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Abstract 24 

The placenta provides critical transport functions between the maternal and fetal circulations 25 

during intrauterine development.  Formation of this interface is controlled by nuclear 26 

transcription factors including homeobox genes.  Here we summarize current knowledge 27 

regarding the expression and function of homeobox genes in the placenta.  We also describe 28 

the identification of target transcription factors, including PPARγ, and biological pathways 29 

that are regulated by homeobox genes and their role in the formation of the functional 30 

placenta.  The role of the nuclear receptor PPARγ, ligands and target genes in human 31 

placental development is further discussed.  A better understanding of these pathways will 32 

improve our knowledge of placental cell biology and has the potential to reveal new 33 

molecular targets for the early detection and diagnosis of pregnancy complications including 34 

human fetal growth restriction. 35 

36 
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Introduction 37 

During pregnancy, the placenta orchestrates multiple functions, which are required to initiate, 38 

maintain and control the outcome of gestation.  In particular, generation of distinct 39 

trophoblast cell types within the placenta is required to fulfil the complex biological processes 40 

of implantation, maternal-fetal exchange and maternal tolerance of fetal-parental antigens.  In 41 

some species, including human, the placenta performs hormonal functions required for the 42 

maintenance of gestation and fetal development. 43 

 44 

Trophoblasts originate from the trophectoderm, the outermost epithelial cell layer of the 45 

blastocyst, which triggers attachment and implantation in the receptive endometrium of the 46 

mother. In humans, the principal structures of the haemochorial placenta are apparent as early 47 

as the 21st day of pregnancy [1, 2].  Following blastocyst adhesion, trophoblast cells 48 

proliferate rapidly and undergo cell fusion to form the syncytium, which invades the maternal 49 

uterine stroma.  By day 21 after ovulation, the chorionic villi, the definitive structural and 50 

functional units of the placenta, become established. 51 

 52 

The trophoblast differentiates into either the villous or the extravillous trophoblast lineages.  53 

In the villous lineage, the cytotrophoblasts of the floating villi, which are present in the 54 

intervillous space, remain attached to the villous basement membrane and form a monolayer 55 

of epithelial cells.  These cells proliferate and differentiate by fusion to form the syncytium, 56 

which covers the entire surface of the villus.  Thus, the multinucleated syncytium of the 57 

definitive placenta is generated by continuous cell fusion of underlying mononuclear 58 

cytotrophoblasts.  The syncytium is multi-functional, with primary functions that include 59 

absorption, exchange and transport of nutrients and gases from the maternal to the fetal 60 

circulation, and specific hormonal functions.  Additionally, the multinuclear syncytium is the 61 
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primary site of major endocrine activity of the organ since it secretes hormones such as 62 

human chorionic gonadotropin (hCG), human placental lactogen (hPL) or placental growth 63 

hormone (PGH), which are important for placental growth and/or maternal adaptation to 64 

pregnancy [3-5]. 65 

 66 

In the extravillous phenotype, the cytotrophoblast cells of the anchoring villi in contact with 67 

the uterine wall proliferate, detach from the basement membrane and aggregate into 68 

multilayered columns of non-polarised cells that rapidly invade the uterus wall.  This 69 

trophoblastic invasion is confined to the decidua, the first third of the myometrium, and the 70 

associated spiral arterioles.  Interstitial trophoblasts invade the decidua and parts of the 71 

myometrium, whilst endovascular trophoblasts migrate and invade along the wall of the 72 

uterine spiral arteries, which results in remodelling of the uterine spiral arteries [6].  In 73 

particular, modification of the maternal vessels by trophoblasts, which replace the maternal 74 

endothelium, is thought to be critical for the successful progression of pregnancy since 75 

absence of the endovascular trophoblasts is associated with cases of pre-eclampsia (PE) and 76 

fetal growth restriction (FGR) [7, 8].  Thus, it is evident that elucidation of the key molecular 77 

mechanisms controlling commitment and regulating differentiation of the diverse trophoblast 78 

cell types in humans would be helpful to understand the pathogenesis of these pregnancy 79 

diseases. 80 

 81 

During the past decade, transgenic mouse models that allow gene knock-out and gene 82 

targeting, have vastly improved our understanding of the genetic control of placental 83 

development in the mouse and have opened up new avenues of investigation in 84 

developmental biology.  Despite considerable differences in placental development in mice 85 

and humans, some fundamental elements of placental development are similar in both species.  86 
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Furthermore, certain key molecular regulators such as transcription factors involved in the 87 

expression of various placental genes have been described in both human and mouse placenta 88 

[9-11]. 89 

 90 

Transcriptional control of placental development 91 

Growth factors and signalling molecules represent the cue to which a cell responds by either 92 

maintaining or altering its state of differentiation.  However, it is the transcription factors, 93 

located within the cell nucleus, that determine how this cue is interpreted and what the 94 

cellular response will be.  Transcription factors achieve this by regulating expression of their 95 

target genes within the cell.  Numerous transcription factors play essential roles in cellular 96 

development and differentiation of a variety of cell types, including the trophoblast cell type 97 

in the placenta [10, 11].  Transcription factors are categorised into a few large families such as 98 

the zinc finger, leucine zipper, helix-loop-helix, helix-turn-helix and homeobox genes [12, 13] 99 

and also include the ligand-activated nuclear receptor superfamily. 100 

 101 

Homeobox genes 102 

Homeobox genes (also known as homeotic genes) were originally discovered in the fruit fly 103 

Drosophila melanogaster, where they act as transcriptional regulators to control embryonic 104 

morphogenesis [14-17].  These genes contain a highly conserved 180 base pair homeobox 105 

sequence, which encodes a 60 amino acid homeodomain.  Structural analyses have shown that 106 

the homeodomain consists of an evolutionarily conserved helix-turn-helix motif that binds to 107 

the DNA.  The specificity of this binding allows homeodomain proteins to activate or repress 108 

the expression of batteries of down-stream target genes [18]. 109 

 110 
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Homeobox genes are subdivided into the “clustered” homeobox genes known as “HOX’ 111 

genes, the “non-clustered” divergent or orphan HOX-like genes, as well as several distinct 112 

classes of atypical homeodomain containing genes.  The HOX family of homeobox genes 113 

plays a fundamental role in embryonic morphogenesis and was identified in mammals and 114 

vertebrates based on sequence homology to the genes of the Drosophila HOM-C complex 115 

[19, 20].  In humans the HOX complex is comprised of 39 genes that are arranged into four 116 

separate chromosomal clusters designated HOX A, B, C and D [21, 22].  Homeobox genes are 117 

grouped together into various subfamilies based on a variety of criteria such as their 118 

functional and structural characteristics and these subfamilies of homeobox genes are 119 

essential for the control of specific aspects of cellular growth and differentiation [23, 24]. 120 

 121 

Most important is that homeobox genes are directly or indirectly involved in a variety of 122 

developmental disorders, diseases and cancers [25].  Evidence for the deregulation of certain 123 

homeobox genes in cancer and other diseases provides support for the idea that homeobox 124 

genes are vital for normal mammalian development.  Furthermore, characterisation of such 125 

homeobox genes may lead to a greater understanding of the developmental mechanisms, 126 

which are disrupted in a variety of disease states.  There is evidence that normal homeobox 127 

gene expression can be altered during a disease state, such as decreased expression of Cdx2 in 128 

the intestinal epithelium of patients with colorectal cancers and decreased Meox2 expression 129 

in brain endothelial cells of patients affected by Alzheimer’s disease [25, 26].  Thus, 130 

homeobox genes could be used as disease markers or potential therapeutic targets of diseases, 131 

such as cancer, diabetic wound healing, lymphedema, Alzheimer’s disease, and stroke due to 132 

atherosclerosis [27, 28].  Mouse knockouts have provided genetic proof that homeobox genes 133 

regulate embryonic organogenesis and morphogenesis [28-31]. 134 

 135 
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Homeobox genes in placental development 136 

Given the highly important role of homeobox genes in embryonic and adult development, it is 137 

not surprising that homeobox genes also play major roles in controlling extraembryonic 138 

development of the placenta.  Homeobox genes regulate mouse placental cell functions and 139 

targeted gene mutations of homeobox genes in the mouse produce FGR-like effects [29, 32-140 

42]. 141 

 142 

Homeobox genes in human placental development 143 

Understanding the role of homeobox genes in human placental development and their 144 

functional role in pregnancy pathologies including fetal growth restriction and preeclampsia is 145 

highly important.  A strategy for understanding the molecular mechanisms of placental 146 

function in normal and pathological human placentas requires (i) determining the spatio-147 

temporal expression pattern of homeobox genes during placental development that have an 148 

“evolutionary history” of regulating cell fate decisions during embryonic or adult 149 

development, (ii) determining whether specific homeobox gene expression levels are changed 150 

in pathological placentas compared with gestation matched controls, (iii) creating in vitro 151 

models of placental cultured cells that “mimic” homeobox gene expression changes observed 152 

in pathological placentas by the use of loss- or gain-of function phenotypes using RNA 153 

interference systems or gene overexpression plasmids and (iv) defining the biological 154 

functions of the target genes using in vitro models.  Similar approaches have been proven 155 

very successful in identifying transcriptional control of endocrine functions during murine 156 

placental development [reviewed in [9-11]].  Therefore, identification of the homeobox target 157 

genes in specialised cell types of the human placenta could reveal the molecular pathways 158 

responsible for important placental cell functions.  These pathways are likely to be affected in 159 
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placental pathologies.  Using the strategy described above, we undertook comprehensive and 160 

extensive analyses of homeobox genes in the normal and pathological placenta. 161 

 162 

Homeobox genes in human placental trophoblast cells 163 

(i) Spatio-temporal expression patterns of homeobox genes in the placenta 164 

Studies in the human placenta have focused mainly on identifying homeobox genes expressed 165 

in the normal placenta [43, 44], and those showing altered expression in trophoblastic cancers 166 

[45].  The homeobox genes we and others have identified to be of potential importance in the 167 

human placenta are DLX3, DLX4, GAX, ESX1L and HLX [33, 46-49].  These genes are also 168 

expressed in the embryo and play major roles in embryonic development [50, 51].  More 169 

specifically, we have demonstrated that the homeobox gene HLX is expressed primarily in the 170 

proliferating cytotrophoblast cell types in early placental development [52].  Recently, we 171 

also demonstrated the expression profile of homeobox gene DLX3 in the human placenta [53].  172 

In the first trimester and term placenta, DLX3 was localised to the nuclei of villous 173 

cytotrophoblast cells, the syncytiotrophoblast layer and the proliferating extravillous 174 

trophoblast cells in the proximal regions of the cell columns [53]. 175 

 176 

Few functional studies have been carried out on human placental homeobox genes. 177 

Inactivation of homeobox gene DLX4 resulted in altered rates of trophoblast cell apoptosis 178 

and a potential role in epithelial-mesenchymal transition [54, 55].  Homeobox gene DLX3 179 

regulates the expression of the alpha subunit of hCG [56] and of 3-βHSD [35], both of which 180 

are important for placental trophoblast function. 181 

 182 

In the following section we summarise our current understanding of homeobox gene 183 

regulation in human placental development, more specifically in human trophoblast function, 184 
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as well as give insights into novel mechanisms of trophoblast dysfunction observed in the 185 

important pregnancy pathology of idiopathic fetal growth restriction (FGR). 186 

 187 

(ii) Homeobox gene expression levels are changed in FGR placentas compared with 188 

gestation-matched controls. 189 

The cohort of FGR-affected pregnancies used for our studies was carefully defined in clinical 190 

terms and represented the severe end of spectrum of idiopathic FGR.  FGR pregnancies were 191 

identified using the general inclusion criterion of a birth weight less than the 10th centile for 192 

gestation age, using Australian growth charts. FGR cases were classified as idiopathic if there 193 

was evidence of an underlying pathology, judged by the presence of at least two of the 194 

following antenatal ultrasound diagnostic criteria; abnormal umbilical artery Doppler flow 195 

velocimetry, oligohydramnios as determined by amniotic fluid index (AFI) <7, or asymmetric 196 

growth of the fetus as measured from the HC (head circumference) to AC (abdominal 197 

circumference) ratio (>1.2).  Fetuses showed reduced growth by the late second and early 198 

third trimester. Reduced placental villous tree elaboration, diminished surface area of the 199 

placenta and abnormal end-diastolic blood flow in the umbilical artery are associated with 200 

pregnancies with severely growth-restricted infants [57, 58]. 201 

 202 

The pattern of normal human fetal growth is complex.  Increases in the rates of fetal weight 203 

gain and length increase are not parallel throughout pregnancy.  Evidence suggests that the 204 

maximal growth rate for length is seen in the second trimester, whereas the maximal rate of 205 

weight gain is early in the third trimester [59-61].  Guihard-Costa et al. [59], in a longitudinal 206 

study of human fetal growth, have reported a linear growth rate until 26 weeks, and thereafter 207 

the growth rate decreased.  Homeobox genes HLX [62] and ESX1L [63] showed decreased 208 

expression in FGR-affected placentas compared with matched controls.  There was a rapid 209 
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decline in the levels of both HLX and ESX1L expression from 27-week gestation, which may 210 

correspond to the decline in the growth rate of the fetus [59-61] seen in the third trimester. 211 

 212 

However, homeobox genes DLX4 and DLX3 showed increased expression in FGR-affected 213 

placentas [64, 65].  Our observation of altered homeobox gene expression levels, i.e. 214 

decreased (HLX, ESX1L) or increased (DLX3 and DLX4) expression in FGR-placentas 215 

compared with gestation matched controls, prompted us to model these effects in cell culture. 216 

 217 

(iii) Creating in vitro models of placental cultured cells that “mimic” homeobox gene 218 

expression changes observed on FGR 219 

To identify the functional role homeobox genes we altered homeobox gene expression to 220 

“mimic” changes observed in FGR using techniques of gene inactivation or over-expression 221 

in trophoblast-derived cell lines in vitro.  We used transformed trophoblast-derived cell lines 222 

that represent first trimester human villous and extravillous cytotrophoblast cells and which 223 

are capable of proliferation, differentiation, migration and invasion.  To determine the 224 

functional role of decreased HLX levels observed in FGR, we reduced HLX expression levels 225 

in trophoblast-derived cell lines SGHPL4 and HTR8-SV/neo using short-interference RNAs 226 

(siRNA) specific for HLX [66-68]. 227 

 228 

To identify the functional role of DLX3, which showed increased expression in FGR, we 229 

increased the expression of DLX3 in trophoblast-derived cell line, BeWo using a DLX3-230 

specific over-expressing plasmid construct [69].  Over-expression of DLX3 in BeWo cells 231 

increased BeWo cell differentiation, as measured by markers of differentiation: 3β-HSD, 232 

syncytin and β-hCG protein.  The complementary result of decreased BeWo cell 233 
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differentiation was obtained when DLX3 expression was reduced in the presence of DLX3-234 

specific siRNA [65]. 235 

 236 

Alterations in the rate of trophoblast differentiation, proliferation and invasion are involved in 237 

the placental pathologies of fetal growth restriction and pre-eclampsia.  From the above 238 

studies, we have concluded that homeobox genes may have several potentially important roles 239 

in the regulation of fundamental functions of trophoblast proliferation and differentiation 240 

during placental development in humans and there may be significant deleterious 241 

consequences to decreased HLX or increased DLX3 expression levels in the FGR-affected 242 

placenta. 243 

 244 

(iv) Identification of down-stream target genes of homeobox genes 245 

Understanding the precise regulatory mechanisms through which homeobox genes achieve 246 

molecular control during placental development requires the identification of target genes 247 

within the downstream developmental pathways.  Genes involved in regulating cellular 248 

mechanisms such as mitotic rate, cell-cell adhesion, and cell migration during morphogenesis 249 

have been identified as target genes for many homeobox genes [70-79].  Thus, homeobox 250 

genes act as “master regulators” of development and control transcription by binding to 251 

regulatory elements in the promoter regions of target genes [20]. 252 

 253 

Few studies of target genes regulated by transcription factors in the human placenta have been 254 

reported.  Therefore, we undertook the identification of down-stream targets of human 255 

placental homeobox genes.  We used in vitro models of trophoblast-derived cell lines that 256 

represent villous and extravillous trophoblasts.  We mimicked changes in expression of 257 
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homeobox genes observed in FGR- affected placentae either by gene inactivation or gene 258 

overexpression and then determined the target genes that were affected by these changes. 259 

 260 

Using siRNA-mediated inactivation of HLX, we investigated the target genes by which HLX 261 

mediates extravillous trophoblast function in normal and FGR-affected placentae.  Previous 262 

studies in other systems showed that inhibition of HLX by antisense oligonucleotide methods 263 

impaired CD34+ bone marrow cell proliferation in response to stimulation by cytokines, 264 

whilst inducing differentiation of these cells.  Moreover, HLX inhibition also reduced the 265 

levels of c-myc, c-fos, cyclin B and p34cdc2 mRNA expression [80].  These cell cycle 266 

regulatory genes were predicted to be involved in the function of trophoblast cells [81]. 267 

 268 

We used siRNA to inactivate HLX in the SGHPL-4 and HTR-8/SVneo trophoblast cell line 269 

models and detected changes in gene expression using pathway-specific low density PCR 270 

arrays for the MAP (mitogen activated signaling)- kinase signaling pathways.  The down-271 

stream target genes of HLX were identified as RB1, MYC, EGR1, CDKN1C, ELK1, CCNB1 272 

and JUN [67].  We identified four HLX downstream target genes: CCNB1, MYC, CDKN1C 273 

and JUN, which as described above were also previously identified as HLX target genes in 274 

haematopoietic progenitor cells [81].  Thus, HLX homeobox gene targets were cell cycle 275 

regulatory genes in two independent cell types i.e trophoblast and haematopoietic cells. 276 

 277 

Further analyses of candidate down-stream target genes of HLX, and their level of expression 278 

and potential contribution to functional abnormalities, was investigated in FGR-affected 279 

placental tissues.  Retinoblastoma-1 (RB1, also known as Rb) is a tumor suppressor gene that 280 

was first discovered in genetic studies of hereditary retinoblastoma and plays an important 281 

role in regulating cell proliferation and differentiation [82].  RB1 is expressed in the proximal 282 
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region of proliferating trophoblast cells in the trophoblast cell column [83], where HLX is also 283 

expressed [52].  We also demonstrated that of the target genes that showed increased 284 

expression following siRNA mediated HLX inactivation in cell culture, RB1 showed the 285 

highest relative increase in expression levels in FGR-affected placental tissues compared with 286 

controls [67].  These data suggest RB1 is a negative regulator of cell proliferation and that 287 

increased RB1 expression levels in FGR may reduce trophoblast proliferation and result in a 288 

depleted pool of trophoblast cells available to migrate and invade into the maternal decidua.  289 

This reduction in trophoblast proliferation may contribute to the shallow, inadequate 290 

remodeling of the maternal spiral arteries associated with FGR. 291 

 292 

MYC is a proto-oncogene and is expressed in the actively proliferating extravillous 293 

trophoblast cells of the human placenta [84], where we have shown HLX to be highly 294 

expressed [52].  Our findings showed that MYC expression was significantly increased in 295 

FGR-affected human placental tissue, consistent with the increase in MYC expression in HLX 296 

inactivated cultured trophoblast cells [67].  This suggested that MYC, as a downstream target 297 

gene of HLX, is a molecular target associated with idiopathic human FGR.  Therefore, HLX 298 

mediated increase in MYC expression may contribute to increased cell apoptosis that is 299 

frequently associated with FGR. 300 

 301 

CDKN1C (p57/kip2) is a member of the CIP/KIP family of cyclin dependent kinase inhibitors 302 

that inhibits several cyclin dependent kinase kinase/cyclin complexes and is a regulator of cell 303 

proliferation [85].  In the normal human placenta, strong nuclear CDKN1C expression was 304 

observed in extravillous trophoblast, cytotrophoblast, and implantation-site interstitial 305 

trophoblast, but was absent in syncytiotrophoblast [86].  This expression of CDKN1C in the 306 

human placenta is consistent with the expression pattern of HLX from our study [52].  Results 307 
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from our own findings showed that CDKN1C expression is significantly reduced in cultured 308 

trophoblast cells and therefore is a direct or indirect target candidate gene of HLX in cultured 309 

trophoblast cells [67].  This suggests that HLX-mediated reduction of CDKN1C expression 310 

reduces trophoblast proliferation.  Further confirmation of reduced CDKN1C mRNA 311 

expression was obtained in FGR-affected human placental tissue. 312 

 313 

ELK1 is a member of the ETS family and acts as a transcription factor for the MET gene [87], 314 

which is expressed in placental cytotrophoblasts [88].  As with HLX, ELK1 is also expressed 315 

in human extravillous trophoblast cells [89], and is suggested to play a role in the regulation 316 

of cell proliferation and migration [90].  Consistent with our in vitro results suggesting ELK1 317 

is a target for HLX, we showed that ELK1 expression was also significantly decreased in 318 

FGR-affected human placental tissue. 319 

 320 

CCNB1 is a regulatory gene expressed predominantly during the G2/M phase of the cell 321 

cycle, functionally involved in cell mitosis.  Studies have shown expression of CCNB1 in the 322 

villous trophoblast and the extravillous trophoblast cell types of the human placenta [91, 92], 323 

which also correlates with placental HLX expression from our findings [52].  We showed that 324 

CCNB1 mRNA expression was significantly reduced in cultured trophoblast cells with HLX 325 

inactivation, suggesting that CCNB1 is a downstream target gene of HLX.  CCNB1 expression 326 

was also significantly reduced in FGR-affected placental tissues compared with controls.  327 

Therefore, our findings showed that the cell culture model was consistent with the observed 328 

changes seen in HLX levels in FGR and changes in CCNB1 levels, and suggested an 329 

association between reduced HLX levels and reduced CCNB1 levels in FGR. 330 

 331 
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JUN is a member of the AP-1 family of transcription factors and is implicated as a key 332 

regulator of human extravillous trophoblast proliferation, invasion and differentiation [93].  333 

Not surprisingly, JUN is also strongly expressed in the highly proliferative extravillous 334 

trophoblast cells of the human placenta [93], consistent with HLX expression in the human 335 

placenta [52].  We showed that JUN expression was also significantly decreased in FGR-336 

affected human placental tissues compared with controls.   Therefore, decreased JUN 337 

expression, either directly or indirectly by HLX, may result in aberrant trophoblast functions 338 

associated with FGR. 339 

 340 

Our findings demonstrate that in vitro models of siRNA-mediated knockdown of HLX 341 

expression in placental trophoblast cells show consistent changes to those observed in human 342 

FGR, where HLX levels are reduced.  These results suggest that reduced levels of HLX seen 343 

in FGR cause direct or indirect effects on target genes that are altered in FGR.  Therefore, 344 

reduced HLX levels directly or indirectly cause gene expression changes in targets that result 345 

in deleterious effects on trophoblast function. 346 

 347 

Identification of targets of DLX3 348 

Recent studies in our laboratory reported that DLX3 is expressed in the differentiating villous 349 

cytotrophoblasts of term placentae and the localisation of 3HSD to syncytiotrophoblast in 350 

term placentae, suggesting that in the human placenta, DLX3 may have a regulatory role on 351 

3HSD expression and differentiation of villous cytotrophoblasts to syncytiotrophoblast [65].  352 

We have also shown that DLX3 was detected in villous cytotrophoblasts and 353 

syncytiotrophoblast in both term control and term FGR-affected placentae [65].  Therefore, 354 

we investigated the possible role of DLX3 in villous trophoblast differentiation. 355 

 356 



 16 

Villous trophoblast differentiation is marked by increased production of 3βHSD [94], βhCG 357 

[95] and syncytin [96].  Our study demonstrated that inactivation of DLX3 in the trophoblast 358 

derived BeWo cell line, and in primary villous cytotrophoblasts, resulted in decreased 359 

expression of differentiation markers 3βHSD, βhCG and syncytin.  This suggests that 3βHSD, 360 

βhCG and syncytin are targets of DLX3 and that DLX3 is required for trophoblast 361 

differentiation.  In another study from our laboratory, we observed forskolin treatment of 362 

BeWo cells was used to induce differentiation and resulted in increased mRNA expression of 363 

DLX3 as well as 3BHSD (3HSD), CGB (βhCG) and syncytin [69].  Furthermore, we 364 

observed that over-expression of DLX3, using a DLX3 over-expressing plasmid construct in 365 

BeWo cells, significantly increased 3HSD, CGB and syncytin expression [69].  Together 366 

these studies provide strong evidence that 3βHSD, βhCG and syncytin are targets of DLX3 in 367 

cultured trophoblast cells. 368 

 369 

Expression of 3βHSD, βhCG and syncytin and DLX3 was increased in FGR-affected 370 

placental tissues compared with controls, providing evidence that these genes are targets of 371 

DLX3 in vivo as well as in vitro [65].  Together, these suggest that DLX3 may have several 372 

potentially important roles in the regulation of trophoblast differentiation during placental 373 

development in humans and there may be significant deleterious consequences to increased 374 

DLX3 in FGR, through the action of target genes 3βHSD, βhCG and syncytin, on trophoblast 375 

function. 376 

 377 

Recent studies from our laboratory have identified the nuclear receptor, peroxisome 378 

proliferator-activated receptors (PPAR) as a candidate downstream target gene of DLX3 (Chui 379 

et al., submitted to J Pathology). This is potentially significant, since PPARγ is an important 380 

gene in placental development and its expression is significantly altered in human FGR [97]. 381 
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The peroxisome proliferators-activated receptor family 382 

Peroxisome proliferators-activated receptors (PPARs; for review see [98]) are transcription 383 

factors belonging to the large ligand-activated nuclear receptor superfamily including the 384 

retinoic acid receptors (RAR, RXR), the thyroid hormone receptors (TR), the liver X 385 

receptors (LXR), the vitamin D3 receptors (VDR), and the steroid receptors (SR) [99].  In 386 

1990, PPARs were first identified as receptors for fibrates, a class of hypolipidemic drugs 387 

used in humans since the late 1960s [100].  The name ‘‘PPAR’’ was initially chosen because 388 

of their ability to induce the proliferation of peroxisomes in rodents [101], but since the initial 389 

cloning in the mouse by Issemann and Green of the first PPAR isotype called PPARα, and the 390 

discovery of two additional isotypes (PPARand PPARγ) by Dreyer et al. in 1992 [102], 391 

numerous studies have revealed that PPARs exhibit distinct tissue distribution patterns and 392 

control the expression of a large array of genes involved in lipid metabolism but also in the 393 

control of a broad range of cellular responses.  Thus, PPARα is mainly expressed in the liver 394 

where it represents a major regulator of lipid catabolism and transport, whereas PPARγ is 395 

highly expressed in white and brown adipose tissue and is an important determinant of 396 

adipocyte differentiation, lipid storage and glucose homeostasis. PPAR is ubiquitously 397 

expressed throughout the body and is involved in numerous biological processes including 398 

cholesterol transport and wound healing.  In addition to these specific functions, the three 399 

PPARs isotypes share common functional features such as anti-inflammatory action and their 400 

implication in normal cellular differentiation and carcinogenesis. PPARs thus represent 401 

critical sensors of environmental/dietary stimuli hat are crucial in the regulation of 402 

mammalian metabolism. 403 

 404 

To date, three PPAR isotypes encoded by distinct single copy genes have been identified: 405 

PPARα (NR1C1), PPAR or PPAR (NR1C2) and PPARγ (NR1C3), which are located on 406 
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chromosomes 15, 17 and 6 in mouse and on chromosomes 22, 6 and 4 in human, respectively 407 

[103-106].  The human and mouse PPARγ genes generate three transcripts by alternate 408 

splicing and promoter usage: PPARγ 1, PPARγ 2 and PPARγ 3.  However, up to seven 409 

transcripts for PPAR were more recently described in human [107].  The translation of 410 

human PPARγ 1, PPARγ 3 and PPARγ 4 lead to an identical protein [108], whereas 411 

PPARγ 2 has 30 additional amino acids in the N-terminal region due to the translation of an 412 

additional exon [109].  Interestingly, this additional exon is affected by a common 413 

polymorphism (Pro12Ala) and might be associated with type 2 diabetes [110] and the 414 

polycystic ovary syndrome [111].  The general structure of PPARs genes revealed a 415 

conserved genomic organisation of six coding exons that probably derive from a common 416 

ancestor [108, 109, 112, 113].  PPARs are proteins of 49 - 56 kDa that contain multiple 417 

structural and functional domains, which are common to most nuclear receptors [114, 115].  418 

PPARs consist of four main domains coded by six exons.  The N-terminal A/B domain is the 419 

least conserved among the nuclear receptors and contains a ligand-independent transactivation 420 

domain called activation function 1 (AF-1).  This domain was shown to interact with 421 

cofactors and contain conserved Map-kinase phosphorylation serine sites.  The highly 422 

conserved C domain contains the DNA binding domain (DBD) that fold into two zinc fingers.  423 

The DBD is responsible for the recognition of the core hexanucleotide motif AGGTCA. DNA 424 

binding of PPAR to its response element PPRE (PPAR response element) requires obligatory 425 

heterodimerization with another nuclear receptor, the retinoid X receptor (RXR).  PPRE 426 

consists of two copies of the core motif organized as a direct repeat spaced by one nucleotide 427 

(DR-1) [116] and a 5' -extension A(A/T)CT.  Thus, PPAR/RXR heterodimer recognizes 428 

response elements (PPRE) exhibiting the following consensus sequence 5' -A(A/T)CT  429 

(A/G)GGNCA A AG(G/T) TCA-3'.  The D or hinge domain linking the DBD to the ligand 430 

binding domain (LBD) is highly conserved and may be involved in nuclear localisation [117].  431 
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It interacts with regulatory proteins [118] and contains consensus PKC phosphorylation sites 432 

[119].  The C-terminal E/F domain or LBD contains a large hydrophobic pocket that can bind 433 

a broad range of lipophilic  ligands and a ligand-dependent transactivation function (AF-2). 434 

This region also includes dimerization interfaces and is involved in interaction with RXR, its 435 

obligate heterodimerization partner [120].  The D and E/F regions of PPARα and PPARβ / 436 

were also described to interact with heat shock protein 90 and to modulate their activity [121]. 437 

 438 

The mechanisms of action of PPARs 439 

RXR natural ligand is 9-cis retinoic acid, whereas PPARs are receptors for various 440 

endogenous small lipophilic molecules such as medium and long-chain fatty acids and 441 

eicosanoids.  Some long chain polyunsaturated fatty acids including linoleic acid, linolenic 442 

acid and arachidonic acid were shown to bind to the three PPAR isotypes in the mM range 443 

[122, 123].  Natural oxidized lipids were identified as more selective ligands.  Eicosanoids 444 

such as 8(S)-hydroxy-eicosatetraenoic acid (HETE) and leukotriene B4 [123, 124] were 445 

shown to be PPARα ligands, whereas prostacyclin [125] and 15-deoxy-∆12,14 prostaglandin 446 

J2 [123, 126] were identified as specific ligands of PPAR and PPARγ, respectively.  447 

PPAR/RXR heterodimers can be activated by either selective RXR (9-cis retinoic acid) or 448 

PPAR ligands, the combination resulting in an additive or synergistic effect.  PPAR is 449 

bound and activated by natural ligands such as eicosanoids, fatty acids and oxidized low-450 

density lipoprotein compounds. 15deoxy-PGJ2 is considered as a potent natural PPAR 451 

agonist [123, 126].  Oxidized metabolites of linoleic acid such as 9- and 13-hydroxy-452 

octadedienoic acid (HODE) are found in oxidized low-density lipoproteins and were 453 

identified as PPARγ specific ligands [127].  However, the physiological relevance of these 454 

natural ligands remains unclear because of their relatively weak affinity (in the 455 

submicromolar to the micromolar range) and because their intracellular concentrations cannot 456 
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be accurately measured.  Hexadecyl azelaoyl phosphatidylcholine, an abundant oxidatively 457 

fragmented alkyl phospholipid present in oxidized LDL, was identified as a high affinity 458 

ligand and agonist for PPARγ with a Kd of about 40 nM [128].  In addition, synthetic agonists 459 

of PPAR have been developed.  The thiazolidinedione class of drugs, including rosiglitazone 460 

or BRL49653, were the first synthetic drugs showing a high selectivity for one PPAR isotype 461 

(PPARγ), with high affinity in the nanomolar range [129].  Thiazolidinediones are used in 462 

humans to treat non-insulin-dependent-diabetes mellitus because it was initially shown that 463 

they improve insulin sensitivity in both animals and in humans. 464 

 465 

The ability of nuclear receptors to initiate or suppress the transcription process is mediated 466 

through their interaction with negatively or positively acting cofactors.  Models for this 467 

nuclear receptor activation propose that in the absence of ligand they recruit co-repressors, 468 

while ligand binding results in conformational changes leading to the recruitment of co-469 

activators. co-repressor are part of the multiprotein complex containing histone deacetylase 470 

(HDAC) activity.  The deacetylated state of histones does not allow gene transcription.  471 

Ligand binding induces conformational change in the transactivation domain (AF-2) of the 472 

LBD resulting in local release of co-repressors and recruitment of co-activators via interaction 473 

with LXXLL-motifs present in the co-activators [130, 131]. 474 

 475 

Posttranslational regulation such as phosphorylation on serines located in the N-terminal A/B 476 

domain was shown to modulate transcription activity of PPARs but in the opposite way 477 

depending on the isotype.  Thus, insulin-induced phosphorylation of Ser12 and/or Ser21 [132, 478 

133] enhances transcriptional activity of PPARα, whereas phosphorylation of Ser 112 by 479 

ERKs and p38 MAP kinases decreases PPARγ2 transcriptional activity [134-136]. 480 

PPARγ, placental development and trophoblast differentiation (for review see [137, 138]) 481 
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In 1999, genetic studies performed in mice established that RXRs and PPAR are essential for 482 

placental development and vasculature.  Indeed, RXR-/- /RXR-/- conceptuses fail to develop 483 

a normal chorioallantoic placenta with a functional labyrinthine zone, resulting in 484 

compromised maternal-fetal exchanges and therefore in early embryonic death at embryonic 485 

day E9.5 [139].  Likewise, PPAR-/- conceptuses exhibited similar placental agenesis with 486 

defects in trophoblast differentiation and vascular processes [140, 141].  Unexpectedly, these 487 

studies demonstrated that PPAR/RXR heterodimers are essential for the formation of a 488 

functional placenta in mice.  More recently, fully viable PPARγ-null mice were obtained 489 

through specific and total epiblastic gene deletion, demonstrating that the placental defect is 490 

the unique cause of PPARγ-/- embryonic lethality [142]. 491 

 492 

In human placenta PPARγ is located in the nuclei of early and term villous trophoblast and in 493 

extravillous trophoblast from first trimester placentas [143-145].  Interestingly, PPARγ is 494 

abundantly and specifically expressed in the trophoblast [137, 146], whereas its obligate 495 

dimerization partner RXR is ubiquitously present, including trophoblasts, the mesenchymal 496 

core of the villi and decidual cells [146, 147].  PPAR is present in the villous trophoblast 497 

including mononucleated VCT and ST, and in the EVCT along their differentiation pathway, 498 

including proliferative and intermediate EVCT in the proximal and distal columns of the 499 

anchoring villi, invasive EVCT located in the decidua, endovascular and perivascular EVCT, 500 

and giant cells (for review see [137]).  Thus, these histological studies demonstrate that at the 501 

maternal fetal interface, PPAR/RXR heterodimers are exclusively located in the 502 

trophoblasts. 503 

 504 

Few studies have described the effect of PPAR activation on human trophoblast 505 

differentiation and invasion.  In term villous cytotrophoblasts, activation of PPAR by the 506 
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synthetic agonist troglitazone (a drug belonging to the thiazolidinedione) induces the 507 

formation of syncytiotrophoblast in vitro [148].  Interestingly, differentiation of 508 

mononucleated villous cytotrophoblasts into syncytiotrophoblast in vitro is accompanied by 509 

activation of PPARγ as demonstrated by accumulation of neutral lipids revealed by oil red O 510 

staining [149].  PPARγ stimulation of villous trophoblast differentiation is associated with 511 

increase in hCG expression and secretion [149].  In EVCT primary cultures obtained from 512 

first trimester chorionic villi as well as in the EVCT cell line (HIPEC), activation of 513 

PPAR/RXR heterodimers by either natural (15deoxy-prostaglandin J2, oxidized lipids, 514 

components from oxidized LDL) or synthetic (rosiglitazone) PPAR ligands markedly 515 

decreased the cell invasion and migration process in a concentration-dependent manner [146, 516 

150].  Activation of RXR by 9 cis retinoic acid has no effect by itself but increased PPAR-517 

induced inhibition of trophoblast invasiveness [146].  In contrast, incubation of EVCT with 518 

either PPAR or pan RXR antagonists promote cell invasion [146]. 519 

It has been recently shown that when infecting the trophoblasts, the cytomegalovirus (CMV) 520 

activates and uses trophoblastic PPAR for its own replication, thus upsetting some of the 521 

cellular mechanisms such as invasion and migration involved in the physiological process of 522 

anchoring the placenta to the uterine wall.  Because infection of the fetus is always preceded 523 

by infection of the placenta, the authors hypothesized that infection of the placenta by CMV 524 

might explain miscarriage or low birth weight observed in infected pregnant women [151]. 525 

 526 

PPARγ target genes in human trophoblasts and involvement in gestational diseases 527 

It was shown that like in other PPARγ target cells, PPARγ and its heterodimeric nuclear 528 

receptor partner RXRα regulate fatty acid uptake by trophoblast [152].  Analysis of PPARγ-529 

target genes in the human trophoblast led to the discovery of known and new factors involved 530 

in the regulation of human trophoblast invasion [153, 154].  Among those, the human 531 
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placental growth hormone (hPGH), the pregnancy-associated plasma protein A (PAPP-A) 532 

[155] and more recently the human chorionic gonadotropin hormone (hCG) [156, 157]. 533 

 534 

Human chorionic gonadotropin (hCG) is the major pregnancy glycoprotein hormone whose 535 

maternal concentration and glycan structure change all along pregnancy.  It is well established 536 

that hCG is secreted by the endocrine trophoblast (the syncytiotrophoblast) into the maternal 537 

compartment.  HCG also plays an essential role in trophoblast differentiation and stimulates 538 

in vitro the differentiation of cytotrophoblasts to syncytiotrophoblast by an autocrine and 539 

paracrine mechanism [158, 159].  It was reported in situ and in vitro that invasive EVCT also 540 

produce and secrete hCG suggesting an autocrine/paracrine role at the implantation site [157].  541 

Surprisingly, secretion of hCG as well as expression of  and  transcripts was inversely 542 

regulated by PPARγ in endocrine villous and invasive extravillous cytotrophoblasts primary 543 

cultures from first trimester placentas [156].  In primary villous trophoblast PPARγ activation 544 

increases hCG production at first [156] and third trimester [149, 160], whereas in primary 545 

EVCT, hCG was decreased [156].  Furthermore, hCG from invasive EVCT stimulated the 546 

trophoblastic cell invasion process as assayed using Matrigel-coated transwell inserts, 547 

whereas hCG from the syncytiotrophoblast had no effect.  These results offer evidence that 548 

glycoforms of hCG secreted in vitro by the invasive EVCT, but not by the 549 

syncytiotrophoblast, promotes trophoblast invasion and may participate as a PPAR-target 550 

gene to the control of the trophoblastic cell invasion process in an autocrine manner [161].  551 

Recently, we have demonstrated that invasive EVCT and endovascular EVCT in particular 552 

produced a hyperglycosylated form of hCG (hCG-H, the one produced by the 553 

choriocarcinoma JEG-3) that was able to promote cell invasion through a LH/CG receptor 554 

independent pathway.  Moreover, this hyperglycosylated hCG was found in maternal serum 555 

from early pregnancy and might therefore provide a good serum marker of physiological early 556 
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placentation process such as human trophoblast invasion [162]. 557 

 558 

Despite the key role of PPARs in trophoblast differentiation and function, few studies have 559 

been conducted in pregnancy diseases and results are difficult to interpret probably because 560 

gestational diseases are highly heterogeneous (for review see [163-165]).  PPAR 561 

immunostaining is reduced in trophoblastic diseases such as hydatidiform moles and 562 

choriocarcinoma [166], whereas Toth et al. (2008) [167] observed increased expression of 563 

PPARβ/δ and PPARγ in hydatidiform mole.  An increased PPAR labeling was reported in 564 

EVCT from miscarriage patients [168].  No modification of PPARβ/δ, PPARγ and RXR 565 

expression studied by immunohistochemistry is observed in placentas from pregnancies 566 

associated with FGR and preeclampsia (PE) [169].  Similarly, it was recently reported that 567 

PPARγ and RXR mRNA and protein levels remain unchanged in PE [170].  In contrast, 568 

these authors found increases in PPARγ and RXR RNA and protein expression when PE 569 

was associated with FGR. Moreover, higher PPARγ DNA binding activity was observed in 570 

placental tissues from FGR with or without PE.  Gestational diabetes mellitus, was in contrast 571 

associated with lower placental PPARγ expression [170, 171].  Recently, a novel missense 572 

heterozygous mutation of PPARγ was identified during pregnancy in a young diabetic woman 573 

with a familial partial lipodystrophy type 3 (FPLD3).  She prematurely delivered a baby who 574 

died 24 hours later.  Histopathological analysis revealed important placental vascular 575 

abnormalities.  The incidence of the PPARγ mutation in placental development remained to 576 

be determined [172]. 577 

 578 

All together, these data underscore a major role for PPAR and its target genes such as hCG, 579 

in the control of human cytotrophoblast differentiation and the pathophysiology of certain 580 

gestational diseases. 581 
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Conclusions and future directions 582 

Our current understanding of how homeobox genes regulate trophoblast functions reveals that 583 

important aspects of transcriptional regulation are conserved between the extraembryonic 584 

placenta and embryonic morphogenetic and differentiation events.  The strategy we have 585 

employed has resulted in the identification of homeobox genes, which are expressed in 586 

normal placental development and that show altered expression in FGR.  Functional assays 587 

following target gene inactivation in cultured cells reveal that homeobox genes control 588 

important trophoblast properties.  The discovery of targets of homeobox genes has revealed 589 

down-stream transcription factors, and biological pathways, not previously implicated in 590 

FGR.  In future, target genes, and genes within novel biological pathways, will be further 591 

assessed for their potential use in the early detection and diagnosis of FGR. 592 
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Figure legends 603 

 604 

Figure 1: Role of DLX3, PPAR and its target gene hCG in the differentiation of human 605 

cytotrophoblasts along the endocrine villous or the invasive extravillous pathways. 606 

This scheme describes how DLX3 and PPARγ may control trophoblast invasion and 607 

syncytiotrophoblast formation through the control of hCG gene expression.  hCG stimulates 608 

ST formation, whereas hCG-H, mainly produced by the invasive EVCT, promotes 609 

trophoblastic cell invasion. 610 

 611 

Figure 2: Role of homeobox genes in human placental development. 612 

This flowchart depicts how the regulation of homeobox gene expression by growth factors 613 

and cytokines controls basic cellular functions such as proliferation, migration, invasion, 614 

differentiation and apoptosis of placental cells.  In fetal growth restriction-affected 615 

pregnancies, differential expression of homeobox genes could cause abnormal trophoblast 616 

function that is characteristic of FGR with placental insufficiency. 617 

618 
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