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Abstract

Human idiopathic fetal growth restriction (FGR) is associated with placental
insufficiency. Previously, we reported that the expression of homeobox gene Distal-
less 3 (DLX3) is increased in idiopathic FGR placentae and is a regulator of villous
trophoblast differentiation. Here, we identify the downstream targets of DLX3 in
trophoblast-derived cell lines. We modelled the high levels of DLX3 in FGR using an
over-expression plasmid construct and complemented this using short-interference
RNA (siRNA) for inactivation in cultured cells. Using a real-time PCR-based gene
profiling, candidate target genes of DLX3 over-expression and inactivation were
identified as regulators of trophoblast differentiation; GATA2 and PPARy. The
expression of GATA2 and PPARy were further assessed in placental tissues and
showed increased mMRNA and protein‘levels in FGR-affected tissues compared with
gestation-matched controls. We conclude that DLX3 orchestrates the expression of
multiple regulators of trophoblast differentiation and that expression of these

regulatory genes is abnormal in FGR.

Key words: Homeobox genes, human placenta, trophoblast, fetal growth.
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Introduction

Fetal growth restriction (FGR), also known as intrauterine growth restriction (IUGR),
is a failure of the fetus to reach its full growth potential compared to that expected for
its gestation age. FGR is commonly defined as a birth weight less than the 10th
percentile for gestation, together with evidence of fetal health compromise such as
oligohydromnios and asymmetric fetal growth involving an increased head to
abdominal circumference ratio, as well as evidence of placental pathology (Brodsky
and Christou, 2004; Kingdom et al., 2000; Lee et al., 2003). Evidence of such
underlying pathology allows clinicians to discriminate between FGR and healthy
small for gestation age (SGA) babies that are otherwise normal. FGR is associated
with an increased risk of perinatal complications such as prematurity (Gardosi,
1998), stillbirth (Cnattingius and Taube, 1998; Froen et al., 2004; Gardosi et al.,
1998), neonatal morbidity (Mclintire et al., 1999) and mortality (Mclintire et al., 1999).
While about 30% of FGR cases can be accounted for by obvious maternal, fetal and

placental causes, the remaining 70% are classified as idiopathic.

The characteristics of placental dysfunction in idiopathic FGR include a decreased
supply of oxygen to the fetus as well as reduced transfer of nutrients and growth factors
to the fetus (Gagnon, 2003; Ghidini, 1996; Godfrey and Barker, 2000). The long-term
consequences of FGR can extend well into adulthood (Godfrey and Barker, 2000)
and are associated with an increased risk of chronic health disorders such as
cardiovascular disease and diabetes (Godfrey and Barker, 2001), asthma
(Steffensen et al., 2000), psychiatric disorders such as schizophrenia (Rosso et al.,
2000), depression (Gale and Martyn, 2004), decreased intelligence quotient and

intellectual developmental delay (Frisk et al., 2002).
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Histopathology studies show that idiopathic FGR-affected placentae are typically smaller
than gestation-matched controls suggesting that aberrant placental development may
be an important contributing factor to FGR (Battistelli et al., 2004; Chen et al., 2002;
Salafia et al., 2006). Epidemiological studies have proposed a possible role for
genetic and familial factors in human idiopathic FGR (Devriendt, 2000; Ghezzi et al.,
2003). Gene expression during normal placental development must be regulated at the
transcriptional level to ensure the correct spatial and temporal formation of tissues as

well as the production of essential hormones.

Transcriptional regulation of placental development is well documented in mouse
knockout studies where targeted disruption of specific transcription factors has
demonstrated FGR-like effects including impaired vascular and trophoblast
development and placental insufficiency (Cross, 2003; Hemberger and Cross, 2001;
Rossant and Cross, 2001; Sapin et al., 2001). Our previous work demonstrated that
the expression of the homeobox gene Distal-less 3 (DLX3) is localised to the
syncytiotrophoblast of both first trimester and term placentae (Chui et al., 2010). We
also showed that DLX3 is a regulator of villous cytotrophoblast differentiation (Chui
et al., 2011a), and that the expression of DLX3 is significantly increased in human
idiopathic FGR (Chui et al., 2011b), suggesting DLX3 may regulate important
differentiation pathways during placental development. In DIx3 knockout mice, the
embryo dies at E9.5 due to placental and vascular defects (Morasso et al., 1999).
Two downstream interrelated gene networks are strongly implicated by the loss of
DIx3 in the mouse knockout model: the cell to cell signalling gene network such as,
PGF, EGFR, protein kinase C, and MMP9, and the haemoglobin gene network (Han

et al., 2007). The discovery of these target genes of DIx3 is consistent with a role for
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DIx3 in supporting an emerging placenta labyrinth (Han et al., 2007; Morasso et al.,
1999; Roberson et al., 2001). However, investigations into the downstream target

genes of DLX3 in the human placenta have not been carried out.

In recent years, many downstream targets have been identified for various
homeobox genes. For example, in the central nervous system, cell adhesion
molecules and signalling molecules have been identified as candidate target genes
of the HOX family of homeobox genes (Foronda et al., 2008). As a result, this
information was used to determine a role for these targets in processes such as cell
migration and differentiation (Akin and Nazarali, 2005). Since target genes seem to
have important regulatory roles in basic cellular functions such as differentiation, the
identification of downstream targets of DLX3 in trophoblast cells may reveal the
pathways responsible for important placental cell functions that are abnormal in

idiopathic FGR.

We hypothesised therefore that downstream target genes of DLX3 would be involved
in villous cytotrophoblast differentiation and that they would be significantly altered in
human ' idiopathic FGR pregnancies compared with uncomplicated control
pregnancies. Since homeobox genes regulate and control the expression and
function of many different downstream transcription factors, in this study we
employed a commercially available human Transcription Factor PCR array. This type
of pathway-based array was chosen in preference to a whole genome microarray
since the panel of transcriptions factors was chosen for their known importance in
regulating developmental pathways. We have previously used the same strategy and

identified cell-cycle control genes as target genes of homeobox gene HLX in
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trophoblasts (Rajaraman et al., 2010). A further advantage is that the measurement
of mMRNA levels is carried out by real-time polymerase chain reaction (PCR)
technology. We used the well-characterised trophoblast-derived BeWo cell line to
model villous trophoblast differentiation into syncytiotrophoblast in vitro. DLX3 mRNA
levels were increased with a DLX3 cDNA plasmid over-expression construct or
decreased in BeWo cells using two independent DLX3-specific SiRNA
oligonucleotides. PCR array-determined mRNA levels were compared between
plasmid/siRNA treated cells and control cells. Target genes identified as a result of
DLX3 plasmid over-expression or siRNA inactivation were prioritised based on the
fold change in expression in MRNA levels determined by real-time PCR, whether
MRNA levels changed in a complementary fashion when DLX3 was SiRNA-
inactivated or over-expressed, and whether the target gene had a role in cellular
differentiation with published evidence identified from the literature. Prioritised DLX3
target gene expression levels were then assessed by real-time PCR using
independent validated probes or by Western immunoblotting in both the treated

BeWo cells and in idiopathic FGR-affected placentae compared to controls.

Materials and Methods:

Patient details and tissue sampling

Placentae from pregnancies complicated by idiopathic FGR (total of n=25) and
gestation-matched controls (total of n=25) were collected with informed patient
consent and approval from the Human Research and Ethics Committees of the
Royal Women’s Hospital, Melbourne. Table 1 summarises the clinical features of the
FGR-affected pregnancies and controls employed in this study (Murthi et al., 2006b;

Murthi et al., 2006c; Rajaraman et al., 2010). The inclusion criteria for FGR cases
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are listed in Table 2. They have the basic inclusion criterion of a birth weight less
than the 10th centile for gestational age using Australian growth charts (Guaran et
al., 1994). To exclude small for gestation age (SGA) cases, which are otherwise
normal, the classification for idiopathic FGR cases required at least two of the
following additional criteria; abnormal umbilical artery Doppler flow velocimetry,
oligohydramnios as determined by amniotic fluid index (AFI) <7, or asymmetric
growth of the fetus as quantified from the HC (head circumference) to AC (abdominal
circumference) ratio (>1.2). Control patients were gestation-matched to FGR cases.
Pre-term control patients who presented in spontaneous idiopathic pre-term labour or
underwent elective delivery for conditions not associated with placental dysfunction
(for example, one patient included in this study delivered pre-term electively by
cesarean section for maternal breast cancer) were included to match for pre-term
FGR. The exclusion criteria for both control and FGR-affected cases were: multiple
pregnancies, chemical dependency, maternal smoking, pre-eclampsia, prolonged
rupture of the membranes, placental abruption, intrauterine viral infection, and fetal
congenital anomalies. Placental tissue samples were excised by dissection,
thoroughly washed in 0.9% phosphate buffered saline (PBS) to minimise blood

contamination, snap frozen and stored at —80° C.

Isolation of primary trophoblast cells

Informed patient consent for sampling was obtained from all donors of first trimester
pregnancy placental tissues and of term placentae, in accordance with the local
research and ethics committee of the Broussais Hospital (Paris, France). First-
trimester pregnancy placental tissues (n=8) were obtained at 8-12 weeks of

gestation following therapeutic terminations of pregnancy. Normal term placentae
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(n=8) were obtained from elective caesarean sections. First trimester villous
cytotrophoblasts (VCT) and term villous cytotrophoblasts (TVCT) were isolated and
characterised (data not shown) using cytokeratin 7 (CK7) and CD9 as described
previously (Handschuh et al., 2007; Tarrade et al., 2001a). Mononuclear VCT were
maintained in culture over 72h in DMEM and differentiated in <vitro into
syncytiotrophoblast.  Both first trimester and term VCT culture media were

supplemented with 10% FCS and 100U/ml penicillin and 100ug/ml streptomycin.

Cell lines

The choriocarcinoma-derived BeWo cell line was a kind gift from Dr. Stephen
Rogerson (Department of Medicine, University of Melbourne). BeWo cells were
grown in RPMI-1640, supplemented with 10% FCS, 200U/ml penicillin and 200ug/mi

streptomycin.

Over-expression of DLX3 by plasmid transfection

A human cDNA pCMV6-XL4 vector clone of the homeobox gene DLX3 (catalogue
number: SC116854) was purchased together with TurboFectin 8.0 Transfection
Reagent (both from Origene Technologies, USA) and used to over-express DLX3 in
confluent cultures of BeWo cells. Experiments were carried out following the
manufacturer’s instructions. Briefly, BeWo cells were seeded at a density of 2 x 10°
cells/well in 6-well plates and maintained in culture with DLX3 cDNA plasmid (1ug/ul)
in TurboFectin 8.0 transfection reagent (cDNA plasmid:TurboFection 8.0, 1:3) for
48h. A vector or no cDNA insert is used as a control. Validation of successful over-
expression at both the mRNA and protein level was performed as described

previously (Chui et al., 2011a).
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Down-regulation of DLX3 expression by siRNA

Two independent DLX3 siRNA oligonucleotides were designed and obtained as “4-
For-Silencing siRNA Duplexes”™ (Qiagen, Australia). The siRNA sequences used
were as follows: Hs DLX3_3 HP siRNA (Catalogue number: SI00073962) and
Hs DLX3 4 HP siRNA (Catalogue number: SI00073969). The DLX3 sSIRNAs
showed no significant DNA sequence similarity to other genes in GenBank cDNA
databases (data not shown). Validation of siRNA inactivation at both the mRNA and

protein level was performed as previously described (Chui et al., 2011b).

BeWo cells were grown in supplemented media (2 x 10° cells/well in 6-well plates
and 5 x 10 cells/well in 24-well plates) and transfected with individual DLX3 siRNAs
using RNAIFect transfection reagent (Qiagen, Australia). Negative control (NC)
siRNAs consisted of a pool of enzyme-generated siRNA oligonucleotides of 15-19
base pairs in length that were not specific for any known human gene (AllStars Neg.

siRNA AF 488, Qiagen, Australia) and showed no sequence similarity to DLX3.

RNA extraction and cDNA preparation

RNA was extracted from placentae obtained from FGR-affected and gestation-
matched control pregnancies; and from cultured BeWo cells using Qiagen RNeasy
Midi-kits and the Qiagen RNeasy Micro-kits (Qiagen, Australia) respectively, as
described previously (Murthi et al., 2006a; Murthi et al., 2006c). Spectrophotometric
analysis and gel electrophoresis was used to determine the yield, purity and integrity
of the RNA. RNA was reverse-transcribed using Superscript 1l ribonuclease H-
reverse transcriptase (Invitrogen, Australia) and cDNA was prepared in a two-step

reaction using 2ug of RNA as described previously.
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cDNA synthesis for PCR Array

The RT? First Strand kit was used to perform first strand synthesis of cDNA for RT? —
profiler PCR array, according to the manufacturer’s instructions. Briefly, a mastermix
containing 10ul of RT cocktail mix (containing RT buffer, primer, external control mix
and RT enzyme mix) and 10ul of genomic DNA elimination mixture (containing 1ug
RNA, genomic DNA elimination buffer and RNase-free water) was heated at 42°C for
15 minutes. RNA degradation and reverse transcriptase inactivation was performed

by heating samples at 95°C for 5 minutes in a GeneAmp® PCR system 9700.

PCR Array

The “Transcription Factors” RT? profiler PCR array (SABiosciences, Australia) for
gene profiling was used to identify the downstream target genes of DLX3 and the
methodology was carried out according to the manufacturer’s instructions. Briefly,
cDNA prepared with the RT? First Strand kit was added to a mastermix which
contains the fluorescent SYBR green/ROX dye. Equal amounts of this mastermix
were distributed ‘evenly to a 96-well pre-prepared plate that contained 84 gene-
specific primer sets and each plate contained a panel of five housekeeping gene
primers for normalisation. These housekeeping genes consisted of 3-2-microglobulin
(B2M), Hypoxanthine phosphoribosyltansferase 1 (HPRT1), Ribosomal protein L13a
(RPL13A), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and [-actin
(ACTB). Additional controls such as the no added reverse transcriptase (no reverse
transcriptase enzyme) and the no added template (no cDNA) were included in each
plate. The PCR reaction was performed on an ABI Prism 7500 Sequence Detector
under these cycling parameters: 95°C for 10 minutes, followed by 40 cycles of

denaturation at 95°C for 15 minutes and primer extension at 60°C for 1 minute. Data
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(Cvalues) were analysed using the ABI Sequence Detector System software version
2.0 and the relative gene expression values, or fold changes, were calculated
according to the manufacturer’s protocols. Briefly, to calculate the fold changes,
values from the control (Vector or NC siRNA) and treated plates (DLX3-plasmid

2°28CT hormalised to

construct treated or DLX3-siRNA treated) were calculated as
the average C; value of the five housekeeping genes. Fold changes >1 were
considered fold increases, and for fold changes < 1, the negative inverse of the result

was reported as fold decreases.

Candidate target genes identified as a result of DLX3 plasmid over expression or
DLX3 siRNA inactivation, were prioritised based on the fold change in expression in
MRNA levels determined by real-time'PCR (> 10 fold increase or decrease). Priority
was given when a potential role for the target gene in cellular differentiation could be

identified from the literature:

Real-Time PCR

Validation of candidate DLX3 target gene mRNA expression in cell lines and tissues
was performed in an ABI Prism 7500 (Perkin-Elmer-Applied Biosystems, Australia)
as described previously (Murthi et al., 2006a; Murthi et al., 2006c). Real-time PCR
was performed using inventoried assays that consisted of a mix of PCR primers and
a TagMan FAM labeled MGB probe (GATA2 Hs00231119 ml and PPARy
Hs01115512 m1, Applied Biosystems, Australia). Gene expression quantification for
the housekeeping genes GAPDH or 18S rRNA (Applied Biosystems, Australia) was
performed in the same well. Levels of gene expression relative to GAPDH or 18S

rRNA was calculated according to the 2**°T method (Livak and Schmittgen, 2001).
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Western Immunoblotting

Immunoblotting was performed using 25ug total protein per well which was
electrophoresed under non-reducing conditions by 10% PAGE/0.1% SDS in running
buffer (250mM Tris, 1.92mM Glycine, 0.1% SDS) for approximately 1 hour at 150V.
The resulting gel was electrically transferred to a nitrocellulose membrane-at 75 volts
for 1 hour in cold transfer buffer (225mM Tris-HCL, 192mM glycine and 20%
methanol). The membrane was blocked with 5% skim milk/TBS for 1 hour at room
temperature, and washed in 1 x TBS (0.14M NacCl, 2.7 mM KCL, 0.025M Tris-HCL
pH 7.4). The membranes were incubated with GATA2 (0.5ug/ml) and PPARy
(0.5pg/ml) (all from Santa Cruz Biotechonology, INC., USA) antibodies overnight at
4°C. The following day, the membrane was incubated in species specific secondary
antibody conjugated to peroxidise (HRP) at a concentration of 1.5ug/ml in 2% skim
milk/ TBS for 1 hour at room temperature. Immunoreactive protein was detected
using the ECL-Western Chemiluminescence Detection kit (GE Healthcare, Australia)
according to the manufacturer’s instructions. The resulting immunoreactive protein
was normalised to GAPDH. The specificity of the antibodies was determined by

omission of the primary antibody.

Data analysis

All data presented in this study are expressed as mean + SEM, unless otherwise
stated. The Student's t-test was used to determine the significance of any
differences between groups. A probability value of p<0.05 was considered

significant.
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Results

Identification of DLX3 downstream target genes

Cultured BeWo cells were transfected with a plasmid over-expression construct for
DLX3 mRNA and protein over-expression (Chui et al., 201l1a). The human
“Transcription Factors” PCR array was used to identify potential downstream target
genes of DLX3. The relative mRNA expression of the 84 genes after DLX3 mRNA
and protein over-expression is shown in Fig 1. The Y-axis represents the fold change
for each of the 84 genes normalised to the average expression of the five

housekeeping genes included in the array (B2M, HX, R13, GAPDH and B-actin).

In addition, to eliminate possible off-target effects of plasmid over-expression, BeWo
wells independently treated with either an NC control, SiRNA1 or siRNA2
oligonucleotides (Chui et al., 2011b). The fold change for each of the 84 genes after
DLX3 mRNA and protein inactivation, normalised to the five housekeeping genes, is
shown in Fig 2. For bath figures, genes that had an expression level above the one-
fold red line, was classified as a fold increase. Conversely, genes that had an
expression level below the one-fold red line was classified as a fold decrease in
gene expression. Additionally, for ease of graphical presentation, the fold differences

of the genes were divided by 10 or 100 depending on their values.

Several criteria were used for prioritising the 84 genes. The first and most important
criterion for prioritisation was published evidence for a role in cellular differentiation
from the literature. The second criterion was that mRNA levels had to be either
increased or decreased with plasmid over-expression or siRNA inactivation by at

least 10 fold. In Fig 3, the relative up- or down-regulation values of the candidate
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genes were obtained using a calculation template on the manufacturer’s website and
calculated by: 1/-fold difference obtained from the PCR array (SABiosciences,
Australia). Fig 3a shows the prioritised candidate downstream target genes of DLX3
plasmid over-expression treated PCR array and revealed that the gene GATA2
(GATA binding protein 2) showed a positive fold change of approximately 45 and
PPARYy (Peroxisome Proliferator-Activated Receptors y) with a negative fold change
of approximately 500. The siRNA-treated PCR array (Fig 3b) showed GATA2 with no
fold change, whereas PPARy showed a positive fold change of approximately 170.
We prioritised the genes GATA2 and PPARYy because these genes are shown to be
important and involved in many cellular processes including differentiation in during

placental development (Ma et al., 1997; Tarrade et al., 2001b).

Validation of DLX3 candidate genes in cultured BeWo

The prioritised candidate genes from the PCR array were validated independently in
cultured BeWo cells treated with either plasmid over-expression construct or DLX3
siRNA1/siRNA2, and the appropriate NC or vector controls, as shown in Fig 4. Fig
4a shows the validation results in BeWo cells transfected with a vector control or a
plasmid construct for over-expression of DLX3. The independent validation showed
consistent results with the PCR array where the relative mRNA level of GATA2 (n=3,
p<0.005) was significantly increased compared with the vector controls. Conversely,
the relative mRNA level of PPARy (n=3, p<0.005) was decreased compared with the
vector control. Fig 4b shows the validation results when DLX3 mRNA was
inactivated in BeWo cells by transfection with NC control, SIRNA1 or siRNA2. The
relative mRNA level of GATA2 (n=3, p<0.05) was significantly decreased when

compared with the NC control. Conversely, the relative mRNA level of PPARy (n=3,
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p<0.05) was significantly increased compared with the NC control. The validation

showed consistent results with the PCR array.

Relative mRNA levels of DLX3 target genes in primary villous cytotrophoblast
cells

Primary villous cytotrophoblast cells from first trimester and term were- isolated and
cultured for 72 hours. After 72 hours, the villous cytotrophoblast cells have
differentiated and fused to become the syncytiotrophoblast. RNA was extracted and
cDNA was subsequently prepared. Real-time PCR was used to determine the basal
MRNA expression level for GATA2 and PPARYy relative to the housekeeping gene
18S rRNA. Fig 5 shows the presence of mMRNA expression for GATA2 (panel a), and
PPARy (panel b) in all primary villous cytotrophoblast cells isolated from first

trimester and term placentae.

Relative mRNA expression of DLX3 target genes in idiopathic FGR-affected
placentae

The relative mRNA levels of DLX3 candidate target genes were determined in FGR-
affected placentae compared with gestation matched controls. Fig 6a shows that in
idiopathic FGR, the mRNA level of GATA2 (n=25, p<0.005) was significantly
increased compared with control. The relative mRNA level of PPARy was also
significantly increased when compared with controls (n=25, p<0.005). However,
MRNA expression for both GATA2 and PPARy was not different according to labour

status and mode of delivery (data not shown).
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Protein level of GATA2 AND PPARy in human idiopathic FGR-affected
placentae

GATA2 and PPARy were further assessed at the protein level by western
immunoblotting. Fig 6b shows a representative immunoblot result for GATA2 (upper
panel) and PPARy (middle panel). The expected size of 50kDa for GATA2 and
65kDa for PPARy were observed. The housekeeping protein GAPDH (lower panel)
shows a constant protein load between all samples. Panel ¢ shows the densitometric
protein expression of the genes in idiopathic FGR-affected placentae compared with
controls, relative to the housekeeping protein GAPDH. The protein expression of
GATA2 was significantly increased by approximately 20% in idiopathic FGR-affected
placentae compared with controls (n=6, p<0.05). Similarly the relative protein
expression of PPARy (n=6, p<0.05) ‘was also significantly increased in idiopathic
FGR-affected placentae compared with the controls. These results followed similar

trends to the observed mRNA levels.

Discussion

Transcription factors that are involved in cellular regulatory functions in many
systems also play important roles in placental development (Hemberger and Cross,
2001). This study shows for the first time that altering the expression of DLX3 results
in significant changes in the mMRNA and protein expression of important downstream

target transcription factors required for trophoblast development.

FGR is a clinically significant pregnancy disorder, which compromises fetal health in
the short and long term. Idiopathic FGR is frequently associated with utero-placental

insufficiency. The molecular mechanism of idiopathic FGR is poorly understood. Our



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

17

previous studies have shown that the expression of DLX3 was increased in
idiopathic FGR-affected human placentae compared with gestation-matched controls
(Chui et al., 2011b) and that over-expression or inactivation of DLX3 resulted in
increased or decreased BeWo cell differentiation, respectively (Chui et al., 2011a;
Chui et al., 2011b). The results from this study show that over-expression of DLX3
resulted in a positive fold change for GATA2, whereas PPARy showed a negative
fold change for both mRNA and protein expression. Conversely, inactivation of DLX3
by siRNA resulted in a negative fold change for GATA2 and a positive fold change
for PPARy. These candidate target genes were then further validated by both
plasmid over-expression and siRNA inactivation in the BeWo cell line by
independent real-time PCR probes and showed consistent increase or decrease in
MRNA expression compared with the PCR array. In order to determine the
expression of the candidate genes in idiopathic FGR placental tissue, we showed
that the mRNA expression of all the target genes were present in cultured primary
villous trophoblasts. Then we validated the mRNA and protein expression of the
candidate transcription factors in idiopathic FGR-affected placentae compared with
gestation-matched controls. Thus, our study demonstrated that DLX3 is directly or
indirectly necessary for mRNA and protein expression of transcription factors

required for trophoblast development.

The GATA family of transcription factors is responsible for coordinating the
transcription of a set of genes in murine placental giant cells, which are thought to be
functionally equivalent to extravillous cytotrophoblast cells of the human placenta.
This set of genes may be important in trophoblast giant cell differentiation (Ma et al.,

1997). In particular, GATAZ2 regulates and determines the tissue localisation of
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factors required for trophoblast differentiation (Cheng and Handwerger, 2005; Cheng
et al., 2004; Ma et al., 1997; Ng et al., 1994). In addition, GATA family members
regulate steroidogenic genes such as 3B-HSD (Lavoie and King, 2009), which is
suggestive of its role in trophoblast differentiation. In the mouse model, targeted
deletion of Gata2 resulted in embryonic death at E9.5 in most cases, but those pups

that survived showed a growth restricted phenotype (Ng et al., 1994).

In this study, we have observed a significant increase in GATA2 mRNA and protein
levels in idiopathic FGR-affected placentae compared with controls. We further
assessed whether there are potential DLX3 binding sites in the regulatory regions of
GATAZ2 gene. A 5 out of 8 nucleotide exact match (shown by underlining) with the
consensus DLX3 binding site 5-ATAATTAC-3’ was found in the genomic DNA within
the 5’UTR promoter region of GATA2, at a position 351 nucleotides upstream of
exon 1 (Accession Number NM_032638). The matching nucleotides included the

highly conserved 5’-TAAT-3’ core binding site for homeodomain proteins.

Increased  GATA2 expression may result in increased villous cytotrophoblast
differentiation. This increase may, in turn, result in a higher rate of fusion and form a
syncytiotrophoblast layer that may not have time to shed into the maternal
circulation, affecting the regenerative nature of this layer. Therefore, it is suggested
that in order to compensate for this in the idiopathic FGR-affected placenta,

increased apoptosis of villous cytotrophoblast cells occur (Huppertz et al., 2006).

The PPARs (Peroxisome Proliferator-Activated Receptors) are ligand-inducible

transcription factors that belong to the nuclear hormone receptor superfamily (Ogata
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et al., 2002). The PPARs have been implicated in many normal and disease-related
biological processes relevant to the heart and vasculature, insulin sensitivity,
adipogenesis and in placental function (Chawla et al., 2001). In the first trimester
human placenta, PPARYy is expressed in the villous cytotrophoblast and invading
extravillous trophoblast cells (Schaiff et al., 2006). In the second trimester, PPARy
expression is present in the columns of the anchoring villi (Schaiff et al., 2006). In the
third trimester, PPARy is localised to the syncytiotrophoblast and the villous
cytotrophoblast cells (Schaiff et al., 2006). PPARYy is involved in the invasion
pathway during human placental development (Fournier et al., 2007; Fournier et al.,
2008) and is also important for regulating the levels of B-hCG, human placental
lactogen, placental growth hormone and leptin (Tarrade et al., 2001b), suggestive of
its important role in villous cytotrophoblast differentiation. Recently, we have
demonstrated co-localisation of DLX3 and PPARYy in differentiating trophoblasts
suggesting a possible regulatory role for DLX3 and PPARy in bovine placental

development (Degrelle et al., 2011).

In this study, the relative expression of PPARy was decreased in both the PCR array
and validation studies in BeWo cells. However, the relative expression of PPARy
was significantly increased in FGR-affected placentae compared with controls, which
is consistent with another study (Holdsworth-Carson et al., 2010). Rodie et al (Rodie
et al., 2005) have reported the localisation of PPARy within isolated stromal and
endothelial cells in FGR-affected placentae. Therefore, the inconsistency in
expression of PPARYy between cell culture and placental tissue may be due to using
isolated trophoblast cells and trophoblast derived cell lines compared with whole

placental tissue which consists of multiple cells types. This suggests that changes in
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MRNA and protein expression observed in FGR placentae reflect the total placental

PPARYy expression.

In conclusion, this study identified novel candidate downstream target genes of
DLX3 and showed that they are expressed in the human placenta. Furthermore, this
study showed that the candidate genes are significantly altered in human idiopathic
FGR and demonstrated the potential value of using in vitro models for studies into
the functional role/s of genes in the human placenta. The results from this study
support the hypothesis that downstream target genes of DLX3 may be involved in

the molecular mechanism underlying the pathogenesis human idiopathic FGR.
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Table 1 Clinical characteristics of samples used in this study

- _ Control Significance
Characteristics FGR (n=25) (n=25) (t-test)
Gestational age (Weeks) _
(Mean * SD) 34.446.5 35.8+6.6 p=0.25
Maternal Age _
(Mean = SD) 33.24¢5.7 31.9+6.5 p=0.4
Placental Weight (g) 409.3+110.3 | 525.0+148.2 p<0.005
(Mean + SD)

Parity (n)

Primiparous (n) 12 10 p=0.56
Multiparous (n) 13 15

Mode of Delivery

Vaginal Delivery (n) 10 6

Caesarean in labour (n) 3 5 0=0.35
Caesarean not in labour 12 17

(n)

New born characteristics

Male (n) 8 12

Female (n) 17 13 p=0.25
Birth weight(g) 2051.4+637.0 | 2603.8+857 p<0.05
(MeanzSD)

11-90% (n) 0 25

6-10% (n) 11 0

<3-5% centile (n) 14 0
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Table 2 Clinical criteria of the idiopathic FGR-affected pregnancies

Clinical Characteristics?

Number of samples

BW < 10™ centile (n/25)

Abnormal Umbilical Artery Doppler
velocimetry

25/25 100%

Elevated (n/25) 7125
Absent (n/25) 8/25
Reversed (n/25) 6/25
Not Recorded for Doppler velocimetry | 4/25
(n/25)

Asymmetric Growth

HC: AC >1.2 (n/25) 21/25
Not recorded for HC: AC (n/25) 4/25
Oligohydramnios

AFI<7 (n/25) 18/25
AFI >7 (n/25) 7125

29

a. All FGR-affected pregnancies included in this study met with the first criterion for

birth weight (BW) less than the 10" centile for gestation and at least two of the other

independent ultrasound selection criteria. 17/25 FGR-affected pregnancies met with

all three ultrasound selection criteria.
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Figure Legends

Fig 1 Identification of DLX3 downstream target genes after plasmid construct
over-expression of DLX3

BeWo cells were transfected with a plasmid over-expression construct for DLX3
over-expression; The RT? PCR Transcription Factors array was used for gene
profiling. Relative gene expression values or the fold change of each gene relative to
the vector control was calculated by normalisation to the housekeeping gene panel
(x-axis). The line shows the threshold value at 1. Values greater than 1 were termed

a fold increase and those less than 1 were considered a fold decrease.

Fig 2 Identification of DLX3 downstream target genes after DLX3 siRNA

RNA was extracted from BeWo cells transfected with DLX3 siRNA, transcribed into
first strand cDNA, and the RT? Profiler PCR Transcription Factors array performed
for gene profiling. Gene expression values (fold change above or below threshold
value of 1) were subsequently calculated for the DLX3 siRNA-treated plate, relative
to the NC control and normalised to the housekeeping gene panel (x-axis). The line
shows the threshold value at 1. Values greater than 1 were termed a fold increase

and those less than 1 were considered a fold decrease.

Fig 3 Prioritised candidate DLX3 downstream target genes

Candidate downstream target genes of DLX3 were prioritised according to
documented function in cell differentiation. Relative up- or down-regulation of the
prioritised genes were calculated using the PCR array template provided by

SABiIosciences (Australia), such that the inverse of the negative fold difference value
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from the PCR array generated a up- or down-regulation value for the gene of interest

(1/- fold difference).

a. The relative up- or down-regulation of the prioritised candidate downstream

targets of DLX3 after plasmid over-expression.

b. The relative up- or down-regulation of the prioritised candidate genes after SiRNA-

mediated DLX3 mRNA and protein inactivation.

Fig 4 Validation of candidate DLX3 downstream target genes in cultured BeWo
cells

a. cDNA from BeWo cells transfected with a plasmid over-expression construct for
DLX3 mRNA over-expression using pre-validated Tagman gene expression assays.
Relative quantification of ‘gene expression was normalised to the 18S rRNA
housekeeping gene, according to the 2"22°T method of Livak and Schmittgen (2001).
The vector control was used as the calibrator. * = Significance, p<0.005, n=3,
Student’s t-test. The Y-axis represents the gene expression relative to 18S rRNA.
The black bars represent BeWo cells treated with the vector control and the grey

bars represent BeWo cells treated with the DLX3 plasmid over-expression construct.

b. cDNA from BeWo cells transfected with NC control, sSiRNA 1 or siRNA 2 for DLX3
MRNA down-regulation using pre-validated Tagman gene expression assays. The
18S rRNA housekeeping gene was used for relative quantification according to the 2
-AACT

method of Livak and Schmittgen (2001). The NC control was used as the

calibrator. * = Significance, p<0.005, n=3, Student’s t-test. The Y-axis represents the
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gene expression relative to 18S rRNA. The black bars represent BeWo cells
transfected with the NC control, the grey bars represent cells transfected with siRNA

1 and the clear bars represent cells transfected with siRNA 2.

Fig 5 Basal mRNA levels of DLX3 candidate target genes in isolated primary
villous cytotrophoblast cells

Primary villous cytotrophoblast cells were isolated and cultured for 72 hours from first
trimester and term whole placentae. Real-time PCR for the basal mRNA levels of
GATA2 (panel a) and PPARYy (panel b) normalised to the housekeeping gene 18S
rRNA was performed according to the 22T method of Livak and Schmittgen (2001).
The Y-axis represents gene expression normalised to the housekeeping gene 18S

rRNA.

Fig 6 DLX3 candidate target gene expression in idiopathic FGR-affected
placentae

a. Real-time PCR for relative quantification of GATA2 and PPARy mRNA normalised
to the housekeeping gene GAPDH was performed in all FGR-affected placentae
(n=25) and gestation matched controls (n=25). Statistical data was analysed
according to the 22T method of Livak and Schmittgen (2001). * = Significance,
p<0.05, n=25, Student’s t-test. The Y-axis represents the gene expression
normalised to the housekeeping gene GAPDH. The X-axis represents the control
and idiopathic FGR-affected placentae groups. The black bars represent control

placentae and the grey bars represent idiopathic FGR-affected placentae.
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b. Protein was extracted from human idiopathic FGR-affected placentae (n=6) and
gestation matched controls (n=6). Immunoblotting was carried out using
commercially available GATA2, PPARy and GAPDH antibodies. Chemiluminescent
detection of GATA2 (50kDa), PPARYy (65kDa) and a representative GAPDH (38kDa)
are shown. Lanes 1-6 are control placental samples and lanes 7-12 ‘are FGR-
affected placental samples. Lane 13 is the primary antibody omitted negative

controls.

c. The percentage densitometric values of GATA2 and PPARy relative to each
individually paired GAPDH are shown. * = Significance, p<0.05, n=6, Student’s t-test.
The Y-axis represents the percentage densitometric values of the GATA2 and

PPARYy relative to GAPDH.
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