

(Sferruzzi-Perri et 

al., 2009) 

PTHrP Parathyroid hormone-related 

protein 

Promotes TGC differentiation in vitro 

Mutants die immediately after birth 

(El-Hashash et al., 

2005; Karaplis et 

al., 1994) 

NGF Nerve growth factor  Promotes giant-cell transformation in EPC 

culture 

(Kanai-Azuma et 

al., 1997) 

Fbxw7 F-box protein component of Mutants die by E10.5, TGC number (Tetzlaff et al., 
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(Fbw7) an SCF (Skp1-Cul1-F-box 

protein-Rbx1)-type ubiquitin 

ligase 

increased,TGCs DNA synthesis increased 2004) 

Chm Choroideremia (CHM); Rab 

escort protein-1 

Mutants die by E11.5, TGC number 

increased, smaller ectoplacental cone and 

reduced spongiotrophoblast layer  

(Shi et al., 2004) 

Ccne1 and 

Ccne2 

Cyclin E1, E2 Cyclin E1-/-E2-/- embryos die by E11.5, 

TGC nuclei have marked reduction in 

DNA content though TGC nuclear size not 

reduced 

(Geng et al., 2003; 

Parisi et al., 2003) 

Cdkn1c  

(p57,Kip2) 

Cyclin-dependent kinase 

inhibitor 1c 

Mutants die neonatally, 

spongiotrophoblast layer increased, TGC 

number not different  

Defines the length of the gap phase during 

endoreduplication 

(Hattori et al., 

2000; Kanayama 

et al., 2002; 

Takahashi et al., 

2000) 

Tp53 

(p53) 

Tumour suppressor protein , 

transcriptional factor 

Mutants die postnatally, 

spongiotrophoblast layer reduced, TGC 

number increased 

(Komatsu et al., 

2007; Soloveva 

and Linzer, 2004) 

Senp2 SUMO/sentrin specific 

peptidase 2 

Mutants die by E11.5, spongiotrophoblast 

layer and TGC number dramatically 

decreased, TGC DNA content reduced 

(Chiu et al., 2008) 

Mfn2 Mitochondrial 

transmembrane GTPase 

Mutants die by E11.5, TGC number 

reduced, smaller TGC nuclear size 

(Chen et al., 2003) 

Gmnn 

(Geminin) 

Localizes to origins of DNA 

replication and delays onset 

of DNA replication 

Mutants die at preimplantation stage, 

premature endoreduplication of 

'trophoblast-like' giant cells at eight cells 

(Gonzalez et al., 

2006) 
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then persists in spongiotrophoblast (Plum et al., 2001). Cx31.1 is co-expressed with Cx31 

at post-implantation stages, except that its expression is suppressed in spongiotrophoblast 

after E11.5 and persists in glycogen trophoblast cells (Zheng-Fischhofer et al., 2007). 

Cx31 and Cx31.1 deficient mice show similar placental defects including excessive TGCs 

(Plum et al., 2001; Zheng-Fischhofer et al., 2007). 

1.8.4 Genes involved in TGC terminal differentiation  

A large number of factors are implicated in promoting the terminal differentiation of 

TGCs though most of the information to date is limited to insights into P-TGCs (Table 

1.2). Only some of these factors will be discussed in detail in which the molecular and 

cellular function is understood.  

Transcription factors. It is well established that bHLH factors play key roles in TGC 

differentiation. Hand1 plays an essential role in promoting TGC differentiation (Firulli et 

al., 1998; Riley et al., 1998; Scott et al., 2000). It is expressed in the outer layer of the 

chorion, ectoplacental cone and TGCs. In Hand1 mutants, the ectoplacental cone is 

smaller, the number of cells lining the implantation site is reduced and they are strikingly 

smaller than normal P-TGCs. Hand1 mutants die by ~E8.5 (Firulli et al., 1998; Riley et al., 

1998), but in studying Hand1-deficient trophoblast stem cells in culture, it appears that 

Hand1 is essential for differentiation of all four TGC subtypes (Simmons et al., 2007). 

Mash2, the bHLH protein that maintains the TGC progenitors, antagonizes Hand1 action 

(Scott et al., 2000). Stra13, another bHLH factor that is induced by retinoic acid (Sapin et 

al., 2000), can induce TGC differentiation in vitro (Hughes et al., 2004). I-mfa, a bHLH 

factor interacting protein, promotes TGC differentiation by inhibiting Mash2 (Kraut et al., 

1998). E-proteins, the widely expressed bHLH factors that are dimerization partners for 
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cell type specific bHLH factors including Hand1 and Mash2, also regulate TGC 

development and their expression is regulated during differentiation (Scott et al., 2000). In 

addition to forming heterodimers with E proteins though, Hand1 can also form 

homodimers (Firulli et al., 2003; Scott et al., 2000) and the ability to form hetero- or 

homodimers is regulated by phosphorylation (Firulli et al., 2003).  

In addition to bHLH factors, Gata factors are also implicated in TGC development at 

least through regulation of some TGC-specific genes. Gata2 and Gata3 can regulate 

transcription of TGC-specific hormone genes (Ma and Linzer, 2000; Ng et al., 1994). In 

addition, Gata2 has been implicated in restricting the expression of the Plpa gene to P-

TGCs that surround the ectoplacental cone in what was presumed to be secondary TGCs 

(Ma and Linzer, 2000). Proper lineage tracing experiments would need to be done to 

confirm this conclusion. However, the results are interesting because they may imply 

distinct regulatory mechanisms for TGCs that are derived from Tpbpa-positive versus 

Tpbpa-negative precursors.  

Intercellular signalling pathways. Several signalling pathways are implicated in 

TGC development and highlight the importance of paracrine interactions. Leukemia 

inhibitory factor (LIF) is a member of the interleukin-6 cytokine family and has several 

biological functions (Metcalf, 2003). LIF binds to a low-affinity receptor (LIFR), which 

in turn forms a high-affinity complex with the gp130 receptor protein. The LIFR-gp130 

heterodimer complex transduces the LIF signal through activation of JAK kinase and 

STAT transcription factors (Metcalf, 2003). Suppressor of cytokine signalling (SOCS) 

proteins are important negative regulators of JAK-STAT signalling that form a negative-

feedback loop to inhibit JAK-STAT signalling (Metcalf, 2003). LIF is expressed in the 
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uterus of pregnant mice (Shen and Leder, 1992) and promotes TGC differentiation both 

in cultured Rcho-1 cells and in vivo (Takahashi et al., 2003; Takahashi et al., 2008). 

Deletion of Lifr results in placentas with fewer TGCs (Takahashi et al., 2003) and 

disorganized spongiotrophoblast and labyrinth layers (Ware et al., 1995), resulting in 

perinatal lethality. Jak1-deficient mice also die perinatally and show fewer TGCs with 

increased spongiotrophoblast cells, suggesting compromised differentiation from 

spongiotrophoblast to TGCs (Takahashi et al., 2008). In contrast, SOCS3 mutants have 

excessive TGCs and smaller spongiotrophoblast and labyrinth layers (Takahashi et al., 

2008). Consistent with these data, over-expression in cultured Rcho-1 trophoblast cells of 

either SOCS3, dominant-negative STAT3 or dominant-negative JAK1 all inhibit TGC 

differentiation (Takahashi et al., 2008). Interestingly, reduction of Lif, Lifr or Jak1 gene 

dosage rescues the placental defects and embryonic lethality in SOCS3 mutant mice 

(Boyle and Robb, 2008; Robb et al., 2005; Takahashi et al., 2003; Takahashi et al., 2008), 

implying that SOCS3 is an essential negative regulator of LIF/LIFR/JAK1/STAT3 

signalling during TGC development. 

Retinoic acid, the active derivative of vitamin A (retinol), is another extracellular 

signal that promotes TGC differentiation in vivo and in vitro (Yan et al., 2001). Several 

retinoic acid-inducible genes, including Stra13, are expressed in the developing placenta 

(Sapin et al., 2000) which indicates that retinoic acid is having an effect. When 

trophoblast stem cells are cultured in growth medium supplemented with retinoic acid, 

their proliferation is compromised, TGC differentiation is induced but spongiotrophoblast 

reduced (Yan et al., 2001). Recent studies suggest that retinoic acid preferentially induces 

differentiation of P-TGCs but suppresses formation of the S-TGC and C-TGC subtypes, 
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providing the first evidence that different TGC subtypes can be differentially regulated 

(Simmons et al., 2007). Retinoic acid receptors (RARs) and retinoid X receptors (RXRs) 

form heterodimers that are the receptors for retinoic acid. They are differentially 

expressed in the chorion, TGCs, and labyrinth within the placenta (Sapin et al., 1997). 

RXR mutants and RXR/RXR compound mutants die by E16.5 and E10.5, respectively 

and show placenta defects that are mostly restricted to labyrinth (Mark et al., 1999; Sapin 

et al., 1997). Single RAR mutants do not display obvious placental phenotypes 

suggesting redundancy among RARs in placental development and function. 

Several growth factors have been shown in vitro to affect TGC differentiation 

and/or the expression of TGC-specific genes; this includes Activin (Erlebacher et al., 

2004), EGF (Yamaguchi et al., 1995), TGF (Erlebacher et al., 2004; Yamaguchi et al., 

1995), IGF-I (Kanai-Azuma et al., 1993), IGF-II (Kanai-Azuma et al., 1993), and PTHrP 

(El-Hashash et al., 2005; El-Hashash and Kimber, 2006). Many of these factors are 

expressed locally within the uterus or by trophoblast cells themselves. However, in most 

cases, whether these factors are critical for TGC differentiation in vivo has not been 

established through analysis of mouse mutants.  

 

1.9 Cell-type specific transcriptional regulation 

The development of a multi-cellular organism involves the coordinated 

development of various specialized tissues and cell types within them, through a series of 

complex events whereby specific genes are activated at right time and in the right place 

(Lodish, 2000). In many cases, a gene is expressed in a specific temporal and spatial 

manner, which is realized by a specific gene transcription mechanism in a particular 
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cellular context (Latchman, 2004). Thus, the expression pattern of a particular gene is 

mosaic in an organism, which results from initial rounds of cell fate specification and 

which is required for specific function or further lineage development of a particular cell 

type (Davidson, 1990).   

Differential gene expression in diverse tissues or cell types is regulated at many 

levels, including gene transcription, nuclear RNA processing, mRNA translation, and 

protein modification, among which gene transcription plays a central role (Gilbert, 2006). 

Gene transcription is realized through recognition of specific sequences of DNA (cis-

acting DNA sequence) in the promoter or enhancer regions of particular genes by a 

variety of DNA-binding proteins (trans-acting factors) that regulate transcription. 

Notably, it is through a relatively small number of DNA-binding transcription factors 

(2,000–3,000) that the expression of all genes (>30,000) is regulated in a complex spatio-

temporal pattern (Remenyi et al., 2004). The transcription factors bind specific DNA 

sequences and regulate specific gene expression based on their characteristic structural 

motifs such as the helix-turn-helix motif, the zinc finger motif, the leucine zipper motif 

and helix-loop-helix motif (Yang, 1998). They also tend to work in a combinatorial 

manner, thus providing a more complex network to meet the higher demand of 

transcription regulation (Remenyi et al., 2004).  

 

1.10 bHLH transcription factors regulation and cell fate specification 

The bHLH transcription factors are characterized by two highly conserved and 

functionally distinct domains; a basic DNA binding domain and a HLH dimerization 

domain (Jones, 2004). The basic DNA binding domain binds to DNA at a consensus 
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hexa-nucleotide sequence known as the E box, while the HLH domain mediates 

dimerization with different HLH partners, which together contribute to the transcriptional 

specificity in vivo (Massari and Murre, 2000). Specification and differentiation 

(commitment) of progenitor cells to a specific cell fate (lineage) is a key milestone during 

development of various tissues and organs. Basic HLH factors are central to these 

processes as shown by their essential roles in a wide array of cell specification and 

differentiation events such as myogenesis (Berkes and Tapscott, 2005) and neurogenesis. 

While bHLH factors are of pivotal importance in development, it is critical to understand 

how their activities are being regulated during the dynamic changing process. With the 

efforts of the last two decades, we have begun to understand some of the basic 

mechanisms involved.  

One level of regulation is that bHLH transcription factors function by forming 

dimers and the dimerization partner choice becomes a key factor in regulating the 

activities of tissue specific bHLH transcription factors (Jones, 2004; Massari and Murre, 

2000). Usually, the tissue-specific class II bHLH transcription factors function by 

forming heterodimers with the ubiquitously expressed class I bHLH transcription factors, 

the E proteins (Massari and Murre, 2000).  However, more and more studies show that 

bHLH factors can either form homodimers as well as heterodimers and the functions of 

different homodimers or heterodimers are context-dependent. In addition to other bHLH 

factors, they also dimerize with Id proteins (HLH factors that do not have basic domain) 

and Mdfi protein, which often exhibit an inhibitory role on bHLH factors‟ activity 

(Berkes and Tapscott, 2005). 
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The function of bHLH proteins, similar to many other types of transcription factors, 

can be regulated by posttranslational modifications. Phosphorylation of bHLH proteins 

has been shown to play multiple roles in regulating its activity. Phosphorylation of 

Neurogenin2, a bHLH factor functioning in neurogenesis, not only regulates protein 

stability, but also modulates its capacity for protein–protein interactions and regulates its 

target gene specificity (Powell and Jarman, 2008). Serine phosphorylation of Ngn2 by 

GSK3 enables its interaction with NLI adaptor, which is required for the transcription of 

motor neuron-specific gene transcription, but apparently not its neurogenesis function 

(Ma et al., 2008).  Tyrosine phosphorylation of Neurogenin2, however, is required for 

role of Neurogenin2 in directing migration and specifying dendrite morphology of 

cortical pyramidal neurons (Hand et al., 2005), which is possibly though its regulation of 

a specific subset of targets. During myogenesis, the activity of myogenic regulatory 

factors (MRFs) were shown to be regulated by p38 MAPK through phosphorylation 

(Lluis et al., 2006). Phosphorylation has been shown to play important roles in regulating 

activity of many other bHLH proteins such as Twist1 (Firulli and Conway, 2008) and 

Hand1 (Firulli et al., 2003).  

The function of bHLH factors can also be regulated by binding with cofactors other 

than HLH family dimerization partners (Powell and Jarman, 2008). In addition to 

transcription factors that recognize cis-regulatory DNA sequences, many other proteins 

are recruited to form transcriptional complexes that activate transcription. The cofactors 

include transcription factors from other families, histone modifying proteins such as 

histone acetylases and methylases, SWI/SNF family chromatin remodelling factors, and 

TRAP/Mediator family proteins which can function as co-activator or co-repressor 
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(Berkes and Tapscott, 2005). The function of myogenic regulatory factors (MRFs) 

including MyoD, Myf5, myogenin, and MRF4- is assisted through binding with 

transcription factors from other families to initiate myogenic transcription. These 

transcription factors include Mef2/ MADS (MCM1, agamous, deficiens, serum response 

factor) box-containing transcription factor family proteins, Six1 and Six4/ Six family of 

homeodomain proteins, Pbx-Meis family proteins/ homeodomain family transcription 

factors, the muscle LIM protein (MLP) and ubiquitously expressed DNA-binding factors 

such as Sp1 and AP1 (Berkes and Tapscott, 2005). MyoD can also interact with both 

histone acetyltransferases (HATs) and histone deacetylases (HDACs) that have opposing 

activities, which might be critical to turn MyoD from a repressor to an activator at some 

loci. Subsequently, the recruitment of SWI/SNF remodeling complexes might also aid 

transcription (Berkes and Tapscott, 2005). Interaction between MyoD family proteins and 

Mef2 family proteins with either HATs or HDACs is regulated, so that the balance 

between HAT-associated activators and HDAC associated activators plays an important 

role in controlling the onset of differentiation. The mammalian homologs of the yeast 

SWI/SNF proteins, BRG1 and BRM, are required for myogenesis in cells expressing 

MyoD (Berkes and Tapscott, 2005). Proteins in the TRAP/Mediator family interact with 

both sequence-specific transcription factors and components of the general transcription 

machinery, forming a molecular bridge between the two (Malik and Roeder, 2000).  

 

1.11 Function and regulation of Hand1 gene 

1.11.1 Evolution of Hand genes in different species  



 

 

50 

50 

The Hand (Heart and neural crest derivatives expressed) gene encodes a highly 

conserved bHLH transcription factor that play crucial roles in placentation, cardiogenesis, 

limb formation and other developmental processes of vertebrates. Humans, mice and 

other higher vertebrates (rat, xenopus and chick) have two related genes, Hand2 (also 

known as dHand, Hed, Thing2) and Hand1 (also known as eHand, Hxt, Thing1), whereas 

fish, Drosophila and C. elegans have only a single Hand gene (Kolsch and Paululat, 

2002; Mathies et al., 2003). Compared to Hand2, Hand1 is much less conserved across 

species (Srivastava et al., 1995). Hand genes also have conserved expression pattern in 

xenopus, zebrafish, chick and mouse in the cardiac mesoderm and in numerous neural 

crest-derived cell types (Angelo et al., 2000).  

1.11.2 Expression and function of Hand1 gene during early mouse development 

The Hand1 gene is a class II tissue specific bHLH gene and it was first cloned 

independently by several groups (Cross et al., 1995; Cserjesi et al., 1995; Hollenberg et 

al., 1995). In situ hybridization analysis on Hand1 during early mouse embryogenesis 

showed that expression of Hand1 is delicately regulated in a temporal and spatial pattern. 

At pre-implantation stage, Hand1 is expressed as a maternal transcript in the egg as well 

as during cleavage development before blastocyst formation (Cross et al., 1995; Cserjesi 

et al., 1995). Later, at post-implantation stage, Hand1 expression is detected in the 

extraembryonic tissues, the cardiovascular system, the gut, the neural crest derivatives 

and the limb buds (Cross et al., 1995; Cserjesi et al., 1995). In the extraembryonic tissues, 

Hand1 expression is first detected at E7.5 in all trophoblast cells, chorion, 

extraembryonic mesodermal components of the amnion, allantois and visceral yolk sac 

(Cross et al., 1995; Cserjesi et al., 1995). At later embryonic stages, high extraembryonic 
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expression persists in the spongiotrophoblast and TGC layers of the placenta throughout 

development (Scott et al., 2000) . Within the embryo, Hand1 expression is first detected 

in the lateral mesoderm along the entire length of the embryo as well as throughout the 

pre-cardiogenic mesoderm at around E7.5. At approximately E8.5, high Hand1 

expression is detectable in the developing heart, surrounding pericardium and distal 

region of lateral mesoderm. By E9.5, high level of Hand1 expression is present in the 

myocardium of outer curvature of the left ventricle and also present in the developing 

outflow tract of the heart. After around E10.5, high cardiac Hand1 expression declines 

abruptly in the embryo and Hand1 expression will be restricted to other regions that 

contain a high proportion of neural crest derivatives such as sympathetic ganglion 

primordial, branchial arches, the distal posterior region of limb buds and developing mid 

and hind gut (Cserjesi et al., 1995). Hand1 expression is not detected in a variety of 

mouse adult tissues by northern blot, suggesting its expression is predominantly 

embryonic (Cserjesi et al., 1995). 

To understand the role of Hand1 during mouse embryogenesis, Hand1 knockout 

mice have been generated (Firulli et al., 1998; Riley et al., 1998). Hand1 knockout mice 

die around E8.5 and showed developmental defects in various tissues including the 

placenta, the yolk sac and the heart (Firulli et al., 1998; Riley et al., 1998). Since the 

function of the heart and yolk sac is not critical for the survival of embryos until after 

E8.5, the major cause of lethality in Hand1 null mutants is the placental defects 

(Morikawa and Cserjesi, 2004; Riley et al., 1998). Study of Hand1 null mutant mice 

showed that the implantation site size at E7.5 has already been significantly reduced. 

TGC differentiation is defective as shown by reduced total cell number of P-TGCs, 
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reduced Pl1 expression (P-TGC marker) and smaller cell and nuclear size (Riley et al., 

1998; Scott et al., 2000). In addition, abnormal „blistered‟ yolk sacs are observed in the 

Hand1 null mutants at E8.5 (Riley et al., 1998), due to incomplete development of yolk 

sac vasculature (Morikawa and Cserjesi, 2004). Within Hand1 null embryos, the hearts 

fail to loop. While the developmental arrest in null mutants begins before the heart begins 

to loop at E8.5, it is not clear in the direct mutants if the heart looping defect is simply 

secondary to extraembryonic defects or because of an autonomous role of Hand1 in 

cardiac development. However, tetraploid rescue has been performed to investigate the 

autonomous role of Hand1 in the embryo proper. Tetraploid-rescued Hand1 null embryos 

survive to E10.5 (Firulli et al., 1998; Riley et al., 1998). The rightward looping of the 

heart fails to occur and there is an absence of myocardial trabeculation (Firulli et al., 

1998; Riley et al., 1998) Taken together, the data suggest that Hand1 plays an essential 

role in placenta, yolk sac and heart development. 

1.11.3 Regulation of Hand1 during various developmental processes 

The expression of Hand1 gene should be regulated by various upstream genes 

during various development processes. To date, our knowledge on what are the upstream 

genes of and how they regulate Hand1 expression remains very limited. It is known that 

during cardiac development in mouse, Hand1 expression in the myocardium is abolished 

in Tbx5 (Takeuchi et al., 2003) and Nkx2.5 (Tanaka et al., 1999) null mutant hearts. 

Hand1 expression in the myocardium is also down-regulated after ablation of the CLP-1 

gene (Huang et al., 2004). However, it is unclear during other developmental processes, 

such as trophoblast development and neural crest derivatives development, what the 

upstream genes are. 
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 The regulation of Hand1 activity by dimerization with other bHLH factors can be 

well demonstrated during the ectoplacental cone/spongiotrophoblast to TGC transition 

process. As described above, Hand1 is essential for TGC differentiation while Mash2 is 

essential for spongiotrophoblast maintenance. E factors (Itf2 and Alf1), the binding 

partners for most class II bHLH factors, are also expressed with Hand1 and Mash2 in the 

ectoplacental cone and spongiotrophoblast, but are absent in the TGC layer (Scott et al., 

2000). Co-immunoprecipitation and mammalian 2-hybrid assays have demonstrated that 

both Mash2 and Hand1 can heterodimerize with E factors, and in vitro mobility shift 

assay shows that Hand1 can antagonize Mash2 function by competing for E-factor 

binding (Scott et al., 2000). Moreover, while Hand1 transfection promotes TGC 

differentiation in Rcho-1 trophoblast cells, Mash2 or E factor co-transfection inhibits the 

effect of Hand1 (Scott et al., 2000). Taken together, the activities of Hand1 to promote 

TGC differentiation can be influenced by the presence of Mash2 and E factors most 

likely through dimerization choices. 

Several lines of evidence show that Hand1 can form homodimers. Through a yeast 

two-hybrid screen with full-length Hand1 as bait using an E9.5-10.5 embryonic library, 

one of the several Hand-interacting proteins is Hand1 itself (Firulli et al., 2000). This 

interaction was confirmed through pull-down assay and in vivo mammalian two-hybrid 

analysis in COS cells (Firulli et al., 2000). Furthermore, Ian Scott, a former phD student 

in the Cross Lab, did co-immunoprecipitation and in vivo mammalian two-hybrid 

analysis in Rcho-1 rat trophoblast cells and detected Hand1 homodimer formation (Scott 

et al, 2000). To study the role of the Hand1 homodimer during trophoblast development, 

a tethered homodimer (TH) Hand1 construct that encodes a constitutively homodimerized 
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Hand1 protein was generated and transfected into the rat Rcho-1 trophoblast cells. Over-

expression of the TH Hand1 protein drives TGC differentiation to a similar extent as 

monomer Hand1 (unpublished data by Ian Scott), indicating that Hand1 can drive TGC 

differentiation as a homodimer. 

Other than dimerization choices, the activity of Hand1 can be modulated in vivo 

through phosphorylation. Firulli et al. showed that during differentiation of Rcho-1 

trophoblast cells, the expression of B56, a PP2A targeting subunit that de-phosphorylates 

Hand1, is down-regulated and that this in turn promotes Hand1 phosphorylation and 

homodimer formation (Firulli et al., 2003).  

The activity of Hand1 can also be modulated in vivo through interactions with other 

transcription factors and cofactors. Like MRFs such as MyoD, recruitment of Hand1 to 

target DNA sequences and its transcriptional activity can be regulated Mef2 

transcriptional factors during cardiogenesis (Morin et al., 2005). During TGC 

differentiation, Hand1 transcriptional activity can be regulated through interaction with 

Sox15, a transcription factor of the Sry-type HMG box (Sox) protein family. Sox15 can 

enhance the transcriptional activity of Hand1 to induce TGC differentiation, the ability of 

which is dependent on its binding capability with Hand1 and its transactivation domain 

(Yamada et al., 2006). The cofactor FHL2 system can form a tertiary complex with 

Hand1 dimers and differentially regulate the Hand1 heterodimer versus homodimer 

formation (Hill and Riley, 2004).  

More recent studies suggest that Hand1 protein activity could be regulated by sub-

cellular localization during TGC differentiation. The Hand1 protein was detected within 

the nucleoli in undifferentiated trophoblast stem cells, whereas it was released to the 
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nucleus in differentiated TGCs (Martindill et al., 2007), which is a mechanism that has 

not been reported for other bHLH factors. 

 

1.11.4 The HAND1 gene and human diseases 

Evidence from studying the Hand1gene in mouse heart development suggests that 

this gene could be involved in human heart development and diseases. Hand1 is 

expressed in the mouse heart at different developmental stages and in distinct regions. It 

is first present in the cardiac crescent at ~E7.5, expressed in the caudal half of the linear 

heart at E8.0 and then predominantly in the outer curvature but not at the inner curvature 

of the left ventricle and in the developing outflow tract after heart looping stage at E9.5 

(Firulli et al., 1998; Riley et al., 1998; Riley et al., 2000; Srivastava et al., 1995). Hand1 

null mutants as well as tetraploid-rescued Hand1 null embryos displayed an un-looped 

heart, a single ventricle without distinction between atrium and ventricle and severe 

reduction of ventricle thickness due to failure of ventricle trabeculation(Riley et al., 

1998), whereas Hand1 null embryonic stem cells can still differentiate into 

cardiomyocytes (Riley et al., 2000). Moreover, through studying Hand1 knock-in mice in 

which Hand1 is under the control of MLC-2v promoter mice, the role of Hand1 in the 

dorsal-ventral patterning of the embryonic heart, expansion of ventricular walls and the 

formation interventricular septum has been determined (McFadden et al., 2005). Using 

Cre-LoxP system cardiac-specific knockout of Hand1 resulted in a spectrum of heart 

defects including ventricular septal defects, atrioventricular valve, and outflow tract 

abnormalities (McFadden et al., 2005). All these data suggest that Hand1 plays critical 

role during cardiac development involved in early patterning, outflow tract development, 
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chamber morphogenesis, septum and valve formation, but is not required for 

specification and differentiation of cardiomyocytes.  

HAND1 proteins are highly conserved between human and mouse and sharing 92% 

identical amino acids (Knofler et al., 1998). Although in humans there are no 

embryological expression data about HAND1 expression, that fact that mouse mutants 

show similar defects as human congenital cardiac abnormalities such as hypoplastic 

ventricles, septation defects, valve defects, and outflow tract abnormalities suggests that 

human congenital heart diseases are likely to result from a defective Hand1. Moreover, 

studies of HAND1 expression in human adult samples detected restricted expression of 

HAND1 mRNA to the heart, indicating Hand1 could play a role in cardiac-specific 

function in human adult‟s heart (Knofler et al., 1998). Recent studies are in line with the 

above hypothesis. Mutations of HAND1 have been found in a variety of congenital heart 

diseases (CHD) (Reamon-Buettner et al., 2008; Reamon-Buettner et al., 2009). A 

frequent loss-of-function frameshift mutation (p.A126fs) was found in hypoplastic heart 

disease (Reamon-Buettner et al., 2009). Thirty two sequence alterations leading to amino 

acid changes were found in association with septal defects. Ten sequence alterations were 

found both in hypoplastic hearts and septal defects (Reamon-Buettner et al., 2009).  

Altered HAND1 expression levels were also found to be correlated with 

cardiomyopathies in human and in mouse models (Breckenridge et al., 2009; Natarajan et 

al., 2001; Ritter et al., 1999; Thattaliyath et al., 2002). HAND1 gene expression is present 

in the human adult heart in both right and left ventricles and is down-regulated in 

cardiomyopathies (Akazawa and Komuro, 2003; Natarajan et al., 2001). Severely 

reduced levels of cardiac HAND1 mRNA expression were detected in six of six patients 
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with ischemic cardiomyopathy and six of six patients with dilated cardiomyopathy 

(Natarajan et al., 2001). Elevated levels of HAND1 mRNA expression were detected in 

hypotrophic left ventricles of patients with hypertrophic obstructive cardiomyopathy 

(Ritter et al., 1999). In mouse models, down-regulation of Hand1 expression was 

observed in rat and mouse models of hypertrophy (Bruneau et al., 2001; Thattaliyath et 

al., 2002). Over-expression of Hand1 in transgenic mice was shown to cause mild cardiac 

hypertrophy, predisposition towards arrhythmia and a shorter life span (Reamon-Buettner 

et al., 2009). The deregulation of HAND1 expression observed in both human 

cardiomyopathies and rodent models suggests a mechanism in which reactivation of 

some of the embryonic gene expression program including HAND1 could facilitate the 

compensation for the increase in afterload and adaptation to the physiological changes 

under the pathological circumstances. 

In addition to cardiac disease, alteration of HAND1 gene has also been found to be 

correlated with malignant diseases. Aberrant methylation of HAND1 and reduced 

expression of HAND1 gene has been found in many cancer cell lines or primary cancer 

cells of a variety of human cancers including melanoma, gastric, ovarian, thyroid and 

pancreatic cancers, and the gene silencing effect was correlated with hypermethylation of 

CpG islands (CGIs) in the 5‟regions of HAND1 (Chang et al., 2006; Hagihara et al., 

2004; Imura et al., 2006; Kaneda et al., 2002; Martinez Hoyos et al., 2009; Oue et al., 

2006; Tellez et al., 2009). It appears that HAND1 expression plays a role in the 

maintenance of differentiated status of the normal tissue and its silencing after 

accumulation of methylation contribute to the progression of cancers. Our knowledge of 

why the HAND1 gene promoter is hypermethylated is very limited. A correlation 
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between repression and promoter hypermethylation of HAND1 gene and over-expression 

of high mobility group A1 (HMGA1) protein has been found in the human anaplastic 

thyroid carcinomas (Martinez Hoyos et al., 2009). HMGA1 proteins were also found to 

bind to the HAND1 promoter directly in vitro and in vivo and inhibit HAND1 promoter 

activity (Martinez Hoyos et al., 2009). Thus, downregulation of HAND1 by HMGA1 

proteins may contribute to thyroid carcinogenesis. 

 

1.12 Summary  

Much progress has been made in the last decade in understanding placenta 

trophoblast cell lineage development, gene regulation of differentiation and specification, 

trophoblast cell types and TGCs subtype functions. It is clear that the Hand1 bHLH factor 

plays a critical role in TGC development. The intriguing question of how Hand1 

regulates development through its dimerization partner choices motivated us to generate 

knock-in mice through which I was able to study the role of Hand1 homodimer in vivo. 

This study, which is described in Chapter II, revealed different activities of Hand1 

homodimer vs. heterodimer in vivo and the data suggest the novel idea that Hand1 

homodimers can play a critical role during development. In addition to understanding 

Hand1 regulation, I also performed studies to address the development and functions of 

TGC subtypes focusing on perturbing TGC precursor cells in the ectoplacental 

cone/spongiotrophoblast taking advantage of a Cre recombinase transgenic mouse in 

which Cre recombinase is driven by the Tpbpa promoter in ectoplacental 

cone/spongiotrophoblast cells. In one approach, I used the diphtheria toxin A system to 

ablate the Tpbpa-positive trophoblast lineage, and assessed the consequences of ablating 
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those particular TGC subtypes (Chapter III). In another approach, I studied Hand1 

conditional knockout mice (Chapter IV). It was expected that these studies, by taking 

different approaches, would help us gain deeper insight into development regulation and 

function of TGCs and lay a foundation for future studies.  
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CHAPTER II:  THE BASIC HELIX-LOOP-HELIX TRANSCRIPTION FACTOR 

HAND1 REGULATES MOUSE DEVELOPMENT AS A HOMODIMER 

 

 

 

 

 

 

 

 

 

 

For studies in this chapter, the author conducted all of the work with the exception of the 

in vitro transfection studies on Rcho-1 cells and generation of the knock-in mice (Figure 

2.1A, B, C and D) which were performed by Ian C. Scott.      
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2.1 Abstract 

Hand1 is a basic helix-loop-helix transcription factor that is essential for 

development of the placenta, yolk sac and heart during mouse development. While 

Hand1 is essential for trophoblast giant cell (TGC) differentiation, its potential 

heterodimer partners are not co-expressed in TGCs. To test the hypothesis that Hand1 

functions as homodimer, we generated knock-in mice in which the Hand1 gene was 

altered to encode a tethered homodimer (TH). Expression of the Hand1TH protein did not 

have negative effects on viability or fertility in all Hand1TH/+ mice. Some Hand1TH/- 

conceptuses, in which the only form of Hand1 is Hand1TH, are viable and fertile 

indicating that homodimer Hand1 is sufficient for mouse normal development. ~2/3 of 

Hand1TH/- and all Hand1TH/TH mice died in utero and displayed severe placenta defects, 

suggesting a dosage-dependent effect. These data imply that Hand1 heterodimers play a 

regulatory role in vivo to modulate the activity of Hand1 homodimer. 

 

2.2 Introduction 

The basic helix-loop-helix (bHLH) transcription factor genes encode two highly 

conserved and functionally distinct domains; a basic DNA binding domain and a HLH 

dimerization domain that make up a region of approximately 60 amino-acids (Jones, 

2004). The basic DNA binding domain binds to DNA at a consensus hexa-nucleotide 

sequence known as the E box, while the HLH domain mediates the dimerization with 

different HLH partners, which together contribute to the transcription specificity in vivo 

(Massari and Murre, 2000). In general, the tissue-specific class II bHLH transcription 

factors function by forming heterodimers with the broadly expressed class I bHLH 
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transcription factors, the E proteins (Massari and Murre, 2000). During development, 

many tissue specific basic helix-loop-helix (bHLH) transcription factors, such as MyoD, 

Twist, Mash and Hand, play critical roles in specification of various cell lineages 

(Castanon et al., 2001; Firulli et al., 1998; Megeney and Rudnicki, 1995; Riley et al., 

1998; Tanaka et al., 1997). Basic HLH factors can either form homodimer or 

heterodimers, and dimerization partner choice becomes a key factor in regulating the 

activities of tissue specific bHLH transcription factors (Jones, 2004; Massari and Murre, 

2000). The function of specific dimer complexes has been directly approached by using a 

„tethered‟ strategy through linking two monomer partner sequences with a flexible linker 

sequence such as to study the role of MyoD:E47 in inducing myogenesis (Neuhold and 

Wold, 1993) in nonmyogenic cells in vitro and the role of tethered Twist homodimers 

and heterodimer in somatic myogenesis when over-expressed in mesoderm of Drosophila 

in vivo (Castanon et al., 2001).  

Hand1 is a tissue specific bHLH factor that is expressed in placenta, extra-

embryonic membranes, heart and many neural crest derivatives during murine 

embryogenesis (Cross et al., 1995; Cserjesi et al., 1995). Studies of Hand1 knockout mice 

(Firulli et al., 1998; Morikawa and Cserjesi, 2004; Riley et al., 1998; Riley et al., 2000; 

Scott et al., 2000) indicate that Hand1 plays an essential role during various developing 

processes including trophoblast giant cells (TGC) differentiation, yolk sac vasculature 

and heart morphogenesis. Hand1 is a class II tissue specific bHLH transcription factor 

and was first cloned independently by several groups by virtue of its ability to interact 

with the E-protein E47 (Cross et al., 1995; Cserjesi et al., 1995; Hollenberg et al., 1995). 

In vitro biochemical studies have shown that Hand1 can heterodimerize with class I E-



 

 

63 

63 

factors (Itf2, Alf1) and other closely related class II factors such as Hand2 (Firulli et al., 

2000; Scott et al., 2000), but can also form homodimers (Firulli et al., 2000; Scott et al., 

2000). Hand1 heterodimerization versus homodimerization can be regulated through 

different mechanisms such as the phosphorylation status of Hand1 (Firulli et al., 2003) 

and by tertiary interaction of Hand1 with the non-bHLH factor FHL2 (Hill and Riley, 

2004). We have previously found that none of the putative Hand1 heterodimer partners 

(E47, Alf1, Itf2, Mash2) are expressed in the TGC layer of the placenta (Scott et al., 

2000). Moreover, we have found that co-transfection of an E-protein expression vector 

inhibited the ability of Hand1 to promote differentiation of Rcho-1 trophoblast cells to 

the TGC fate and to transactivate a TGC-specific promoter (Pl1 gene) (I.C. Scott and J.C. 

Cross, unpublished). Based on this evidence, we hypothesized that Hand1 may function 

as a homodimer in vivo to regulate TGC differentiation. To test this hypothesis, we 

generated a knock-in allele that produces a tethered homodimer (TH) form of Hand1 and 

generated mice that express either only tethered homodimer (Hand1TH/- and Hand1TH/TH) 

or both the monomer and tethered homodimer of Hand1 (Hand1TH/+). We find that while 

some Hand1TH/- mice are viable and fertile, there is a dosage-dependent effect of 

Hand1TH and excess Hand1TH leads to placental defects and embryonic lethality.  

 

2.3 Results 

2.3.1 Tethered homodimer Hand1 (Hand1
TH

) promotes TGC differentiation in vitro  

In order to assess the ability of specific Hand1 dimer complexes to promote TGC 

differentiation, a tethered homodimer construct was transfected into Rcho-1 trophoblast 

cells. Strikingly, the Hand1TH (Hand1: Hand1) promoted TGC differentiation to a similar 
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extent as monomer (wildtype) Hand1 (Figure 2.1A). To test if the ability of Hand1TH to 

promote TGC differentiation was also dependent on binding to DNA similar to wildtype 

Hand1, point mutations within the basic domain that inhibit DNA-binding activity in 

other bHLH proteins were introduced to one of the two Hand1 basic domains in the 

Hand1TH construct (Hand1:Hand1Δb). The ability to promote TGC differentiation by 

Hand1:Hand1Δb was significantly lower than that of wildtype Hand1 and the Hand1TH 

(Figure 2.1A). Initial experiments in which immunostaining for the N-terminal FLAG 

epitope was carried out indicated that these constructs were expressed both in a 

comparable percentage of cells and at quantitatively similar levels (data not shown). 

Therefore, the decreased activity of Hand1:Hand1Δb was not due to decreased levels of 

this protein being present. As two functional basic domains are required for binding of a 

bHLH dimer to DNA (Voronova and Baltimore, 1990), these data suggest that the Hand1 

complex that promoted TGC differentiation in these assays is a Hand1 homodimer. 

To further examine if Hand1 activity in TGC differentiation assays can be ascribed 

to homodimer complexes, co-transfection experiments were performed in which 

increasing amounts of a Mash2 expression construct were added. Mash2 inhibits the 

ability of Hand1 to promote TGC formation in transfected Rcho-1 cells in a 

concentration-dependent fashion (Scott et al., 2000). Strikingly, Mash2 did not 

significantly inhibit the activity of the Hand1TH (Figure 2.1B). This held true even when 

higher concentrations of Mash2 expression construct, which fully abolish wild-type 

Hand1 activity, were added (Figure 2.1B). It appears that tethering two Hand1 monomers 

together, and thus driving Hand1 homodimer formation, circumvents the inhibitory 
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Figure 2.1 Introduction of tethered Hand1 homodimers (Hand1
TH

) in vitro and in 

vivo. (A) Promotion of TGC differentiation by Hand1TH. The Hand1TH (Hand1:Hand1) 

promoted TGC differentiation to a similar extent as wildtype monomer Hand1 in 

transfected Rcho-1 cells. Introduction of point mutation that inhibits DNA-binding 

activity in other bHLH proteins into the Hand1 basic domain (Hand1Δb) of Hand1TH also 

impairs its ability to promote TGC differentiation. Different superscripts indicate 

statistically significant differences (p<0.05). (B) Promotion of TGC differentiation by the 

tethered Hand1 homodimer is resistant to inhibition by Mash2. Mash2 inhibits the ability 

of wildtype Hand1 to promote TGC formation in transfected Rcho-1 cells in a 

concentration-dependent fashion. However, Mash2 cannot inhibit the ability of Hand1TH 

(Hand1:Hand1) to promote TGC differentiation. Different superscripts indicate 

statistically significant differences (p<0.05). (C) Targeting ES cells to derive Hand1TH 

„knock-in‟ alleles. The Hand1TH(puro) targeting construct is shown in the middle to replace 

part of the two exons and the intron in the endogenous Hand1 locus. Later on, Cre 

recombinase was introduced into the ES cell line to excise the Puro cassette. (D) 

Genotyping of targeted clones by Southern blotting. Genomic DNA was digested with 

PstI (top) or PvuII (bottom) and probed using 5‟ and 3‟ probes, respectively, as described 

in material and methods. neo, Hand1 neo null allele. (E) Hand1TH knock-in pups were 

genotyped by PCR. (F) Breeding of Hand1+/- with Hand1TH/+ knock-in mice. * Chi 

square analysis, P<0.05 (G) Breeding Hand1TH/+ with Hand1TH/- knock-in mice. * Chi 

square analysis, P<0.05 
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activity of Mash2, which also indicates that tethering two Hand1 monomers 

predominantly forms intramolecular Hand1 homodimers and are resistant to interference 

of other bHLH factors. 

 

2.3.2 Hand1
TH

 is sufficient for normal development in vivo 

In order to test the role of Hand1TH in vivo, Hand1TH knock-in mice were generated 

(Figure 2.1C, D and E). Hand1TH/+ knock-in mice were born at the expected Mendelian 

ratio and appeared to be normal and fertile (Figure 2.1F). Among the offspring of 

Hand1+/- and Hand1TH/+ crosses, Hand1TH/- mice were born and they are fully viable and 

fertile. However, their frequency was reduced to ~ 1/3 of expected (Figure 2.1F). In order 

to determine if the survival of the Hand1TH/- mice was due to cleavage of Hand1TH 

protein into monomer Hand1 proteins, western blotting was performed on tissue lysates 

from placental tissues at various embryonic stages. No monomer protein band was 

detected in samples from Hand1TH/- or Hand1TH/TH conceptuses (Figure 2.2A), indicating 

that the survival of Hand1TH/- mice is due to function of the Hand1TH protein.  

Hand1 null (Hand1-/-) mutants die by E8.5 and have unlooped hearts, „blistered‟ 

yolk sacs, smaller implantation sites, and fewer and under-differentiated TGCs as shown 

by fewer Pl1 postive cells surrounding the implantation site with reduced Pl1 staininig 

intensity (Figure 2.3) (Firulli et al., 1998; Morikawa and Cserjesi, 2004; Riley et al., 1998; 

Scott et al., 2000). Hand1TH/+ mice were bred to Hand1TH/- mice in order to generate mice 

with either one or two copies of Hand1TH. All Hand1TH/- and Hand1TH/TH conceptuses 

appeared to be normal at E8.5 (Figure 2.3), indicating that the heart, yolk sac and 

placenta defects caused by absence of monomer Hand1 could be rescued by Hand1TH.  
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Figure 2.2 Hand1
TH

 protein is stably expressed and over-expressed in Hand1
TH

 

knock-in conceptuses in a dosage dependent manner. (A) Hand1TH protein is stably 

formed in vivo. Western blot on placenta protein lysates from Hand1TH conceptuses at 

E10.5 stained with Hand1 antibody. Neg. Con.: negative control; lysates from uterus 

tissue without Hand1 expression. (B) Quantitative analysis of western blot results of 

Hand1 protein expression in E10.5 placenta protein lysates shows expression of Hand1TH 

protein is significantly higher than Hand1 monomer proteins in vivo. Different 

superscripts indicate statistically significant differences (p<0.05). (C) 

Immunofluorescence staining of Hand1 protein in E8.5 Hand1TH/- and Hand1TH/TH EPC 

cultured cells. Scale bars: white, 50μm. (D) Quantitative analysis of Hand1 

immunofluorescence staining results of E8.5 EPC cultured cells demonstrated that 

Hand1TH protein expression level is significantly higher in Hand1TH/TH cells than in 

Hand1TH/- cells, suggesting a dosage dependent effect. (E) Subcellular localization of 

Hand1TH proteins is not different from wildtype monomer Hand1 proteins. Both wildtype 

Hand1 and Hand1TH protein are in majority located in the nuclei in the E8.5 EPC cultured 

cells. Sub-cellular localization of Hand1 proteins is not different among Hand1TH and 

Hand1+/- conceptuses. Scale bars: white, 25μm. 
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Figure 2.3 Gross observation of Hand1
TH

 conceptuses at E8.5. Heart is unlooped in 

Hand1-/- embryos (red arrow head) at E8.5. In contrast, heart is looped in Hand1+/- and all 

Hand1TH embryos (red arrows). E8.5 yolk sac appears to be „blistered‟ in Hand1-/- 

conceptuses. Yolk sac appears to be smooth in Hand1+/- and all Hand1TH conceptuses. 

E8.5 implantation site is outlined by yellow dashed line. Implantation site size in Hand1-/- 

conceptus appears to be much smaller than in other genotype. TGCs are stained by Pl1 

probe in conceptuses through whole mount in situ. TGCs size and number in E8.5 Hand1-

/- conceptuses appear to be smaller and significantly reduced (P<0.05, data not shown). 

TGCs size and number in E8.5 Hand1TH conceptuses appear to be not significantly 

different as in Hand1+/- conceptuses (p>0.05, data not shown). Scale bars: white, 200μm; 

red, 100μm. 
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Therefore, Hand1 functions as a homodimer in various tissues during development. 

 

2.3.3 The Hand1
TH

 protein is over-expressed and has dosage-dependent effects in 

vivo 

Whereas at least some of the Hand1TH/- pups were viable, none of Hand1TH/TH pups 

were detected at birth (Figure 2.1G). Embryos were then dissected at different embryonic 

stages (E8.5, 10.5, 12.5, 14.5) and examined for signs of embryonic and extra-embryonic 

defects. Hand1+/- and Hand1TH/+ embryos were normal at each stage studied (Table 2.1). 

In contrast, ~2/3 of Hand1TH/- embryos died between stage E10.5 and 14.5, and all 

Hand1TH/TH embryos died between E10.5 and 12.5 (Table 2.1). 

The fact that at least some of the Hand1TH/- embryos survived and yet all of the 

Hand1TH/TH embryos died suggested that over-expression of the Hand1TH protein was 

deleterious. Western blotting of E10.5 placental tissue lysates also showed that, relative 

to Hand1 monomer, the Hand1TH protein was significantly over-expressed in vivo (Figure 

2.2 A, B). Even accounting for the fact that each Hand1 molecule in the Hand1TH protein 

contains two monomers worth, the Hand1TH was expressed at least two-fold higher than 

expected. Furthermore, to determine if Hand1TH protein have a dosage-dependent 

expression in conceptuses with one or two copies of Hand1TH gene, immunofluorescence 

staining of Hand1 on primary cultures ectoplacental cone cells from E8.5 conceptuses 

were conducted and followed by quantitative analysis of staining intensity of individual 

cell. While dosage differences of dimer protein among different Hand1TH (Hand1TH/+, 

Hand1TH/- and Hand1TH/TH) conceptuses were not detectable by western blot analysis, 

quantitative immunofluorescence staining was carried out and demonstrated that the 
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Table 2.1 Gross phenotypes of conceptuses derived from Hand1
TH/+

 X Hand1
TH/-

 

crosses  

Genotype / Phenotype 
E8.5 E10.5 E12.5 E14.5 

n = % n = % n = % n = % 

+/- 

Normal 13 25.5 13 28.3 14 25 10 17.2 
*Abnormal 0 0 1 2.2 0 0 0 0 
Resorbed 0 0 0 0 0 0 0 0 

Total 13 25.5 14 30.4 14 25 10 17.2 

TH/+ 

Normal 15 29.4 11 23.9 12 21.4 14 24.2 
Abnormal 0 0 2 4.3 0 0 0 0 
Resorbed 0 0 0 0 3 5.4 0 0 

Total 15 29.4 12 26.1 15 26.8 14 24.2 

TH/- 

Normal 9 17.6 6 13.0 8 14.3 5 8.6 
Abnormal 0 0 5 10.9 0 0 0 0 
Resorbed 0 0 1 2.2 6 10.7 0 0 

Total 9 17.6 13 28.3 14 25 5 8.6 

TH/TH 

Normal 10 19.6 6 13.0 0 0 0 0 
Abnormal 1 2.0 1 2.2 0 0 0 0 
Resorbed 0 0 0 0 12 21.4 0 0 

Total 11 21.6 7 15.2 12 21.4 0 0 

**unknown 

Normal 0 0 0 0 0 0 0 0 
Abnormal 0 0 0 0 0 0 0 0 
Resorbed 3 5.9 0 0 1 1.8 29 50.0 

Total 3 5.9 0 0 1 1.8 29 50.0 
Total 51 100 46 100 56 100 58 100 

 
* Viable embryos with abnormalities in embryo size, cranio-facial or heart morphologies 
** Resorbed embryos that did not produce a PCR genotype 
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average integrated density of Hand1 signal in Hand1TH/TH conceptuses is significantly 

higher level than in Hand1TH/-conceptuses (Figure 2.2C, D).  

In a previous study, sequestration of Hand1 in the nucleolus and subsequent 

release during differentiation was suggested to act as a molecular switch to determine 

trophoblast cell fate (Martindill et al., 2007). To determine if Hand1TH protein 

intracellular localization differed in vivo, immunofluorescence staining was performed on 

primary cultures of ectoplacental cone cells from E8.5 conceptuses. We found that Hand1 

protein sub-cellular localization did not differ among Hand1TH/+, Hand1TH/-, Hand1TH/TH 

and Hand1+/- samples (Figure 2.2E). It is worth noting here that for immunofluorescent 

quantitative analysis in Figure 2.2C, all the images were taken under the same conditions 

with fixed exposure time. For detection of protein subcellular location in double 

immunofluoresce staining, images were taken from three different channels for each view 

and each image was scanned with automatic exposure (different exposure times) to obtain 

optimum staining intensity. These conditions account for the similar staining intensities 

of cells from different genotype in Figure 2.2E. Moreover,  in Hand1 null (Hand1-/-) or 

Hand1+/+ trophoblast stem cells, we found that they showed either no staining for Hand1 

or diffuse staining in the nucleus (Figure 2.4), and there was no evidence of nucleolar 

staining. Immuno-histochemical staining of E8.5 tissue sections produced similar results 

(data not shown). Based on these results, the more severe phenotype of Hand1TH/TH 

compared to Hand1TH/- appeared to be due to over-expression of the protein in the 

nucleus, and not due to altered protein localization within the nucleus. 

 

2.3.4 Over-expression of Hand1
TH

 in the absence of monomer Hand1 is associated 
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Figure 2.4 Sub-cellular localization of Hand1 protein in trophoblast stem cells. 

Immuno-fluorescence using Hand1 antibody (C-19) showed specific nucleus staining in 

cultured wildtype Rs26 (Hand1 +/+) trophoblast stem cells line but not in H5-1 (Hand1-/-) 

trophoblast stem cell line. Moreover, Rs26 trophoblast stem cells cultured both in stem 

cell medium (Undiff.) and in differentiation medium (Diff.) for 3 days did not show 

nucleolar localization. 
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with placental and fetal defects 

While development was normal at E8.5, observations at later gestational ages 

indicated that some Hand1TH/- and all Hand1TH/TH conceptuses developed several 

abnormalities. At E10.5, there were variable heart and cranio-facial defects present in 

Hand1TH/- and Hand1TH/TH embryos (Figure 2.5A, B and Table 2.2). Histological sections 

of the heart showed hypoplasia of the ventricular wall in some embryos at E10.5 (Figure 

2.5C and Table 2.2). In the placentas of Hand1TH (Hand1TH/+, Hand1TH/- and Hand1TH/TH) 

knock-in mice, about 30% of the Hand1 TH/TH embryos failed to have chorioallantoic 

attachment (Figure 2.5A and Table 2.2). Hematoxylin and Eosin (H&E) staining, laminin 

immuno-histochemistry (as a marker of the basement membrane in fetal blood vessels in 

the placenta) and Gcm1 gene expression (as a marker of trophoblast cells in the branched 

villi) demonstrated that almost all of the rest (about 70%) of Hand1TH/TH placentas had a 

strikingly smaller labyrinth layer in the placenta (Figure 2.5A and Table 2.2). 

Characterization of the spongiotrophoblast and TGC layers in Hand1TH placentas showed 

that the spongiotrophoblast layer (stained by Tpbpa) was not significantly altered, while 

all Hand1TH/TH placentas had defective TGC differentiation as shown by reduced number 

of Pl1 and Pl2 positive cells at E10.5 (Figure 2.6B, D). However, unlike what was 

observed in the Hand1 null (Hand1-/-) mutant, nuclear size and Pl1 staining intensity of 

the TGCs were not significantly different in Hand1TH/+, Hand1TH/- and Hand1TH/TH 

placentas (P>0.05; Figure 5C and data not shown). About 60% of the Hand1TH/TH 

conceptuses had a pale yolk sac (Table 2.2). However, unlike in Hand1 null mutants 

(Morikawa and Cserjesi, 2004; Riley et al., 1998), the yolk sac did not show any  



 

 

78 

78 

 

 

Figure 2.5 Gross and histological observation of Hand1
TH

 conceptuses at E10.5. (A) 

Phenotypic analysis of Hand1 homodimer embryos at E10.5 shows Hand1TH/+ mice 

embryos appear to be apparently normal, whereas some Hand1TH/- and TH/TH embryos 

appears to be grossly underdeveloped. mc, metencephalon; tc, telecephalon; op, optic 

vesicle; ot, otic pit; ba, bronchial arches; la, left atrium; left ventricle; fl, forelimb; hl, 

hindlimb; al, allantois. White arrow, unattached allantois with a ball shape in one of the 

Hand1TH/TH embryos. (B) Hand1TH/- and TH/TH embryos appear to have variable cranial-

facial and heart defects. Stars, abnormal head sub-division; yellow arrow head, less 

developed telecephalon and metencephalon; yellow arrow, less developed brachial 

arches; black dashed line, outline of the normal heart left ventricle and atrium 

morphology; yellow dashed line, outline of the less developed ventricle and atrium in 

some Hand1 TH/- and TH/TH embryos. (C) H&E staining of sections shows heart histology 

at E10.5. The ventricle wall in the Hand1TH/TH embryo is apparently thinner and less 

trabeculated. Arrowhead indicates no left and right ventricle septum formed in the 

Hand1TH/TH embryo. Arrows indicate left and right ventricle septum formed. (D) H&E 

staining of sections shows yolk sac histology at E10.5 is not significantly different 

between Hand1+/- and Hand1TH embryos. me, mesoderm; en, endoderm. Scale bars: 

white, 500μm; black, 100μm. 
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Table 2.2 Detailed phenotypes of conceptuses derived from Hand1
TH/+

 X Hand1
TH/-

 

crosses 

Gross morphology 

Genotype 

+/- TH/+ TH/- TH/TH 

Somite no. 36.07±3.17 32.54±6.45 32.00±3.57 30.83±1.94 * 

Crown rump length 1568 ± 49.28 1409 ± 86.44 1346 ± 69.77 1144 ± 65.29 * 

Abnormal heart  0/23 (0%) 2/19 (10.5%) 7/17 (36.8%) 10/19 (52.6%) 

Abnormal head and face 0/23 (0%) 2/19 (10.5%) 4/17 (23.5%) 4/19 (21.1%) 

Pale yolk sac 0/23 (0%) 0/19 (0%) 1/17 (5.9%) 11/19 (57.9%) 

Allantois not attached to placenta 0/23 (0%) 1/19 (5.3%) 1/17 (5.9%) 7/19 (36.8%) 

Normal  23/23 (0%) 17/19 (89.5%) 9/17 (52.9%) 4/19 (21.1%) 

Placental histology 
Genotype 

+/- TH/+ TH/- TH/TH 

Allantois not attached 0/6 (0%) 0/6 (0%) 0/7 (0%) 4/13 (30.8%) 

Allantois attached but shallow 

labyrinth 
0/6 (0%) 0/6 (0%) 1/7 (14.3%) 8/13 (61.5%) 

Reduced TGC 0/6 (0%) 0/6 (0%) 1/7 (14.3%) 12/13 (92.3%) 

Normal 6/6 (100%) 6/6 (100%) 6/7 (85.7%) 1/13  (7.7%) 
* P<0.05 by t test 
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Figure 2.6 Characterization of placental development in Hand1
TH

 conceptuses at 

E10.5. (A) Characterization of labyrinth development in Hand1TH conceptuses at E10.5. 

E10.5 placenta H&E staining low magnification and high magnification showed chorion-

allantois attachment fail to occur in some Hand1 TH/TH conceptuses, and labyrinth is not 

normally developed in Hand1TH/TH conceptuses as shown by strikingly reduced fetal 

blood spaces. mbs, maternal blood space. fbs, fetal blood space. E10.5 placenta laminin 

antibody staining for basement membrane showed limited branching morphogenesis in 

Hand1 TH/TH conceptuses. De, decidua; TGC, trophoblast giant cells; SpT, 

spongiotrophoblast; Lab, labyrinth; ChP, chorionic plate. E10.5 placenta in situ 

hybridization staining for labyrinth syncitiotrophoblast using Gcm1 probe consistently 

showed limited branching morphogenesis in Hand1 TH/TH conceptuses. Scale bars: black, 

100μm. (B) Characterization of spongiotrophoblast and giant cell layers development at 

E10.5. E10.5 placenta in situ hybridization using Pl1, Pl2 and Tpbpa probe showed Pl1 

positive TGCs are reduced in Hand1TH/TH knock-in conceptuses, while 

spongiotrophoblast development is not significantly changed in the Hand1TH placentas. 

Scale bars: black, 200μm. (C) E10.5 placenta whole mount in situ hybridization using Pl1 

probe shows that TGC nuclear size and Pl1 staining intensity are not reduced in Hand1TH 

knock-in conceptuses. (D) Quantitative analysis showed that TGC density (TGC cell 

number per area) is significantly reduced in Hand1TH/TH conceptuses at E10.5. Different 

superscripts indicate statistically significant differences (p<0.05). 
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morphological abnormalities in the yolk sac vasculature (Figure 2.5D) suggesting that the 

pale yolk sac was secondary to the cardiac or the placental defects. 

 

2.3.5 No apparent premature differentiation of TGCs is observed in Hand1
TH

 

conceptuses 

Because Hand1TH had a dominant effect in promoting TGC differentiation in vitro 

(Figure 2.1), we performed various analyses to determine if the abnormalities in the 

Hand1TH placentas were due to premature differentiation of TGC progenitors. At E8.5, 

H&E and phospho-histone 3 staining did not show significant changes in the chorion 

(trophoblast stem cell pool) or ectoplacental cone (TGC progenitor pool) for either total 

cell numbers or percentage of cells undergoing mitosis (P<0.05; Figure 2.7 and Figure 

2.8). Staining of TGCs by Pl1 probe and TGC progenitors spongiotrophoblast by Tpbpa 

and Mash2 probes, showed no apparent change (Figure 2.7). Staining of Pl2, which is 

strongly expressed in parietal TGCs lining the implantation site after E9.5 (Simmons et 

al., 2008b), was not prematurely increased in Hand1TH/TH mice at E8.5 (Figure 2.7). In 

total, these data do not indicate premature differentiation of TGC at least at E8.5. 

 

2.4 Discussion 

Hand1 was first identified by virtue of its ability to interact with E proteins (Cross 

et al., 1995; Cserjesi et al., 1995; Hollenberg et al., 1995), but it was more recently shown 

to form homodimers as well (Firulli et al., 2000; Scott et al., 2000). Using a gene knock-

in approach, we have developed the first forced dimer system in a mouse model to 

address the biological significance of the alternative dimer forms of Hand1 and we have 
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Figure 2.7 Characterization of the spongiotrophoblast and TGCs development in 

Hand1
TH

 knock-in conceptuses at E8.5. E8.5 implantation sites in situ hybridization 

using Pl1, Pl2, Tpbpa and Mash2 probes. At E8.5, the expression pattern and intensity of 

these probes in Hand1TH implantation sites is not apparently different comparing to the 

Hand1+/- controls. Immuno-staining of anti-phosphohistone 3 (PPH3) antibody showed 

that PPH3 positive mitotic cells (arrows) percentage in Hand1TH implantation sites are 

not significantly different from the Hand1+/- controls (P>0.05, Supplementary Figure 2). 

De, deciduas; EPC, ectoplacental cone; Emb, embryo; Ch, chorion. Scale bars: black, 

400μm; red, 100μm. 
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Figure 2.8 Cell number and percentage of proliferating cells in the chorion or 

ectoplacental cone are not significantly changed at E8.5 Hand1
TH

 conceptuses. (A 

and B) Total cell number in the chorion or ectoplacental cone (EPC) of the E8.5 Hand1TH 

conceptuses are not significantly different to cell number in Hand1+/- control group. 

Same superscripts indicate statistically insignificant difference (P>0.05). (C and D) 

Percentage of phospho-histone 3 (PPH3) positive cells that are undergoing mitosis in the 

chorion or EPC of the E8.5 Hand1TH conceptuses are not significantly different to the 

percentage in Hand1+/- control group. Same superscripts indicate statistically 

insignificant difference (P>0.05). 
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made three main conclusions. First, the Hand1 homodimer, at optimum level, is sufficient 

for normal development in vivo and Hand1 monomers or heterodimers play an important 

modulatory role for development. Second, the level of Hand1 homodimer protein in vivo 

is critical and too much of Hand1 homodimer leads to embryonic lethality. Third, Hand1 

heterodimers play an important regulatory role to counter balance the activity of the 

Hand1 homodimer in vivo. 

 

2.4.1 Hand1
TH

 is stable in vivo and sufficient for normal mouse development  

The most striking finding in our studies was that a significant fraction of Hand1 TH/- 

mice were viable and fertile. In addition, we found that all of the phenotypes in Hand1 

null conceptuses were rescued by the Hand1TH allele. To rule out the possibility that the 

Hand1TH protein was simply cleaved back into monomer forms in vivo, we performed 

western blot analysis. In addition, we generated mice carrying two Hand1TH alleles to 

assess dosage effects. We reasoned that if there was only partial cleavage of the Hand1TH 

protein, and this was the explanation for incomplete rescue in Hand1TH/- mice, then 

Hand1TH/TH mice should have an even higher rate of rescue. However, the opposite was 

true.  

The tethered dimer approach has been previously used to study the role of various 

protein dimers, and has demonstrated that the tethered proteins preferentially form 

intramolecular dimers and rarely interact with other monomers or dimers to form 

intermolecular dimers or tetramers (Bakiri et al., 2002; Lemercier et al., 1998; Neuhold 

and Wold, 1993). The underlying mechanism has been suggested by in vitro studies that 

the short linker (~20 amino acids peptide) used to tether two DNA binding proteins 



 

 

89 

89 

brings them in very close proximity (Sieber and Allemann, 1998) and dramatically 

decreases the dissociation constant of the proteins (Robinson and Sauer, 1996; Zhou, 

2001), preventing them from formation of dimer with other proteins. Using a mobility 

shift assay, it has been shown that the transcriptional activity of the tethered bHLH 

protein dimer MyoD~E47, but not naturally formed MyoD~E47, is resistance to the 

influence of various monomers such as Id proteins (Neuhold and Wold, 1993) and bHLH 

factor Mist1 (Lemercier et al., 1998). Similarly, based on our in vitro experiments, Mash2 

co-transfection failed to inhibit the effect of Hand1TH to promote TGC differentiation as 

it does with monomer Hand1. Therefore, our results are consistent with previous work 

and suggest that the intramolecular Hand1 homodimer stably forms and is resistant to 

interaction with other bHLH monomers. 

In total, these data indicate that the homodimer form of Hand1 is stably formed and 

sufficient for normal mouse development. This contradicts that conventional wisdom in 

the bHLH transcription factor field that class II factors such as Hand1 primarily function 

by forming heterodimers with E proteins. 

 

2.4.2 Over-expression of Hand1
TH

 in the absence of wildtype Hand1 leads to 

abnormal mouse development 

While Hand1 homodimers are sufficient for normal development in one third of the 

cases, it was also clear that the level of Hand1 homodimer is critical since over-

expression of Hand1TH causes embryonic lethality. The lethality is not due to expression 

of Hand1TH protein per se since Hand1TH/+ mice are perfectly normal. That the lethality is 

due to over-expression is implied by the exacerbated phenotype of Hand1TH/TH compared 



 

 

90 

90 

to Hand1TH/- conceptuses. We were initially puzzled as to why some of the Hand1TH/- 

conceptuses die in utero. However, after quantifying protein expression, it became clear 

that even with a single TH allele, the Hand1TH protein is over-expressed in vivo. The 

mechanism by which Hand1TH protein is over-expressed is unclear, however, can be 

speculated at the mRNA level and protein level. The Hand1 gene promoter region 

contains several potential binding sites for Hand1 itself. However, based on expression of 

lacZ (Firulli et al., 1998) and luciferase (Riley et al., 2000) reporter genes knocked into 

the Hand1 locus, there is no evidence of transcriptional auto-regulation of Hand1. The 

alternative explanation is that forced dimerization of the Hand1 protein makes it more 

stable. Various studies have shown that tethered dimers usually have dramatically 

(usually ~10 fold or more) increased affinity for specific DNA binding sequences 

(Asahara et al., 1999; Robinson and Sauer, 1996; Sieber and Allemann, 1998; Zhou, 

2001). Binding to DNA can inhibit the degradation by the ubiquitin pathway of bHLH 

proteins such as MyoD (Abu Hatoum et al., 1998). Therefore, it is very likely that the 

Hand1TH protein binds DNA with high affinity and this reduces its susceptibility to 

degradation and leads to increased levels in the cell. 

At E8.5, when Hand1 null mutants die, Hand1TH/- and Hand1TH/TH conceptuses 

were phenotypically normal. By E10.5, however, all Hand1TH/TH and a proportion of 

Hand1TH/- mice had defects in the placenta including reduced numbers of TGCs and 

poorly developed labyrinth layer which is the site for nutrient and gas exchange. Given 

the nature and high frequency of these phenotypes, we conclude that the embryonic 

lethality is likely the result of defective placenta development. About half of Hand1TH/TH 

mice failed to undergo chorioallantoic attachment which is the first step in labyrinth 



 

 

91 

91 

development, and almost all of the rest and a proportion of Hand1TH/- conceptuses had 

shallow labyrinth layers. Hand1 gene  is expressed in the chorion (Simmons et al., 2008a) 

and in the allantois at E8.5 (Thomas et al., 1998), and in sinusoidal TGCs which lining 

the maternal blood spaces in the labyrinth (Simmons et al., 2008a), suggesting an 

important role of Hand1 in branching morphogenesis and labyrinth formation. Therefore, 

labyrinth defects observed in Hand1TH conceptuses could be a result of over-expression 

of Hand1TH in these sites. Moreover, the increased severity of the phenotype in 

Hand1TH/TH compared to Hand1TH/- conceptuses is consistent with the higher dosage of 

Hand1TH expression in Hand1TH/TH conceptuses. At the gross level, the yolk sacs were 

pale but this was likely an early manifestation of embryonic lethality as they were normal 

at a histological level. Cardiac and cranio-facial defects were also observed at lower 

penetrance. Hand1 is expressed in these tissues but we cannot rule out defects in these 

tissues as being secondary to the placenta phenotypes. 

In searching for reasons why excessive Hand1TH protein leads to abnormal 

development, we investigated whether it leads to premature differentiation. In focusing 

on trophoblast cell development at a tissue level, which is the best studied system for 

Hand1 action, although the number of parietal TGCs lining the implantation site was 

reduced, we found no compelling evidence that TGC precursor cells were affected. For 

example, percentage of PPH3 positive proliferating cells are not significantly reduced in 

the Hand1TH/TH conceptuses at E8.5 (P<0.05), and markers of ectoplacental cone and 

chorion (Tpbpa and Mash2) were not reduced in Hand1TH mice (Figure 6). In addition, 

there was no evidence of excessive or premature expression of TGC markers (Pl1 and 

Pl2) at E8.5. At a cellular level, we investigated the sub-cellular localization of Hand1 by 
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immunofluorescent staining. It has been previously reported in a trophoblast tumour cell 

line that Hand1 localizes to nucleoli in precursor cells and is released into the nucleus 

proper coincident with differentiation into TGCs. However, we have found no evidence 

for nucleolar localization even in wildtype trophoblast primary culture (this study), 

trophoblast stem cells or their differentiating derivatives in vitro (data not shown). 

Moreover, we have failed to detect any nucleolar staining for Hand1 in trophoblast cells 

in vivo (data not shown) using the specificity-verified antibody used in this study. In 

looking at protein localization in cells expressing the Hand1TH protein, we saw no 

evidence for altered intracellular localization.  

 

2.4.3 A role for Hand1 monomers or heterodimers in vivo 

The Hand1TH protein is over-expressed to a similar level in Hand1TH/+ as in 

Hand1TH/- conceptuses as shown by western blotting. However, while ~2/3 of Hand1TH/- 

conceptuses die before E14.5, Hand1TH/+ mice are fully viable and fertile. It is therefore 

intriguing to understand why forced expression of Hand1TH in the presence of Hand1 

monomers does not lead to embryonic lethality. A possible model is that Hand1 

heterodimers are functional and act directly to counter balance the effect of Hand1 

homodimers in regulating gene expression. A direct test of this hypothesis is difficult 

because bona fide transcriptional targets of Hand1 are unknown. However, a comparable 

mechanism has been suggested in Drosophila for the Twist bHLH transcription factor. 

Twist forms homodimers to activate myogenic genes and direct somatic myogenesis, 

whereas Twist heterdimers with the E protein Daughterless represses the somatic 

myogenic genes (Castanon et al., 2001). The repression activity is dependent on the 
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repression domain of Daughterless which is sensitive to certain tissue context and 

development stages (Wong et al., 2008). In addition to repressive activity on the same set 

of genes, Twist heterodimers might also directly compete with homodimers for common 

binding factors to antagonize its activity.  

        Tissue specific bHLH transcription factors are dedicatedly regulated at the level of 

dimerization thus confer limited number of transcription factors with complex regulatory 

mechanisms and make them more compatible with life. Thus, our studies have 

highlighted several aspects of an important new layer of regulation of bHLH factor 

activity. It is clear that cells are very sensitive to the levels of homodimer, while 

heterodimers are required at physiological setting to modulate or counterbalance their 

negative effects to ensure normal development. 

 

2.5 Materials and Methods  

Plasmids. Site-directed mutagenesis was carried out according to manufacturer‟s 

instructions using the Altered Sites in vitro mutagenesis kit (Promega). pCMV-FLAG 

Hand1Δb, containing a RRR to GSG substitution in the basic domain, was constructed 

using site-directed mutagenesis of pCMV-FLAG Hand1 (Scott et al., 2000) (AS oligo 5‟-

aat gct ctc tgt gcc gga tcc ctc ctt ctt ggg tcc-3‟). For construction of tethered expression 

cassettes, EcoRI sites were first introduced by site directed mutagenesis 5‟ to the Hand1 

(AS oligo 5‟-gtt cat gtt gga GAA TTC cct ggc ctg tgc tg-3‟) and Itf2 (S oligo 5‟-ctt ggt 

ttg tgt GAA TTC tcc aac atg cat cac caa cag-3‟) initiation methionine sequences (shown 

in bold). In a similar manner, PstI sites were introduced immediately 3‟ to the same 

Hand1 (AS oligo 5‟-ggc ggc gtt ggc ctC TGC AGa ctg gtt tag ctc-3‟) and Itf2 (S oligo 5‟-
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atg gga cag tCT GCA Ggt cca agt tgc-3‟) coding regions, thereby removing the STOP 

codons (shown in bold). A PstI site was also introduced 5‟ of a second Hand1 cDNA (AS 

oligo 5‟-gct gcc cac gag gtt caC TGC AGa gag gct cct ggc ctg-3‟). EcoRI/PstI (both 

containing Hand1 and Itf2) and PstI/XhoI (containing Hand1) fragments from these SDM 

reactions were ligated together in pBluescript SK+ and digested with PstI. Annealed 

oligos with PstI overhangs, encoding a (GGGS)n linker (S 5‟-ggg ggt tcc ggc ggg ggt tct 

gga ggt ggg agc ggc gga ggg tcc ggc gga gga act gca-3‟, AS 5‟-gtt cct ccg ccg gac cct ccg 

ccg ctc cca cct cca gaa ccc ccg ccg gaa ccc cct gca-3‟) were then ligated into the PstI site. 

Clones where the oligos had incorporated in the correct orientation were verified by 

sequencing. Finally, EcoRI/XhoI fragments of these were ligated into EcoRI/XholI-

digested pCMV-FLAG-Hand1 to yield pCMV-FLAGHand1:Hand1 and pCMV-

FLAGItf2:Hand1. For the construction of pCMV-FLAG Hand1:Hand1 Δb the same 

approach was used. The mammalian expression vectors pCMV-Mash2 and pβActin-LacZ 

(Cross et al., 1995) and pCMV-Itf2 (Chiaramello et al., 1995) have been previously 

described. 

 

Trophoblast cell culture and transfection. Rcho-1 cells were cultured in RPMI-

1640 medium (Sigma) supplemented with 20% fetal calf serum (Hyclone), 50μM β-

mercaptoenthanol, and 1mM Na-pyruvate, as previously described (Cross et al., 1995). 

For TGC differentiation assays, Rcho-1 stem cells were transfected using Lipofectamine 

PLUS (Gibco BRL) 5 hours after plating to coverslips. In initial experiments, 250ng of 

pβActin-LacZ and 375ng of expression vector were added per 35mm well, with empty 

expression vector (pcDNA3) added to a 1.0μg total. Cells were fixed 48 hours post-
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transfection in 4% paraformalehyde and permeabilized with methanol. Following 

incubation with mouse anti-FLAG (1/200 dilution, IBI) and rabbit anti-β-Galactosidase 

(1/400 dilution, Cappell) primary antibodies, and anti-mouse-FITC and anti-rabbit-

TRITC (Sigma, 1/50 dilution) secondary antibodies, cells were stained with bisbenzimide 

(Sigma) and examined by fluorescent microscopy. In subsequent experiments, cells were 

transfected with 250ng pCMV-IRES:EGFP (Clontech) and 375ng of the indicated 

expression vectors (to 1.0μg total with pcDNA3). Cells were lightly fixed 48 hours post-

transfection in 4% paraformaldehyde and stained with bisbenzimide. Giant cell 

differentiation was scored as the percent of TRITC- or GFP-positive cells that had the 

enlarged nuclei characteristic of TGCs (Cross et al., 1995). Percent TGC differentiation 

values represent the mean +/- SE for 25 fields examined for each treatment group using a 

40X objective, and were similar in 2-3 separate experiments. 

 

Generation of Hand1
TH

 knock-in mice. For cloning purpose, a Bg1II site was 

introduced 5‟ to the Hand1 transcription initiation site by PCR, as previous described 

(Riley et al., 2000). Targeting vectors consisted of a 6.0kb KpnI/Bg1II 5‟arm (upstream 

of transcription start site) and a 2.6kb SalI/Bg1II 3‟ arm (part of intron 1, exon 2, and 

sequence 3‟ to exon 2) in a pUC8 vector backbone containing HSV-thymidine kinase 

cassette. Bg1II/SalI fragments containing tethered homodimer Hand1 sequences were 

ligated between the two vector arms. For the tethered homodimer Hand1, this fragment 

was constructed as described above, except that the second Hand1 monomer consisted of 

genomic sequences. A PGK-purores cassette flanked by LoxP sites was subsequently 

inserted into the SalI site found in intron 1. Constructs were linearized via digestion with 
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KpnI and transfected into the Hand1+/- ES cell line 14A3 (Riley et al., 2000) via 

electroporation. Following positive-negative selection using gangcyclovir and puromycin 

(1.5μg/mL), ES cell clones were isolated and screened for proper homologous 

recombination following Southern blotting as previously described (Joyner, 1993). The 

genotyping results are shown by PCR. Chimeras were generated via aggregation of 

targeted Hand1TH(puro)/+ ES cells and 8-cell stage wildtype embryos, as previously 

described (Joyner, 1993). One male chimera (8D11) transmitted the Hand1TH(puro) allele 

through the germline, and was outbred to CD1 females. Progeny were crossed with 

CAGGS-nlsCre mice (a gift from A. Nagy), and pups were genotyped via PCR for 

excision of the PGK-purores cassette. Hand1TH/+ mice were obtained and further bred with 

Hand1+/- mice, the genotype of the progeny was determined by PCR. Experiments were 

done in accordance with the guidelines of the Canadian Council on Animal Care and the 

University of Calgary Animal Welfare Committee (Protocol No. M01025). 

 

Histological analysis of placental tissues. Placentas and embryos were dissected 

and harvested from timed matings and fixed overnight in 4% paraformaldehyde in 

phosphate-buffered saline (PBS). Following fixation, embryos were rinsed in PBS then 

dehydrated through a graded ethanol series and embedded in paraffin wax. Histological 

sections were cut and stained with Hematoxylin and Eosin. 

RNA in situ hybridization on whole mount conceptuses and sections was carried 

out as previously described (Scott et al., 2000). Hand1TH/+ X Hand1TH/- offspring were 

dissected out of the uterus at E8.5 and E10.5 (E0.5 is defined as noon of the day on which 

vaginal plugging was detected). In situ probes used include: Pl1, Tpbpa, Pl2, Mash2 and 
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Gcm1. Digoxigenin-labeled probes were prepared by using digoxigenin labeling mix 

(Boehringer Mannheim) and detected by using an anti-digoxigenin-alkaline phosphotase 

conjugate (Boehringer Mannheim). 

Paraffin sections were dewaxed and rehydrated, and stained with antibodies against 

laminin (1:300; Sigma L9393) and phospho-histone H3 (1:300; Upstate 06-570). 

Immunostaining sections were counterstained with nuclear marker hematoxylin. 

 

 Characterization of Hand1 antibody. Anti-mouse Hand1 antibody was obtained 

from Santa Cruz Biotech (C-19; Cat. No. sc-9413) The specificity of the Hand1 C19 

antibody was shown by western blotting of extracts from wildtype, differentiated 

trophoblast stem cells showing a major band at the expected size of 25 kDa. Extracts 

generated from Hand1-/- cells (Hemberger et al., 2004) were used as negative controls 

and showed no band at 25 kDa. Some initial experiments were also performed using a 

Hand1 antibody from Abcam (Cat. No. ab11846) as reported previously by others 

(Martindill et al., 2007). However we found that this antibody reacted with multiple 

bands on western blots and produced signals both on westerns and immunofluorescent 

nuclear staining of trophoblast cells even in the Hand1-/- mutant background (data not 

shown). 

 

Ectoplacental cone culture and Hand1 immunofluorescence staining. The 

chorion and ectoplacental cone were dissected at E8.5 from Hand1TH/- X Hand1TH/- 

crosses in 1X PBS. Explants were placed in 0.125% trypsin/EDTA (Gibco) in PBS for 10 

minutes at 37°C. Dispersed cells were then cultured on gelatin coated coverslips in 
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fibroblast-conditioned TS cell medium with bFGF and heparin for 3 days at 37°C in 95% 

humidity, 5% CO2, with daily medium change. Yolk sacs were removed during 

dissection for genotyping. Coverslips were fixed in 2% paraformaldehyde for 20 minutes 

on ice, permeabilized with 0.25% Triton X-100 in PBS for 10 minutes and blocked in 5% 

donkey serum in PBS. Cells were then incubated in 1:100 goat anti-mouse Hand1 

antibody (C-19; Santa Cruz sc-9413) overnight at 4°C and incubated in 1:500 Cy3 

conjugated donkey anti-goat IgG (Jackson Immuno-Research 705-166-147).  

 

Western blotting. Placenta tissues were obtained from the E8.5 and E10.5 Hand1TH 

conceptuses. To prepare protein extracts, placenta tissues were homogenized in RIPA 

lysis buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate) with 1 mM PMSF, 1 mM sodium 

orthovanadate, and 10 µg/mL proteinase inhibitor cocktail (Roche) freshly added (Aubin 

et al., 2004). Western blot was performed by standard methods using antibodies against 

Hand1 (1:300; Santa Cruz sc-9413), β-actin (1:1000; Santa Cruz). Results were analyzed 

by densitometry using ImageJ 1.34s software as described (http://rsb.info.nih.gov/ij/).  

 

Equipment and software. Leica DMR light microscope (for light and 

immunofluorescence images), Leica MZ95 dissection microscope (for dissected 

embryo/placenta images) with Photometrics Coolsnap of camera and RS Image 1.0.1 

imaging software program were used to obtain micrographs. All the immunofluorescent 

images were taken under the same conditions. Minimal image processing was done using 

Adobe Photoshop 7.0 and figures were constructed using Canvas 9.0.2.  

http://rsb.info.nih.gov/ij/
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Quantitative and statistical analysis. Quantitative analysis on Hand1 staining of 

ectoplacental cone cultures was conducted through measurement of the integrated 

density, mean gray value and area of individual cell using ImageJ. At least 500 cells from 

EPC culture of each conceptuses were measured. Statistical analyses were performed by 

a Student‟s t test. Data are shown as the mean ± standard error of the mean. A P value of 

<0.05 was considered to be statistically significant. 
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CHAPTER III:  TRANSGENIC ABLATION OF THE TPBPA-POSITIVE 

TROPHOBLAST CELLS LEADS TO MATERNAL SPIRAL ARTERY DEFECTS 

AND EMBRYONIC LETHALITY IN MICE 

 

 

 

 

 

 

 

 

 

 

For studies in this chapter, the author conducted all of the work with the exception of the 

Plpa in situ hybridization which was conducted by Dr. Gosia Gasperowicz.      



 

 

101 

101 

3.1 Abstract 

The placenta is composed of multiple trophoblast cell types that have diverse 

endocrine, vascular and nutrient transport functions. We have developed a transgenic 

system to investigate the developmental and functional roles of specific cell types using 

conditional expression of a cytotoxin to induce cell ablation in transgenic mice. The 

Trophoblast-specific protein alpha (Tpbpa) gene is expressed in ectoplacental cone cells 

starting at embryonic day E7.5 and later in the spongiotrophoblast layer of the mature 

placenta. Tpbpa-postivie cells are progenitors of many trophoblast subtypes including 3 

subtypes of trophoblast giant cells (TGCs) and glycogen trophoblast cells. We used a Cre 

recombinase transgene driven by the Tpbpa promoter to irreversibly activate a diphtheria 

toxin A (DTA) transgene. Cre/DTA double transgenic showed dramatic reduction of 

Tpbpa-positive spongiotrophoblast cells by E10.5 and conceptuses died by ~E11.5. The 

number of cells associated with maternal blood spaces (spiral artery TGCs and canal 

TGCs), and glycogen trophoblast cells were also decreased. The loss of these specific 

trophoblast subtypes, especially spiral artery associated TGCs (SpA-TGCs), was 

correlated with a decrease in maternal spiral artery diameters, suggesting an important 

role of these cells in modulating the maternal vasculature. In contrast, parietal TGCs were 

not significantly reduced by progenitor cell ablation, suggesting that there is 

compensatory growth of this population and indeed a population of Mash2-

positive/Tpbpa-negative cells was increased in the spongiotrophoblast layer. Our work 

demonstrates that the Tpbpa-positive lineage is essential for embryonic survival and 

placental function with its derivative SpA-TGCs critical for maternal vasculature 

remodeling. 
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3.2 Introduction 

A key process during pregnancy is that the feto-placental unit builds an intimate 

relationship with the mother through alteration of uterine environment and facilitation of 

maternal blood through the placenta (Cross et al., 2002). At the feto-maternal interface, 

maternal blood flow through the placenta increases dramatically due to not only blood 

vessel growth into the implantation site after uterine decidualization (through 

angiogenesis), but also a significant vasodilation that results in increased blood flow 

(Cross et al., 2002). These processes are thought to be realized by the interactive actions 

of various cell types including trophoblast cell subtypes, endothelial cells and immune 

cells. However, the definitive function of specific trophoblast cell subtypes has not been 

well studied due to the lack of appropriate models that enable the ablation of specific cell 

types. Mouse TGCs and glycogen trophoblast cells are analogous to invading extravillous 

cytotrophoblast cells of human placenta and invade the utero-placental spiral arteries or 

interstitially into the decidua, respectively, and are associated with the remodeling of the 

spiral arteries into dilated, inelastic tubes without maternal vasomotor control. Disturbed 

remodeling in humans leads to utero-placental vascular resistance and is commonly 

found associated with intrauterine growth restriction and preeclampsia (Kaufmann et al., 

2003; Lyall and Belfort, 2007). Thus, understanding the role of specific trophoblast cells 

subtypes will provide us insights into human placenta pathologies and diseases of 

pregnancy.  

TGCs are thought to be critical for embryo implantation, establishment of the feto-

maternal interface and maternal adaptations to pregnancy based on their obvious invasive 

and endocrine properties. Four TGC subtypes have been reported within the mature 
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placenta: parietal TGCs that line the implantation site (P-TGCs), those found invading 

the maternal spiral arteries (SpA-TGCs), TGCs within the maternal blood canals (C-

TGCs) that connect the spiral arteries with the labyrinth layer, and TGCs found within 

the sinusoidal spaces of the labyrinth (S-TGCs) (Simmons et al., 2007). Their distinct 

locations and expression of prolactin-like protein hormones (Simmons et al., 2008b) 

suggest that they play distinct roles at the feto-maternal interface. Cells within the 

ectoplacental cone and later the spongiotrophoblast layer are recognized as being 

progenitors of TGCs and express the spongiotrophoblast-specific gene Tpbpa /4311 

(Carney et al., 1993; Lescisin et al., 1988).  

Tpbpa was initially identified as a gene that is specifically expressed in the 

trophoblast lineage (Lescisin et al., 1988). The function of Tpbpa is not clear. Its mRNA 

encodes a protein that contains a putative signal peptide, suggesting it is a secreted 

protein (Iwatsuki et al., 2000; Lescisin et al., 1988). The Tpbpa gene maps to a cluster of 

placenta-specific cysteine peptidase genes which includes many of the cathepsin proteins 

genes (Deussing et al., 2002).and the amino acid sequence of Tpbpa was found to be 

similar to the proregion of the cysteine peptidases (Deussing et al., 2002). The cytotoxic 

T-lymphocyte antigen (CTLA)-2a and -2b genes and Tpbp genes were mapped to the 

same cluster and share similarity in sequence (Deussing et al., 2002). CTLA has been 

shown to inhibit cathepsin L-like cysteine peptidases in vitro (Delaria et al., 1994), and 

therefore it it is possible that Tpbpa is also an inhibitor of the cysteine peptidases 

(Deussing et al., 2002). However, no human orthologs of the Tpbp genes, the CTLA-2 

genes, or the murine placenta-specific cysteine peptidase genes have been identified 

(Deussing et al., 2002). 
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The lineage relationship between Tpbpa-positive spongiotrophoblast cells and the 

TGC subtypes was shown using lineage tracing in which Tpbpa-Cre transgenic mice 

were crossed with mice carrying a Cre recombinase-activated reporter gene. Tpbpa-

positive cells were found to give rise to all SpA-TGCs, as well as ~50% of C-TGCs and 

P-TGCs, but none of the S-TGCs (Simmons et al., 2007). To investigate the function of 

cells that are derived from Tpbpa-positive cells, and in particular SpA-TGCs, we take 

advantage of a Cre-activated diphtheria toxin A (DTA) transgenic mice(Ivanova et al., 

2005). DTA is one of the two fragments of a single polypeptide diphtheria toxin which is 

secreted by pathogenic strains of Corynebacterium diphtheria (Collier, 2001). The 

toxicity of diphtheria toxin is dependent on the enzymatic activity of the A fragment to 

inhibit protein synthesis, whereas the B fragment binds to the surface of eukaryotic cells 

and is required for delivering toxic A fragment into the cytoplasms (Palmiter et al., 

1987). Without the B fragment, the DTA will only kill cells in which it is expressed. 

Crossing Cre-activated DTA transgenic mice with many different tissue-specific Cre 

lines such as Alfp-Cre (Brockschnieder et al., 2004), CD19-Cre(Brockschnieder et al., 

2004), Nkx2.5-Cre (Ivanova et al., 2005) and Nex-Cre (Schwab et al., 2000) mice has 

been shown to result in ablation of hepatocytes, B cells, cardiac precursor cells and 

cortical neurons, respectively. Using this same approach, we crossed Tpbpa-Cre mice 

with Cre activated DTA transgenic mice to specifically ablate the Tpbpa-positive lineage 

and assess the consequences for establishment of the feto-maternal interface.  

 

3.3 Results 

3.3.1. DTA/+;Tpbpa-Cre double transgenic conceptuses die at mid-gestation  
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To induce cell type specific ablation of the Tpbpa-positive trophoblast lineage, we 

crossed Tpbpa-Cre transgenics with mice carrying a conditionally-activated DTA gene. 

This approach allows the conditional expression of DTA upon Cre-mediated excision of a 

floxed region containing transcriptional termination sequences, resulting in death of 

ectoplacental cone/spongiotrophoblast cells that express Tpbpa-Cre. Characterization of 

progeny from E9.5 to 12.5 indicated that DTA/+;Tpbpa-Cre conceptuses started to die by 

~E10.5 and none of them survived beyond E11.5, whereas DTA/+ mice were fully viable 

(Table 3.1 and Figure 3.1B). To assess when the cell ablation starts, we examined 

placentas for the presence of ectoplacental cone/spongiotrophoblast cells by expression of 

the endogenous Tpbpa gene. The number of Tpbpa-expressing cells was dramatically 

reduced in the placenta by ~E10.5 (Figure 3.1A). This fit with histological assessment of 

the placentas at E10.5 which showed that the size of DTA/+;Tpbpa-Cre placentas was 

dramatically reduced and was associated with increased apoptosis of cells as shown by 

TUNEL staining (Figure 3.1B). These data indicated that although Tpbpa-Cre starts to 

express at ~E8.5 (Simmons et al., 2007), the cell ablation only becomes extensive around 

two days later. 

 

3.3.2 Trophoblast cell ablations in DTA/+;Tpbpa-Cre conceptuses 

To assess the consequences of ablating Tpbpa-positive cells on the trophoblast cell 

lineage that is normally derived from these cells, we characterized the placentas of 

DTA/+;Tpbpa-Cre and control (DTA/+) conceputuses using cell subtype specific 

markers. Glycogen trophoblast cells were identified by labeling of Pcdh12 mRNA and 

were found to be dramatically reduced in E10.5 conceptuses (Figure 3.2A). Staining of 
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Table 3.1 Genotyping and viability of offspring from DTA/DTA and Tpbpa-Cre/+ 

mice crosses 

 Genotypes  

 

DTA/+ DTA/+; Tpbpa-Cre RS* Total 

Dead 

embryos 

Viable 

embryos 

Dead 

embryos 

Viable 

embryos 
  

E9.5 0 21 0 27 3 51 

E10.5 0 21 6 21 2 50 

E11.5 0 22 18  0 1 41 

E12.5 0 16 26 0 4 46 

*Very early resorption sites (RS) that the genotype cannot be determined 
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Figure 3.1 Tpbpa-positive lineage ablation is underway at E10.5 and results in 

embryonic lethality associated with apoptosis within the placenta. (A) Tpbpa 

expression is not strikingly reduced until E10.5, indicating Tpbpa-positive lineage 

ablation by Cre activated DTA system is underway at around E10.5. (B) As a result of 

Tpbpa-positive lineage ablation, DTA/+;Tpbpa-Cre double transgenic mice start to die at 

around E10.5, which is associated with reduced size as shown by H&E staining and 

increased apoptosis as shown by TUNEL staining of the placenta. 
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SpA-TGCs by Plf (Proliferin) demonstrated that while SpA-TGCs were present lining 

the spiral arteries in control conceptuses, very few Plf -positive cells were detected 

invading into the decidua of DTA/+;Tpbpa-Cre conceptuses (Figure 3.2A). Staining of 

C-TGCs by Plf also showed that Plf-positive cells were far fewer in the DTA/+;Tpbpa-

Cre conceptuses compared to controls (Figure 3.2A). In contrast, staining of P-TGCs by 

labeling Pl1 (Placental lactogen 1) was not significantly different (Figure 3.2A). 

Quantitative analysis demonstrated that Pl1-positive cell number and size was not 

significantly different in DTA/+;Tpbpa-Cre compared to control conceptuses at E10.5 

(Figure 3.2B,C). 

 

3.3.3 Reduction of SpA-TGCs is associated with reduced spiral artery lumen 

diameter and decreased maternal blood in the labyrinth  

SpA-TGCs are thought to increase maternal blood flow to the implantation site by 

invading into the lumen of spiral arteries (Adamson et al., 2002). Staining of Plf on 

transverse section of the implantation sites (decidua plus placenta) showed that in 

theE10.5 control conceptuses, there were 5.5 ± 0.65 spiral arteries containing Plf-positive 

SpA-TGCs (Figure 3.3A). In contrast, only 2.6 ± 0.60 (P<0.05) spiral arteries containing 

SpA-TGCs were detected in DTA/+;Tpbpa-Cre conceptuses at the corresponding plane 

of section. Quantitative analysis also showed that spiral artery diameter was significantly 

reduced in DTA/+;Tpbpa-Cre conceptuses compared to controls (P<0.05)  (Figure 3.3B). 

To assess whether the reduced spiral artery diameter affected overall maternal blood 

delivery into the placenta, we estimated the volume fraction of maternal blood space 

(MBS) within the labyrinth and found that it was significantly reduced (Figure 3.3C). 



 

 

110 

110 

 

 

 

 

 

 

 

 

Figure 3.2 Consequences of trophoblast cell type loss after Tpbpa positive lineage 

ablation at E10.5. (A) Tpbpa-positive cell ablation results in reduction of spiral artery 

associated TGC (SpA-TGCs), canal TGCs (C-TGCs ) and glycogen trophoblast cells 

(GlyTCs) but not parietal TGCs (P-TGCs) as shown by staining of their markers at 

E10.5. (B) P-TGCs number per section is not significantly reduced (P>0.05). (C) P-TGCs 

cell size is not significantly reduced (P>0.05).  

 

 

 

 

 

 

 

 

 



 

 

111 

111 

 

 

 

 

 

 

 

 

 

 

 



 

 

112 

112 

 

 

 

 

 

 

 

Figure 3.3 Reduction of SpA-TGCs invasion is associated with reduced dilation of 

spiral arteries and is associated with decreased maternal blood flow. (A) Tpbpa-

positive cell ablation results in reduction of spiral arteries lined by SpA-TGC at E10.5. 

(B) Spiral arteries lumen diameter in DTA/+;Tpbpa-Cre conceptuses at E10.5 is 

significantly reduced (P<0.05). (C) Area fraction of maternal blood space (MBS) in 

DTA/+;Tpbpa-Cre conceptuses at E10.5 is significantly reduced (P<0.05). Yellow 

dashed line outlines the maternal blood space. 
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While our data clearly implicated SpA-TGCs in the normal dilatation of spiral 

arteries during pregnancy, uterine natural killer (uNK) cells from the mother are also  

thought to play a role (Ashkar and Croy, 2001). TGCs may regulate uterine natural killer 

(uNK) cell activity resulting from the production of the prolactin-like protein hormone 

PLP-A (Ain et al., 2003). The Plpa gene is expressed by the P-TGC, SpA-TGC and C-

TGCs in wildtype placentas (Simmons et al., 2008b) and its expression was significantly 

reduced in DTA/+;Tpbpa-Cre conceptuses (Figure 3.4). Staining of uNK cells with an 

antibody against perforin (pore-forming protein), however, showed that the number and 

localization of differentiated uNK cells was not obviously different (Figure 3.4). These 

data suggest that the reduced diameter of spiral arteries is due to differences in the SpA-

TGCs directly and not to effects on uNK cell development.  

 

3.3.4 Increased proliferation of Tpbpa-negative/Mash2-positive spongiotrophoblast 

cells  

In wildtype placentas, P-TGCs are derived equally from Tpbpa-positive and 

Tpbpa-negative precursors. The finding that P-TGC cell number was not reduced in 

DTA/+;Tpbpa-Cre conceptuses at E10.5 (Figure 3.2) suggested that some Tpbpa-

negative cells can compensate for the loss of P-TGCs that would normally have been 

derived from the Tpbpa-positive lineage. Even before expression of Tpbpa, ectoplacental 

cone/spongiotrophoblast cells express Mash2, which encodes for a basic helix-loop-helix 

transcription factor that is essential for spongiotrophoblast layer maintenance (Tanaka et 

al., 1997). Using double in situ hybridization in wildtype placentas, we found that 

expression of Tpbpa and Mash2 only partially overlaps within the spongiotrophoblast and  



 

 

115 

115 

 

 

 

 

 

 

 

Figure 3.4 Plpa expression is reduced in DTA/+;Tpbpa-Cre conceptuses with no 

change in perforin-positive uNK cells distribution. Tpbpa-positive cell ablation results 

in reduction of Plpa expression in TGCs at E10.5. In contrast, that the number and 

distribution of mature uNK cells was not obviously different as shown by perforin 

staining. Dec, Decidua; Lab, Labyrinth. 
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that Tpbpa-negative/Mash2-positive cells were readily detected (Figure 3.5A). The 

number of Tpbpa-negative/Mash2-positive cells was dramatically increased within the 

spongiotrophoblast layer of DTA/+;Tpbpa-Cre conceptuses (Figure 3.5A). Co-staining 

for the mitotic marker, phospho-histone 3 (PPH3) showed that cell proliferation was 

increased within the spongiotrophoblast layer at E10.5 after Tpbpa lineage ablation in the 

DTA/+;Tpbpa-Cre placentas (Figure 3.5B,C). Dual staining also showed that the 

DTA/+;Tpbpa-Cre placentas had a significantly higher proportion of Mash2/phospho-

histone H3 double positive (Mash2+/ PPH3+) cells  (Figure 3.5B,D).  

 

3.4 Discussion 

Various TGC cell subtypes have been characterized in the placenta (Simmons et al., 

2007). However, the function of these various subtypes has only been speculated and has 

never been directly demonstrated. Here we used a Cre activated DTA transgenic system 

to ablate TGC subtypes and glycogen trophoblast cells that are derived from Tpbpa-

positive precursors. We found that SpA-TGCs are critical for remodeling spiral arteries 

during pregnancy and revealed an unexpected role of Tpbpa-negative/Mash2-positive 

cells in being able to compensate for P-TGC cell loss. 

 

3.4.1 Reduction in SpA-TGCs is associated with maternal vascular changes 

During rodent pregnancy, the fetal-placental unit builds connections with the 

mother through remodeling of maternal vasculature. The whole process is thought to be 

coordinated by SpA-TGCs and uNK cells (Cross et al., 2002). Glycogen trophoblast cells 

also invade into the uterus but do so interstitially and not in direct association with the  
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Figure 3.5 Mash2-positive/Tpbpa-negative cell number increases within 

spongiotrophoblast layer with elevated proliferation in DTA/+;Tpbpa-Cre mice. (A) 

Mash2 and Tpbpa expression overlap within spongiotrophoblast layer and Mash2-

positive/Tpbpa-negative cells increase in spongiotrophoblast layer in the DTA/+;Tpbpa-

Cre mice at E10.5. (B) More Mash2-positive/phospho-histone 3-positive 

(Mash2+/PPH3+) cells rather than Tpbpa-positive/phospho-histone 3 positive 

(Tpbpa+/PPH3+) cells are present within spongiotrophoblast layer in DTA/+;Tpbpa-Cre 

conceptuses. Arrow heads, PPH3+ cells. (C) PPH3+ cell number increases significantly 

within spongiotrophoblast layer (SpT) in DTA/+;Tpbpa-Cre mice (P<0.05). (D) 

Percentage of Mash2+ cells within PPH3+ cell population in SpT layer in DTA/+;Tpbpa-

Cre conceptuses increases significantly (P<0.05). 
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spiral arteries (Adamson et al., 2002). It has been suggested that MMP-9 expressed by 

glycogen trophoblast cells may play a role in the degradation of ECM surrounding the 

spiral arteries, therefore contribute to spiral artery dilation and increased maternal blood 

flow (Coan et al., 2006). However, glycogen trophoblast cells invade and express MMP-9 

after E12.5 (Coan et al., 2006), well after our mice have already shown the spiral artery 

phenotype (E10.5). This evidence excludes the possibility that glycogen trophoblast cells 

facilitate spiral artery remodelly and dilation, at least during early and mid gestation. C-

TGCs line the maternal blood canals that deliver blood from the spiral arteries into the 

labyrinth layer of the placenta (Adamson et al., 2002). Due to their location, C-TGCs do 

not immediately regulate spiral artery remodeling, but they are very likely to influence 

delivery of maternal blood into the labyrinth and loss of C-TGCs in the double transgenic 

conceptuses may contribute to reduction of maternal blood delivery. While the role of 

uNK cells has been established by examining the phenotype of NK deficient mice 

(Ashkar and Croy, 2001), the exact roles of the SpA-TGCs and how trophoblast cells 

interact with uNK cells are not known. One of the hormones produced by TGCs (PLP-A) 

has been shown to regulate uNK cell activity in vitro (Muller et al., 1999), though Plpa-

deficient mice do not show obvious uNK cell changes in localization as shown by 

perforin staining (Ain et al., 2004). 

Our previous work has shown that all of SpA-TGCs come from Tpbpa-positive 

lineage (Simmons et al., 2007). Thus, by breeding the Tpbpa-Cre mice with DTA 

conditional transgenic mice we were able to delete SpA-TGCs and examine the effect on 

pregnancy outcome. We found that the spiral arteries in the DTA+/Tpbpa-Cre mice were 

invaded by significantly fewer SpA-TGCs (Plf positive), and this was associated with 
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reduced diameters of the spiral arteries. Since SpA-TGCs are the only trophoblast cell 

type that is in direct contact with spiral arteries and the only trophoblast cell subtype that 

has invaded into the decidua by E10.5 when we observed the spiral artery phenotype 

(glycogen trophoblast cells are only detected by E12.5) (Adamson et al., 2002; Simmons 

et al., 2007), the data strongly suggest that SpA-TGCs are required for spiral artery 

remodeling and lumen dilation. The significant reduction of maternal blood volume 

within the labyrinth is likely to be a direct consequence of the reduced spiral artery 

diameters.  

The mechanism by which SpA-TGCs promote the dilation of spiral arteries is 

unknown. In humans, it has been argued that the simple act of trophoblast cell invasion 

into the spiral arteries replaces the endothelial and vascular smooth muscle cells leading 

to vessel dilation (Helwig and Le Bouteiller, 2007; Kharfi et al., 2003). However, at least 

in mice where spiral arteries have been studied throughout their length, the spiral arteries 

are dilated throughout their length despite only being invaded in the distal 20-30% 

(Adamson et al., 2002). The alternative hypothesis is that SpA-TGCs have paracrine 

effects to promote spiral artery remodeling. SpA-TGCs express various cytokines 

including PLF, PLF-RP, PLP-A, PLP-E and PLP-F (Simmons et al., 2008b). PLF and 

PRP are angiogenic and anti-angiogenic factors, respectively (Jackson et al., 1994). PLP-

A has a modulatory effect on uNK cells, which regulate maternal vasculature remodeling 

(Ain et al., 2003; Muller et al., 1999). Thus, SpA-TGCs are very likely to remodel 

maternal vasculature through their paracrine effects either directly on the vessels or 

indirectly by affecting uNK cell activity. In our Tpbpa-Cre/DTA model, we found no 

obvious change in the number or localization of differentiated uNK cells but there are no 



 

 

122 

122 

direct in situ assays for assessing their activity.  Production of IFN-γ by uNK cells has 

been shown to play an important role in spiral artery remodelling in the decidua (Ashkar 

et al., 2000), and therefore staining for IFN-γ expression would provide some insights 

into functional status of the uNK cells. 

Our studies provide the first direct evidence showing the consequences of reduced 

trophoblast invasion on spiral artery remodeling and maternal blood flow into the 

placenta. Endovascular cytotrophoblast cell invasion in the human placenta has been 

implicated with spiral artery remodeling but the evidence is indirect and based on the 

findings from cases of preeclampsia and intrauterine growth restriction of impaired 

trophoblast invasion (Guzin et al., 2005; Naicker et al., 2003) and increased uterine artery 

blood flow resistance (Matijevic and Johnston, 1999). These human data certainly fit the 

model but do not establish a causal relationship.  

 

3.4.2 Compensation for the number of P-TGCs after precursor ablation  

Surprisingly, unlike other TGCs subtypes that derived from Tpbpa-positive 

precursors, the number of P-TGCs did not significantly change after cell ablation. In 

wildtype placentas, ~50% of P-TGCs are normally derived from Tpbpa-negative 

precursors, and so it is likely that they compensate for the loss of TGCs derived from the 

Tpbpa-positive cells. This implies that the number of P-TGCs is somehow sensed by 

other cells. A plausible explanation is suggested by the recent finding that P-TGCs 

express the growth factor Activin, which has paracrine effects to suppress further TGC 

differentiation (Natale et al., 2009). To understand what might be the source of Tpbpa-

negative cells, we carefully examined the expression of Mash2, which is expressed in and 
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required for maintenance of spongiotrophoblast and suppression of excess P-TGC 

differentiation (Tanaka et al., 1997), and found that Tpbpa-negative/Mash2-positive cells 

are readily detected in the placenta and that their proliferation was increased following 

Tpbpa-positive cell ablation. Collectively, the data suggest several key points concerning 

the cell populations marked by Mash2 and Tpbpa expression. First, Tpbpa-positive cells 

likely originate from cells that are initially Mash2-positive lineage, but then become only 

Tpbpa positive. Second, there are Mash2-positive/Tpbpa-negative cells within 

spongiotrophoblast layer which became dramatically increased in the DTA/+; Tpbpa-Cre 

conceptuses and these cells are the progenitors that compensate for the number of P-

TGCs. The data further suggest that increased cell proliferation of Mash2-

positive/Tpbpa-negative cells within the spongiotrophoblast layer serves as a key 

mechanism for P-TGCs compensation.  

In summary, conditional ablation of Tpbpa-positive cells allowed us to delete 

specific trophoblast cell types and to characterize the effect on pregnancy outcome. 

Human preeclampsia has been associated with the failure of extravillous trophoblast cells 

invasion into spiral arteries and disturbance of maternal vasculature remodeling. In our 

mouse model, the deletion of SpA-TGCs resulted in spiral arteries without TGCs 

invasion and significantly smaller lumen. Further study of this model will permit us to 

understand the mechanisms by which endovascular invading trophoblast cells affect 

spiral artery remodeling. The equally important finding from the current studies is that, at 

least with respect to P-TGC numbers, the placenta shows developmental plasticity such 

that the normal number of cells can be achieved even if one type of precursor is ablated 

early in development.  
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3.5 Materials and Methods 

Animals. Tpbpa-Cre-GFP transgenic mice (Simmons et al., 2007) were bred and 

maintained on a C57BL6 background. Line 5 Tpbpa-Cre-GFP mice are used for our 

studies and the temporal and spatial expression of GFP in this line is similar to 

endogenous Tpbpa expression (Calzonetti et al., 1995; Simmons et al., 2007). ROSA26-

eGFP-DTA transgenic mice (Ivanova et al., 2005) were obtained from the Jackson 

Laboratory (Bar Harbor, ME, USA Strain Name: STOCK Gt(ROSA)26Sortm1(DTA)Jpmb/J 

Stock Number: 006331). For cell ablation, ROSA26-eGFP-DTA homozygous female 

mice (DTA/DTA) were crossed with Tpbpa-Cre-GFP male mice (Tpbpa-Cre). Of their 

progeny, half were DTA/+; Tpbpa-Cre double transgenic that undergo Cre activated cell 

ablation and half are single transgenic mice (DTA/+). All animal procedures in this study 

were carried out in accordance with the guidelines of the Canadian Council on Animal 

Care and the University of Calgary Animal Welfare Committee (Protocol No. M06045).  

 

Genotyping. Genotypes of the embryos and adult animals were determined by 

polymerase chain reation (PCR). Genomic DNA was isolated from yolk sac or ear 

notches of embryos or adult mice. Primers (transgenic primer: 5‟-gcg aag agt ttg tcc tca 

acc -3‟, common primer: 5‟-aaa gtc gct ctg agt tgt tat-3‟, wild type reverse primer: 5‟-gga 

ggg gga gaa atg gat atg-3‟) were used for detecting DTA transgenic and wild type alleles. 

Primers (forward primer: 5‟-tcc agt gac agt ctt gat cct taa t-3‟, reverse primer: 5‟-aaa ttt 

tgg tgt acg gtc agt aaa t-3‟) were used for detecting Tpbpa and wild type alleles. 
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Tissue preparation, H&E staining and immunohistochemistry. Placentas and 

embryos were dissected and harvested from timed matings (E9.5, 10.5, 11.5 and 12.5) 

and fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS). Tissues 

were then rinsed in PBS for three times. For paraffin embedding, tissues were dehydrated 

through a graded ethanol series and embedded in paraffin wax. Paraffin blocks were 

stored and cut at room temperature. For frozen histological sections, tissues were 

incubated in 10% and 25% sucrose in PBS for 2 overnights, embedded in OCT at 4˚C for 

2 hours, and frozen in ethanol bath with dry ice. OCT blocks were then stored at -70˚C 

and cut at -20˚C. Histological sections were stained with Hematoxylin (Sigma Gill No.2 

GHS232) and Eosin.  

To investigate the localization and expression pattern of perforin in the 

implantation sites, the hydrated paraffin sections were incubated with 1:200 rat anti 

mouse perforin monoclonal antibody (Abcam Ab16074) overnight at 4˚C after heat-

mediated antigen retrieval. Detection of the primary antibody was carried out using a 

peroxidase-conjugated donkey anti-rat IgG (H+L) secondary antibody 1:300 (Jackson 

ImmunoResearch, 712-035-150). After the detection of peroxidise activity using 

diaminobenzidine (DAB), the sections were briefly counterstained with hematoxylin and 

mounted. 

 

RNA in situ hybridization on tissue sections. RNA in situ hybridization on paraffin 

sections was carried out as previously described (Scott et al., 2000). Conceptuses were 

dissected out of the uterus at E9.5, 10.5, 11.5 and 12.5 (E0.5 is defined as noon of the day 

on which vaginal plugging was detected). In situ probes used included: Pl1, Pl2, Plf, 

http://www.jacksonimmuno.com/MERCHANT2/merchant.mv?Screen=BASK&Store_Code=JI&Action=ADPR&Product_Code=712-035-150&Attributes=Yes&Quantity=1
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Tpbpa, and Mash2. Digoxigenin-labeled probes were prepared by using digoxigenin 

labeling mix (Boehringer Mannheim) and detected by using an anti-digoxigenin-alkaline 

phosphotase conjugate (Boehringer Mannheim). 

For double in situ hybridization experiments, the same protocol was carried out on 

cryo-sections with minor modifications. Detailed procedures were described before 

(Simmons et al., 2007). Probes labeled with fluorescein as well as digoxigenin according 

to the manufacturer‟s instructions and added to the hybridization mix. After the 

digoxigenin probe was detected with NBT/BCIP, the enzyme was inactivated with 

heating to 65ºC for 30 min in 1 X MABT, followed by 30 min incubation in 0.1M 

glycine pH2.2, blocked for 1 hour in blocking solution and incubated overnight at 4ºC 

with anti-fluorescein antibody (Roche, 1:2,500). Fluorescein probes were detected by 

incubation with INT/BCIP (Roche) until a brown precipitate formed. Reactions were 

stopped in PBS, counterstained with nuclear fast red, and mounted under 50% 

glycerol/PBS for microscopy. 

 

Phospho-histone H3 immunohistochemistry following in situ hybridization. OCT 

embedded cryo-sections were processed initially as for regular in situ hybrization. After 

the digoxigenin probe was detected with NBT/BCIP, sections were washed in PBS and 

blocked with normal donkey serum from the host species of the secondary antibody for 1 

hr. Sections were incubated with anti-phospho-histone H3 (1:200; Upstate 06-570) 

overnight at 4ºC and then incubated with 1:300 Donkey anti-rabbit HRP conjugated 

secondary antibody (NA934V, GE healthcare) for 1 hour. Each step was separated by 

careful washings in PBS. Colorimetric staining was done with diaminobenzidine. 
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TUNEL. The DeadEnd Colorimetric TUNEL system was used to assess apoptosis 

(Promega, G7130 Madison, USA) according to manufacturer‟s instructions. Paraffin 

sections were de-paraffinized in fresh xylene, rehydrated and incubated with 20μg/ml of 

proteinase K for 15 mins and rinsed in PBS. The sections were incubated with 

equilibration buffer for 5~10 mins and then with rTdT (Terminal Deoxynucleotidyal 

Transferase, Recombinant) reaction mix including rTdT enzyme and biotinylated 

nucleotide mix in a humidified atmosphere at 37°C for 60 mins. They were subsequently 

washed by immersing the slides in 2X SSC for at room temperature for 15 mins. The 

endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide. The sections 

were then incubated with Streptavidin HRP for 30 mins. Each step was separated by 

careful washings in PBS. Staining was done with diaminobenzidine. 

 

Quantitative analysis of P-TGCs, SpA-TGC lined spiral arteries, spiral artery 

diameter and maternal blood space. For quantitative analysis of Pl1-positive P-TGCs, 8 

different placentas from E10.5 control (DTA/+) conceptuses and DTA/+;Tpbpa-Cre 

conceptuses respectively were studied. Four sagittal, non-adjacent sections with even 

distance apart at the center of the placenta were stained with Pl1 and used for 

measurement of Pl1-positive cell number per section and area. The ImageJ manual 

counting and area measurement tool was used for the analysis.  

For quantitative analysis of spiral arteries lined by Plf-positive SpA-TGCs and 

spiral artery diameter, serial transverse sections of E10.5 conceptuses were prepared and 

subjected to in situ hybrization with probes for Pl1 and Plf for TGCs, and Pecam for 

endothelial cells. To provide a reference point for the extent of trophoblast invasion in 
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different samples, histological sections just above the layer of P-TGCs surrounding the 

implantation site, with minimal Prl3d/Pl1 staining at the center, were defined as the “0 

μm” starting point for SpA-TGC invasion (Figure 3.3A). The number of sections above 

that point and their thickness (8 μm) was used to estimate the depth of invasion. For 

example, the sections 160 μm farther into the deciduas were defined as “160 μm”. The 

number of spiral arteries lined by Plf-positive cells at 0μm and 160 μm was counted in 4 

different normal (DTA/+) and 5 different DTA/+;Tpbpa-Cre conceptuses. For measuring 

spiral artery diameter, the number of spiral arteries in normal placenta was first 

determined by measuring number of lumens lined by Plf-positive cells. The diameters of 

spiral arteries were then determined by measuring the minimum lumen diameter of the 

five largest arteries labeled by Pecam-positive cells within the central half of the 

transverse sections. This distinguished the arteries from the maternal veins which are 

more peripherally located (Adamson et al., 2002).  

For quantitative analysis of the maternal blood space in the labyrinth, paraffin 

sections of E10.5 conceptuses were stained with hematoxylin and eosin. For each 

conceptus at E10.5, three different pictures on the labyrinth of the placenta were taken. 

The maternal blood space was identified by the presence of non-nucleated maternal red 

blood cells within it. The volume fraction of maternal blood space was estimated by 

ImageJ as the proportion of the total labyrinth area occupied by maternal blood space. 
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CHAPTER IV:  CONDITIONAL KNOCKOUT OF HAND1 IN TGC 

PRECURSOR CELLS CAUSES EMBRYONIC LETHALITY BY E10.5 

 

 

 

 

 

 

 

 

 

 

The author conducted all experimental work in this chapter with exception of generation 

of tri-loxP allele in ES Cells which was performed by Ian C. Scott.   
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4.1 Abstract 

The Hand1 bHLH transcription factor plays an essential role in trophoblast giant 

cell (TGC) differentiation. TGCs are thought to play a major role in pregnancy outcome 

and maternal adaptations to pregnancy through production of hormones and invasion into 

maternal spiral arteries that feed the implantation site. Because Hand1 is widely 

expressed in various embryonic and extraembryonic tissues during development, it is 

difficult from the null mutants alone to understand the consequences of TGC defects to 

maternal-fetal interactions. To overcome this limitation, we utilized the Cre-loxP 

conditional knockout system through breeding Hand1loxP mice with Tpbpa-Cre mice to 

study the consequences of Hand1 mutation within the Tpbpa-positive TGC precursors in 

the ectoplacental cone/spongiotrophoblast. Hand1 conditional knockout conceputses died 

by E10.5 due to placenta defects, and showed none of the embryonic and yolk sac defects 

observed in Hand1 null mutants. Detailed morphological and molecular characterization 

is ongoing. 

 

4.2 Introduction 

The Hand1 bHLH transcription factor is essential for development of the heart, 

face, yolk sac, amnion, and placenta based on analysis of Hand1 null (-/-) mutants (Firulli 

et al., 1998; Morikawa and Cserjesi, 2004; Riley et al., 1998; Scott et al., 2000) as well as 

chimeric embryos (Riley et al., 2000). Tetraploid embryo aggregation proved that the 

early embryonic arrest in Hand1 null mutants is due to the extraembryonic defects (Riley 

et al., 1998). The null mutants make it to E8.5 and the number of TGCs, their nuclear 

size, as well as the expression intensity of the TGC marker Pl1 staining are strikingly 
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reduced in the placenta (Scott et al., 2000). As well, the ectoplacental cone is smaller and 

the chorion is disorganized indicating a complex trophoblast lineage defect (Firulli et al., 

1998; Riley et al., 1998). In vitro studies have substantiated that Hand1 is required for 

TGC terminal differentiation (Scott et al., 2000) and invasion (Hemberger et al., 2004). 

More recent studies have shown that Hand1 is required for development of all TGCs 

subtypes in vitro (Simmons et al., 2007).  

TGCs are thought to play critical roles in maternal adaptations to pregnancy 

because they produce a variety of hormones and invade into and line maternal blood 

spaces in the placenta (Hu and Cross, 2009). Consequences to uterine physiology in the 

mother resulting from TGC defects in Hand1 mutants have been detected previously 

(Bany and Cross, 2006), but the full impact is limited because of the essential roles of 

Hand1 in both the embryo proper, yolk sac and amnion, not just in the placenta. In order 

to investigate the impact of defects in TGC development to pregnancy outcome, we 

generated Hand1 conditional mutant mice in which the gene was deleted specifically in 

TGC precursor using a Cre recombinase transgene driven by an ectoplacental 

cone/spongiotrophoblast-specific promoter (Tpbpa-Cre). Tpbpa is a secretory protein 

specifically expressed in the ectoplacental  cone/spongiotrophoblast layer, which is 

recognized as progenitor pool for TGCs (Carney et al., 1993; Lescisin et al., 1988). 

Characterization of the Tpbpa-positive lineage development have suggested that the 

Tpbpa-positive ectoplacental  cone/spongiotrophoblast cells give rise to all SpA-TGCs, 

as well as ~50% of C-TGCs and P-TGCs (Simmons et al., 2007).  

 

4.3 Results 
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4.3.1 Generation of Hand1 conditional knockout mice 

In order to generate Hand1 conditional knockout mice, a tri-loxP Hand1loxP-IS(puro) 

allele (Figure 4.1) was prepared by Ian Scott, a former graduate student in the Cross Lab, 

by using gene targeting in R1 embryonic stem cells (unpublished data). The Hand1loxP-

IS(puro) allele contains three loxP site, with one loxP site introduced immediately upstream 

of the predicted transcription start site and two loxP sites flanking a selectable marker 

puro cassette within the intron of the gene (Figure 4.1). The correct positions of the loxP 

sites in the Hand1loxP-IS(puro) allele was verified by DNA sequencing of genomic DNA 

derived from gene targeted cells. Correctly targeted cells were then used to make 

chimeric mice and the targeted allele was subsequently passaged through the germline in 

order to generate the mouse Hand1loxP-I S(puro)/+ line.  

To eliminate the influence of the puro cassette in disturbing the expression of 

Hand1, we crossed the Hand1loxP-IS(puro)/+ heterozygous male mice with EIIa-Cre 

transgenic female mice. Due to the biphasic expression profile of EIIa-Cre from 

oogenesis to early embryogenesis and reduced activity of EIIa-Cre beyond the 2-cell 

stage (Holzenberger et al., 2000), their progeny contain not only allele with complete 

loxP deletion (excision between loxP1 and 3), but also with partial loxP deletions 

(excision between loxP1 and 2 or between loxP2 and 3) or no deletion (Figure 4.1). Thus, 

the resulting progeny are usually mosaic mice and we bred those containing a higher 

prevalence of the deletion between loxP2 and 3 (the conditional knockout Hand1loxP-IS 

allele) with wildtype mice to obtain progeny with Hand1loxP-IS allele through germline 

transmission. The Hand1 gene contains only two exons, and therefore the deletion of 

exon 1 from the Hand1loxP-IS allele by Cre would remove ~80% of the open reading  
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Figure 4.1 Generation of Hand1 conditional knockout allele (Hand1
loxP-IS

). 

Heterozygous mice for the tri-loxP Hand1loxP-IS(puro) allele were bred with EIIa-Cre mice 

to obtain mosaic mice with alleles of complete or partial or no loxP sites deletion. The 

allele with partial deletion of puro cassette between loxP2 and 3 (Hand1loxP-IS) is the 

Hand1 conditional knockout allele which is passaged through germline transmission. 
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frame. We then crossed Hand1loxP-IS/+ female and male mice in order to obtain Hand1loxP-

IS/loxP-IS homozygotes mice as a test that the Hand1loxP-IS allele was functional and that the 

placement of the loxP sites did not inadvertently interfere with gene expression or 

activity. We found, however, that viable Hand1loxP-IS/loxP-IS pups were not detected at 

weaning indicating that they died in utero (n= 46 pups, from 4 litters). When we dissected 

litters at E8.5, we found that Hand1loxP-IS/loxP-IS conceptuses were detected at the expected 

frequency (~25%) but resembled Hand1-/- pups conceptuses (data not shown). These data 

indicated that the Hand1loxP-IS allele was non-functional and behaved as a null allele. 

Messenger RNA was collected from Hand1loxP-IS/- conceptuses and used to generate 

cDNA. Sequencing of the cDNA revealed no mutations. We therefore suspected that the 

introduction of loxP site(s) lead to reduced expression of Hand1 either due to disturbed 

transcription, splicing or translation. 

 

4.3.2 Gross observations on Hand1 Tpbpa-Cre conditional knockout conceptuses 

Because of the difficulties with the Hand1loxP-IS allele, we obtained a different allele 

that had been generated by Eric Olson‟s Lab (McFadden et al., 2005). To generate Hand1 

conditional knockout conceptuses, Hand1loxP/+ mice were first intercrossed to obtain 

Hand1loxP/loxP mice, which were viable and fertile. Hand1+/- mice were bred with Tpbpa-

Cre transgenic mice to obtain Hand1+/-;Tpbpa-Cre mice, which were also viable and 

fertile. Hand1+/-;Tpbpa-Cre male mice were then bred with Hand1loxP/loxP females to 

obtain offspring in which about 25% of them were Hand1loxP/-;Tpbpa-Cre and offspring 

were dissected on E9.5 and E10.5. Of the 52 conceptuses dissected at E9.5, 7 of them 

were Tpbpa-Cre;Hand1loxP/- conditional knockout pups, and none were dead. By E10.5, 
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of the 60 total conceptuses examined, 15 of them were Tpbpa-Cre;Hand1loxP/- and 14 of 

15 were dead. For conditional mutants, their implantation sites and placentas were much 

smaller than their littermates at E9.5 and 10.5 (Figure 4.2). Histological and gene 

expression analysis on the placentas is. The embryos themselves appeared to be overall 

normal at E9.5 except that they are smaller in size (Figure 4.2). Embryonic phenotype 

such as unlooped heart was not observed in the conditional knockout as in Hand1 null 

mutants. The yolk sacs of conditional mutants were smooth and vascularized similar to 

wildtype (Figure 4.2). Therefore, as expected, conditional mutants showed placenta 

specific defects. 

 

4.4 Discussion 

We performed the current studies in order to better understand the role of Hand1 

during mouse development but also, more generally, the function of TGCs during 

pregnancy by testing the consequences of mutating the gene in TGC precursor cells.   The 

mid-gestation lethality of the Hand1 conditional mutants supports previous conclusions 

about the cause of the embryonic lethality of Hand1 null mutants being due to 

extraembryonic defects. However, whereas the results from the tetraploid rescue 

experiment (Riley et al., 1998) simply revealed that some or all extraembryonic tissues 

were defective (placenta, yolk sac and/or amnion), the current studies narrows the focus 

to trophoblast defects in the placenta. Because the embryo, amnion and yolk sac were all 

normal in the conditional mutants in contrast to what is observed in Hand1 null mutants, 

we conclude also that Hand1 has primary roles in these other tissues.  

The results from the conditional mutants are of interest in comparison to the 
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Figure 4.2 Gross observations on Hand1 Tpbpa-Cre conditional knockout 

conceptuses at E9.5 and 10.5. Gross observations on Hand1 Tpbpa-Cre conditional 

knockout (Hand1Con KO) conceptuses showed that the size of the implantation sites and 

embryos is much smaller at E9.5 comparing to normal conceptuses in the same litter. 

Yellow dashed line outlines the implantation site. The placentas are very small and the 

embryos are dead at E10.5. YS, yolk sac. Scale bars: 500μm. 
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consequences of ectoplacental cone/spongiotrophoblast cell ablation using the DTA 

transgenic approach (Chapter III). The Tpbpa-Cre transgene driver was used in both 

experiments and it starts to express ~ E8.5 (Simmons et al., 2007). All of the Hand1 

conditional knockout conceptuses died by E10.5, even earlier than DTA/+;Tpbpa-Cre 

double transgenics. The specific reason why the conditional knockouts die earlier than 

the Tpbpa-Cre/DTA double transgenics is unclear though it reinforces the conclusion in 

Chapter III that it takes some time for toxicity of the DTA toxin to take effect. It indicates 

clearly though that Hand1 is critical for normal function and development of the Tpbpa-

positive lineage at very early stage. How much of the effect is due to failure to develop 

appropriate numbers of TGCs as opposed to failure to sustain TGC function will require 

further research. 

In addition to gaining insights into the roles of TGCs in pregnancy outcome, it 

will be useful to compare the conditional mutants with null mutants in order to gain 

further insights into regulation of trophoblast lineage development. Several questions are 

open. First, is Hand1 required in the chorion to ectoplacental cone stage of development? 

If so, is Hand1 required for differentiation of chorion to ectoplacental cone or for 

ectoplacental cone cell maintenance or both? Second, is Hand1 required for 

differentiation of Tpbpa positive ectoplacental cone/spongiotrophoblast cells to all their 

TGCs derivatives? Studies to characterize ectoplacental cone/spongiotrophoblast 

proliferation and TGC differentiation by histological observation and marker staining 

should be carried out to answer the question.  

A further by-product of the conditional mutant allele is that it would be possible to 

gain insights into Hand1 downstream target genes that may differ at different stages of 
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trophoblast development. We can generate Hand1loxP/- trophoblast stem cells and 

introduce a lentivirus Cre transgene at different developmental stages (self-renewal of 

stem cells or during differentiation). At the cellular level, it will be interesting in 

particular to look at how Hand1 affects endoreduplication of TGCs and how it is 

involved in promoting TGC differentiation into endocrine/paracrine and invasive cell 

type. At the molecular level, it would be interesting to look at changes in gene expression 

using microarrays when Hand1 activity is ablated at different stages of development.  

 

4.5 Materials and Methods 

Animals. Tpbpa-Cre-GFP transgenic mice were generated as described before 

(Simmons et al., 2007). The mice were bred and maintained on a C57BL/6 background. 

Line 5 Tpbpa-Cre-GFP mice are used for our studies and the temporal and spatial 

expression of EGFP in this line is similar to endogenous Tpbpa expression (Calzonetti et 

al., 1995; Simmons et al., 2007). Hand1loxP/+ mice were obtained from Dr Eric Olson 

(McFadden et al., 2005). All animal procedures in this study were carried out in 

accordance with the guidelines of the Canadian Council on Animal Care and the 

University of Calgary Animal Welfare Committee (Protocol No. M06045).  

 

Genotyping. Genotypes of the embryos and adult animals were determined by 

polymerase chain reaction (PCR). Genomic DNA was isolated from yolk sac or ear 

notches of embryos or adult mice. Primers (forward primer: 5‟-cct cgt tgc cta cag aaa cc -

3‟, reverse primer: 5‟-ctg gca tcg gga cca tag-3‟) were used for detecting Hand1loxP 

(about 500 bp) and wildtype alleles (420 bp). Primers (forward primer: 5‟-tcc agt gac agt 
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ctt gat cct taa t-3‟, reverse primer: 5‟-aaa ttt tgg tgt acg gtc agt aaa t-3‟) were used for 

detecting the Tpbpa-Cre transgene.  

 

Tissue preparation. Placentas and embryos were dissected and harvested from 

timed matings (E9.5, 10.5, 11.5 and 12.5) and fixed overnight in 4% paraformaldehyde in 

phosphate-buffered saline (PBS). Following fixation, embryos were rinsed in PBS, 

dehydrated through a graded ethanol series, and embedded in paraffin wax. For whole 

mount in situ, following fixation the embryos were rinsed in PBS then dehydrated 

through a graded methanol series and stored in 100% methanol at -20˚C. 
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CHAPTER V:  DISCUSSION AND FUTURE DIRECTIONS 
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5. 1 Discussion  

The development of murine TGCs has been widely studied in various in vivo and in 

vitro models. However, how their development is regulated at a molecular level and what 

their specific roles are during different stages of gestation and in distinct locations remain 

elusive questions. The three independent projects of my thesis study all contribute to a 

better understanding of the regulation and function of TGC.  

The Hand1 transcription factor was the focus of my study to understand the 

regulation of TGC development. The initial hypothesis was that Hand1 functions as a 

homodimer to drive TGC differentiation, and potentially development of all other tissues 

in which Hand1 is expressed. Our study using the Hand1TH knock-in mouse model 

demonstrated that the Hand1 tethered homodimer is sufficient for mouse development. 

Furthermore, our study demonstrated a dosage dependence of Hand1TH activity, and 

implied that the Hand1 monomer, and presumably its ability to form heterodimers, 

counterbalances the negative effects of too much Hand1 homodimer.  

The function of specific TGC subtypes was another focus of our study. Although 

the function of different TGC subtypes was previously speculated by their gene 

expression and location, it had been difficult to address with previous models. We were 

able to overcome this barrier by ablating specific TGC subtypes. We revealed another 

interesting finding indicating there is interactive crosstalk between Tpbpa-positive and 

negative lineages to maintain the number of P-TGCs. 

5.1.1 Regulation of Hand1 activity by dimerization 

HLH transcription factors can be classified into five categories, based upon their 

expression pattern, dimerization capabilities and DNA-binding specficities (Massari and 
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Murre, 2000). Class I HLH proteins are widely expressed E proteins including E12, E47, 

Alf1 and Itf2 (Hu et al., 1992). Class II HLH proteins are tissue specific bHLH factors 

that compose the largest class and generally function by formation of heterodimer with 

the broadly expressed Class I E proteins (Massari and Murre, 2000). Class III proteins are 

HLH proteins that contain an leucine zipper adjacent to the HLH motif such as Myc 

family of transcription factors, Class IV proteins are HLH proteins including Mad, Max 

and Mxi that dimerize with Myc proteins or with one another, and Class V proteins are 

HLH proteins that contain no basic domain such as Id and emc proteins. Hand1, Hand2, 

MyoD, Math1, Mash1 and many bHLH factors expressed in a tissue-restricted pattern are 

Class II bHLH factors and play key roles in cell type determination and differentiation 

during a wide variety of developmental processes such as heart development, myogenesis 

and neurogenesis (Massari and Murre, 2000). Most Class II bHLH factors usually form 

heterodimers with Class I E factors, but can also form homodimers and heterodimers and 

with other Class II bHLH factors (Firulli et al., 2005; Massari and Murre, 2000) (Figure 

5.1A). By formation of these dimers, the bHLH factors form a combined basic region and 

recognize a particular, palindromic DNA-sequence, the E box, to regulate transcription of 

their target genes (Murre et al., 1989a; Murre et al., 1989b) (Figure 5.1A). Thus, bHLH 

factors act as transcriptional activators or repressors in a wide array of developmental 

processes and contexts. 

Hand1 is a tissue specific bHLH factor and plays an essential role in the 

development of various tissues including TGC differentiation, heart morphogenesis and 

yolk sac vasculature formation. Although many in vitro studies (Firulli, 2003; Hill and 

Riley, 2004; Scott et al., 2000) indicate that Hand1 can form heterodimers and 
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homodimers (Figure 5.1B), it was not clear how Hand1 activity or its dimer choices are 

differentially regulated in distinct tissues. The limited knowledge that we had about this 

question came from studies of TGC differentiation in vitro in which Hand1 prefers to 

form heterodimers in un-differentiated cells and homodimer during differentiation (Firulli 

et al., 2003). Previous work in our lab by Ian Scott showed that Hand1TH protein but not 

tethered Hand1:E factor proteins can drive TGC differentiation to a similar extent as 

wildtype Hand1 (data included in Chapter II). Using the Hand1TH knock-in model (Figure 

5.1C), my study also showed that the Hand1TH protein can rescue the Hand1 null mutant 

phenotype and is sufficient for a viable and fertile mouse. These results for the first time 

indicated a central and essential role of Hand1 homodimer in various developmental 

processes in addition to TGC development.  

It was intriguing to understand the role of the Hand1 heterodimer. In vitro studies 

suggested that Hand1 can form heterodimer with E factors (Scott et al., 2000) and other 

class II factors such as Hand2 (Firulli et al., 2000). Hand1 may therefore also form 

heterodimers with other bHLH factors that have not been studied. Our data showed that 

the presence of monomer Hand1 protein (that is capable of forming heterodimers) can 

have a role in vivo in that Hand1TH/+ are normal and thus the monomer can rescue the 

~2/3 embryonic lethality in the Hand1TH/- mice. These data suggest that Hand1 

heterodimers are required in vivo to counterbalance the negative effects caused by excess 

Hand1 homodimers. Although the exact mechanism is not clear, a comparable 

mechanism has been suggested in Drosophila for the Twist bHLH transcription factor.  

myogenic genes (Castanon et al., 2001). The repression activity is dependent on the 

repression domain of Daughterless which is sensitive to certain tissue context and Twist 
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Figure 5.1 Regulation of bHLH transcriptional factor Hand1 activity through 

formation of different dimers. (A) A bHLH transcription factor contains a basic domain 

that mediates DNA binding and a helix-loop-helix domain that mediate dimerization. 

Class II bHLH transcription factor form heterodimers with Class I bHLH factors and bind 

to E box in high affinity in vitro. Hand1 is a Class II bHLH factor that can form 

heterodimers with Class I bHLH factors and bind to Thing1 box in high affinity in vitro. 

Hand1 can also form homodimers and bind to Thing1 box in low affinity in vitro. Hand1 

homodimer may bind to Thing1 box or other sequences in high affinity in vivo. (B) At 

physiological setting, Hand1 can form homodimer, heterodimers with Class I bHLH 

factors or other Class II bHLH factors. (C) In the Hand1TH knock-in system, two Hand1 

monomers are tandomed to form forced homodimer. 
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forms homodimers to activate myogenic genes and direct somatic myogenesis, whereas 

Twist forms heterdimers with the E protein Daughterless to repress the somatic 

development stages (Wong et al., 2008). In addition to repressive activity on the same set 

of genes, bHLH heterodimers might also directly compete with homodimers for common 

binding factors to antagonize its activity. Because the DNA binding sequences of Hand1 

dimers are unknown, it is difficult to know how exactly Hand1 heterodimers are 

functioning in vivo. Our studies cannot preclude the possibility that Hand1 heterodimers 

also function as a transcriptional activator or that Hand1 monomer functions as a co-

factor. However, our results suggest this function is not essential for normal 

development.  

Hand1 dimerization choices can be modulated by various mechanisms such as 

phosphorylation and tertiary binding. Studies by Firulli et al., have shown that 

phosphorylation of Hand1 protein facilitates its formation of homodimer rather than 

heterodimer, which is correlated with TGC differentiation (Firulli et al., 2003). 

Differential regulation of Hand1 heterodimer vs. homodimer formation by the 

transcriptional co-activator FHL2 indicates another mechanism by which Hand1 

dimerization can be regulated in vivo (Hill and Riley, 2004). All these mechanisms 

provide us a paradigm to understand how Hand1, as a single factor, can be differentially 

regulated in distinct developmental and cellular contexts and thus exhibit diverse roles. 

5.1.2 Dosage effect of Hand1 activity and regulation of Hand1 expression 

The dosage effect of Hand1 in regulating development has been indicated by 

several studies including our study using Hand1TH knock in mice. Our data suggested that 

while one copy of Hand1TH gene is sufficient for viability, in at least in 1/3 of cases, two 
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copies of Hand1TH gene leads to embryonic lethality in all cases. In addition to 

embryonic lethality, the dosage effect was shown by more severe placenta, craniofacial 

and cardiac phenotypes in Hand1TH/TH compared to Hand1TH/- mice.  

Through studies of conditional knockout of Hand1 and Hand2 in heart, gene 

dosage dependent regulation of cardiac morphogenesis was first revealed (McFadden et 

al., 2005). Furthermore, generation of Hand1 intron deletion mutant mice (Hand1ΔIntron) 

in our lab showed that the resulting reduced Hand1 expression leads to a hypomorphic 

phenotype in the amnion, again indicating a dosage effect of Hand1 activity in 

development (Xiang Zhao, unpublished data). It has also been shown that transgenic mice 

with up-regulated Hand1 have abnormal cardiac morphogenesis such as extension of the 

heart tube and extraneous looping resulting from increased proliferation of cardioblast 

cells (Risebro et al., 2006). Altogether, it suggests that dosage of Hand1 is critical, with 

too little or too much of it insufficient to support normal development.  

Because the level of Hand1 expression appears to be crucial for normal 

development, it must be delicately regulated. During cardiac development, Hand1 

expression is reduced in mutant mice lacking genes that encode transcription factors 

including Nkx2.5, Gata and Irx-4 (Biben and Harvey, 1997; Bruneau et al., 2001; Han 

and Olson, 2005; Tanaka et al., 1999), and co-regulators such as Clp-1 and Fog-2 (Huang 

et al., 2004; Tevosian et al., 1999). Expression of HAND1 was shown to be down-

regulated in human thyroid carcinomas and negatively regulated by the High Mobility 

Group A1 (HMGA1) (Martinez Hoyos et al., 2009).  

Recent studies on various cancers have found that the malignant disease 

progression is correlated with altered expression level of HAND1. Further studies 
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identified hypermethylation of CpG islands (CGIs) in the promoter regions of HAND1 

which results in reduced expression in various cancer types (Chang et al., 2006; Hagihara 

et al., 2004; Imura et al., 2006; Kaneda et al., 2002; Martinez Hoyos et al., 2009; Oue et 

al., 2006; Tellez et al., 2009).  

In addition to regulation of Hand1 expression by transcription, the level of the 

Hand1 protein could be regulated by translational and post-translational mechanisms. To 

date, there have not been any studies reporting translational or posttranslational 

mechanisms that modulate the level of Hand1 protein. However, phosphorylation, 

acetylation, and ubiquitination have been shown to be involved in myogenic bHLH 

protein modulation (Doucet et al., 2005; Polesskaya et al., 2001; Sun et al., 2005). It is 

very likely that similar mechanisms are involved in Hand1 regulation. 

5.1.3 Regulation of Hand1 transcriptional activity in vivo  

Hand1 has been shown to act both as a transcriptional activator and a repressor 

depending on cell context (Bounpheng et al., 2000; Hill and Riley, 2004; Hollenberg et 

al., 1995; Knofler et al., 2002; Scott et al., 2000). Studies in transiently transfected NIH 

3T3 cells using various forms of GAL4-Hand1 fusion proteins demonstrated that Hand1 

can act as a transcriptional repressor or activator and the repressive or activating activity 

is conferred by bHLH domain (Hollenberg et al., 1995). In addition, the ability of Hand1 

to repress GAL4-E12 dependent transcriptional activation is dependent on domains 

within N-terminal of Hand1 (Knofler et al., 2002).  

In vitro and in vivo studies so far have suggested that the Hand1 homodimer act as 

a transcriptional activator. The Hand1 homodimer can bind to Thing1-type E boxes with 

much lower affinity than Hand1:E12 heterodimers and induce relatively weak activation 
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of the reporter gene expression (Hill and Riley, 2004; Hollenberg et al., 1995; Scott et al., 

2000). In contrast, transient transfection experiments and in vivo evidence shows a more 

potent activator effect of the Hand1 homodimer. In our study using Hand1 tethered 

homodimer plasmids for transfection, expression of Hand1TH can induce TGC 

differentiation to a similar extent as expression of wildtype Hand1. Expression of 

Hand1TH with mutation of the DNA-binding, basic domain compromises this capability, 

suggesting that the ability of Hand1 tethered homodimer to induce TGC differentiation is 

dependent on its DNA-binding activity. Previous studies of Hand1;Mash2 double mutant 

mice demonstrated that the activity of Hand1 in inducing TGC differentiation is not 

rescued in the double mutant mice (Scott et al., 2000), suggesting function of Hand1 is 

not dependent on its ability to inhibit Mash2 transcriptional activator activity but through 

its own transcriptional activity. Moreover, in vivo evidence in my studies demonstrated 

that presence of Hand1TH can rescue all the defects of Hand1 null mutants and is 

sufficient for viability of the mice. Altogether, the data indicate that Hand1 is required for 

various mouse developmental processes and functions as homodimer to transactivate 

certain gene programs required for normal development.  

There seems to be a discrepancy between the relatively low DNA binding and weak 

activating capability of Hand1 homodimer shown by in vitro experiments and their 

essential and critical function as shown by transfection and in vivo studies. This is very 

likely because the cellular context for Hand1 function in vivo is quite different compared 

to biochemical or cell culture experiments. The in vitro experimental system may lack 

many of the posttranslational regulators such as phosphotases, kinases, co-factors and so 

on which favour the formation and activity of the Hand1 homodimer in vivo. In addition, 
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the DNA binding sequence for Hand1 homodimer is not very clear. Although a 

degenerate E box (so called Thing1 box) has been shown to be bound by Hand1, there is 

a lack of knowledge on promoter sequence of downstream targets of Hand1 (Hollenberg 

et al., 1995). 

It is interesting to note that Hand1 heterodimers exhibit both transcriptional 

repressor (Knofler et al., 2002) and activator (Hill and Riley, 2004; Scott et al., 2000) 

activity in vitro. The situation seems to be DNA binding site dependent. Hand1 inhibits 

the activity of Mash2:E47 heterodimer, E47 or Alf1 homodimers to bind muscle creatine 

kinase (MCK) E-box and inhibit their capability to activate reporter genes driven by two 

copies of MCK E boxes sequence. This activity of Hand1 is not dependent on the basic 

domain or the DNA binding capability of Hand1 with E box, but is dependent on the 

HLH domain of Hand1 to form dimer with E factors and to titrate the concentration of 

dimers active binding to MCK E boxes (Scott et al., 2000). Hand1:E47 heterodimer can 

bind to Thing1-type E boxes (CGTCTG) but not canonical E boxes with high affinity and 

activate a reporter gene regulated by six copies Thing1 E boxes (Hill and Riley, 2004; 

Scott et al., 2000) (Figure 5.1C). 

In addition to function as a transcriptional activator or repressor, Hand1 has also 

been shown to act as transcriptional co-activator or co-repressor. It has been shown that 

Hand1 interacts with the MEF2 family of transcription factors to directly activate cardiac 

Anf promoter during cardiac development (Morin et al., 2005). This activity of Hand1 is 

not dependent on its heterodimerization with E factors and binding through E-boxes, but 

is dependent on its role as a co-activator to interact with and be recruited by Mef2 

proteins to the Mef2- dependent promoters and to facilitate gene activation (Morin et al., 
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2005). In vitro studies showed that Hand1 can negatively regulate the activity of other 

bHLH factors such as Mash2 and MyoD either dependent or independent of DNA-

binding activity (Bounpheng et al., 2000; Scott et al., 2000), indicating that Hand1 may 

also function as a transcriptional co-repressor in vivo.  

In summary, Hand1 transcriptional activity can be regulated by various 

mechanisms. Hand1 transcriptional activity is regulated through formation of various 

dimers. As mentioned above, Hand1 homodimer appears to function as transcriptional 

activator and various Hand1 heterodimer may function as a transcriptional activator or 

repressor. Hand1 transcriptional activity can be regulated by other nuclear proteins. 

Sox15, a member the Sry-type HMG box (Sox) protein family of transcriptional factors 

(Yamada et al., 2006), has been shown to enhance the transcriptional activity of Hand1 

on TGC differentiation through physical binding with Hand1.  

5.1.4 TGC subtypes: lineage development and function 

Recent research has made striking progress in understanding the function and 

development of TGCs. There are at least four different subtypes of TGC within the 

mature placenta, each arising at different times and locations in the placenta with 

different lineage origins and distinct gene expression patterns (Hu and Cross, 2009; 

Simmons et al., 2007). Based on their distinct locations in the placenta and different gene 

expression patterns, we speculate that the four subtypes of TGC have distinct functions 

(Hu and Cross, 2009; Simmons et al., 2007; Simmons et al., 2008b). My studies using the 

DTA system to ablate Tpbpa-positive trophoblast cells and their downstream lineage, 

addressed the function of the TGCs subtypes derived from Tpbpa-positive precursors. My 



 

 

154 

154 

data lead to two important conclusions. First, with respect to P-TGCs, there must be some 

crosstalk that permits the compensation for P-TGC numbers after ablation of Tpbpa-

positive cells. A recent study suggests that Activin signaling from P-TGCs may have 

paracrine effects to inhibit the differentiation of precursor cells into more TGCs (Natale 

et al., 2009). Loss of Tpbpa-positive precursors leading to fewer P-TGCs may therefore 

reduce this inhibition leading to increased proliferation and differentiation of Tpbpa-

negative precursors. 

In addition, my studies for the first time provided direct evidence revealing the 

function of SpA-TGCs, in which they are required for remodelling and dilation of spiral 

arteries and facilitation of maternal blood flow into the placenta labyrinth. Remodelling 

of spiral artieries are accomplished thourgh interplay between various cell types within 

the uterine deciduas including the SpA-TGCs, endothelial cells, smooth muscle cells and 

decidual macrophages and uterine natural killer cell (Adamson et al., 2002; Harris). SpA-

TGCs express factors that regulate angiogenesis (PLF and PRP) and blood cells 

formation (PLF2, PLP-E, PLP-F).  SpA-TGCs express factors that facilitate vasodilation 

such as vasodilator adrenomedullin (Montuenga et al., 1997; Yotsumoto et al., 1998), or 

enzymes such as inducible endothelial nitric oxide synthetase (iNos/Nos2) and 

endothelial nitric oxide synthetase (eNos/Nos3) that produce the vasodilator nitric oxide. 

SpA-TGCs also express PLP-A which can modulate natural killer cell activity through 

suppression of its IFN-γ production. IFN-γ in turn plays a role in spiral artery 

remodelling (Ashkar et al., 2000). In addition, SpA-TGCs express placenta-specific 

cathepsins that are capable of mediating smooth muscle degradation and blood vessel 

disintegration (Screen et al., 2008). Therefore, the dramatic reduction of spiral artery 
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lumen diameter and labyrinth maternal blood flow after SpA-TGCs loss is very likey 

directly due to the decrease of cell-cell interactions and secreting factors of SpA-TGCs 

and suggests a critical role of SpA-TGC during maternal vasculature remodelling. 

 

5.2 Future directions  

5.2.1 Downstream targets of Hand1 

A limitation in understanding the relative roles of Hand1 homodimers versus 

heterodimers in regulation of development is knowledge of Hand1 transcriptional target 

genes. To date, the only published studies on Hand1 downstream targets were done by 

representational difference analysis by culturing Hand1 null mutant and wildtype floating 

embryoid bodies which identified genes involved in extracellular matrix remodeling and 

cell adhesion (Smart et al., 2002). Since that publication, there has been significant 

advancement in developing bioinformatic and experimental approaches to identifying 

target genes of transcription factors (Hudson and Snyder, 2006; Merkulova et al., 2007), 

which will enable the identification of Hand1 target genes. In general, through over-

expression or knockdown, two cell populations with differential expression of the 

transcription factor can be used to identify the target genes. In our case, in vitro culture 

systems such as trophoblast stem cells will be beneficial to study transcriptional activity 

of Hand1 during TGC development. The availability of Hand1 null trophoblast stem cells 

in our lab provides us with an invaluable resource for comparing with wildtype cells 

using high throughput assays such as microarray, serial analysis of gene expression 

(SAGE) or differential display (Taverner et al., 2004). We can also use chromatin 
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immunoprecipitation (ChIP) assays to confirm Hand1‟s direct downstream targets 

(Hudson and Snyder, 2006). To understand how Hand1 dimers are differentially 

regulating transcription, Hand1TH/- trophoblast stem cells can be generated from our 

Hand1TH/- knock-in mice. Through comparison with Hand1 null cells, downstream 

targets for Hand1 homodimer could be identified. Comparison of Hand1TH/- and wildtype 

trophoblast stem cells should then provide us hints about the targets of Hand1 

heterodimers. To complement the loss-of-function approach, over-expression of tethered 

Hand1:E factor or Hand1 homodimer in transfected Hand1 null trophoblast stem cells 

can be used. Ideally, tethered Hand1:E factor knock-in mice and then tethered Hand1:E 

factor knock-in trophoblast stem cells would be a better source of material for study since 

all of the transcriptional targets would be regulated at physiological levels. The pitfall 

with this latter approach would be that tethered Hand1:E factor knock-in mice may not 

make it to term since they would lack the ability to form Hand1 homodimers. 

5.2.2 Characterization of the role of Hand1 in the trophoblast lineage  

My studies have demonstrated an essential role for Hand1 in the Tpbpa-positive 

lineage. While Tpbpa-Cre start to express around E8.5, the death of all Hand1 

conditional knockout mice by E10.5, suggests that Hand1 is required at very early stage 

for function of the Tpbpa-positive lineage including ectoplacental 

cone/spongiotrophoblast cells and/or their derivatives (all SpA-TGCs, glycogen 

trophoblast cells and half of P-TGC and C-TGC). Hand1 null mutants that have smaller 

ectoplacental cones and fewer P-TGCs (Riley et al., 1998), and I propose that Hand1 is 

required cell autonomously for regulating both. Studies to characterize cell proliferation 
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and differentiation marker staining should be carried out to test this hypothesis. In 

addition, we can generate Hand1loxP/- trophoblast stem cells and introduce Cre 

recombinase at different developmental stages (during trophoblast stem cell self-renewal 

or  TGC differentiation). At a cellular level, it will be interesting to look at how Hand1 is 

involved in endoreduplication of TGC and how it is involved in promoting TGC 

differentiation into endocrine/paracrine and invasive cell type. At molecular level, it will 

be interesting to look at what are the downstream targets of Hand1 at different stages of 

TGC development.      

5.2.3 Characterization of TGC subtype function and development 

While we now have a fairly good understanding of the development and function of 

some TGC subtypes, several key questions still remain open and should be addressed in 

future studies. First, are there more TGC subtypes? Recent observations in our lab 

suggest that channels that deliver blood from the labyrinth layer into the uterine venous 

circulation are lined by TGC cells based on expression of some genes that are otherwise 

TGC-specific (Plf, Ctsq). Second, it is important to understand the different functions of 

the TGC subtypes more thoroughly. While the function of P-TGC to mediate 

implantation is well recognized, their function during mid- and late gestation needs to be 

better identified.  In addition, the function of C-TGC and S-TGC has only been 

speculated. Studies on 23 murine Prolactin/Placental Lactogen-related genes 

demonstrated that they are differentially expressed in each of the TGC subtypes 

(Simmons et al., 2008b), suggesting distinct endocrine/paracrine functions of the four 

TGC cell types. Third, since it appears that TGCs regulate homeostatic physiological 
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systems in the mother through production of hormones, it would be intriguing to see if 

and what type of physiological changes in the mother can alter the development and/or 

function of TGC. There are insights from a variety of experimental animals that 

alterations of diet can affect placental development (Cross and Mickelson, 2006). 

Hypoxia during pregnancy can also alter expression of prolactin-like protein genes (Ho-

Chen et al., 2007) and supports the notion that these hormones may mediate responses to 

pregnancy stressors (Soares et al., 2007). Lastly, it will be intriguing to understand the 

lineage origins of each TGC subtype. While development of the Tpbpa-positive lineage is 

now rather clear, the nature and development of the Tpbpa-negative lineage remains 

elusive. For example, it is unclear what are the lineage origins for S-TGC and half of the 

C-TGC and P-TGC. Thus, it will be interesting to identify lineage markers for Tpbpa-

negative cells that differentiate into TGCs. One approach would be to separate Tpbpa-

positive and negative spongiotrophoblast cell populations taking advantage of the EGFP 

gene included in the Tpbpa-Cre-EGFP transgene (Simmons et al., 2007). Using RNA 

collected from the two populations, microarrays could then be used to identify 

differentially expressed genes and to search for putative lineage markers. Moreover, to 

understand how Tpbpa-positive and Tpbpa-negative cells crosstalk with each other, one 

population of cells could be cultured with conditioned medium from the other population. 

To investigate if particular secreted factors such as Activin mediate their crosstalk, a 

selective inhibitor of the factor (e.g., follistatin) can be introduced to study if there is a 

change in response of the cells. Another very interesting finding from my study is that the 

Tpbpa-negative lineage can compensate for loss of the Tpbpa-positive lineage in 

maintaining P-TGC numbers. My studies showed that Mash2 expression was expanded 
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due to increased cell proliferation after ablation of Tpbpa-positive cells. Thus, Mash2-

positive/Tpbpa-negative cells can be looked as candidate P-TGC precursors. Mash2 is 

essential for maintenance of ectoplacental cone/spongiotrophoblast cells, and indeed 

excessive P-TGC differentiation occurs in Mash2 mutant (Tanaka et al., 1997). S-TGCs 

within the labyrinth layer are also derived from Tpbpa-negative cells (Simmons et al., 

2007). While the Mash2-positive cell population emerges in the labyrinth before mid-

gestation and Mash2 mutants also show a reduced labyrinth layer (Tanaka et al., 1997), it 

remains an intriguing question weather Mash2-positive/Tpbpa-negative cells are also 

precursors for S-TGCs. Thus, it will of particular interest to study the Mash2-positive 

lineage development. An applicable approach would be generation of the Mash2 mutant 

trophoblast stem cells and characterization of the TGC subtypes they derive in vitro in 

comparison with the wildtype trophoblast stem cells. 
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