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A discordant twin gestation, in which one fetus is significantly growth restricted, compared to the other
normal twin, is a unique model that can be used to elucidate the mechanism(s) by which the intrauterine
environment affects fetal growth. In many model systems, placental transcription factor genes regulate fetal
growth. Transcription factors regulate growth through their activation or repression of downstream target
genes that mediate important cell functions. The objective of this study was to determine the expression of
the placental HLX homeobox gene transcription factor and its downstream target genes in dizygotic twins
with growth discordance. In this cross-sectional study, HLX and its downstream target genes’ retinoblastoma 1 (RB1) and cyclin kinase D (CDKN1C) expression levels were determined in placentae obtained from
dichorionic diamniotic twin pregnancies (n = 23) where one of the twins was growth restricted. Fetal growth
restriction (FGR) was defined as small for gestational age with abnormal umbilical artery Doppler indices
when compared with the normal control co-twin. Homeobox gene HLX expression was significantly decreased at both the mRNA and protein levels in FGR twin placentae compared with the normal control
co-twin placentae (p < .05). Downstream target genes CDKN1C and RB1 were also significantly decreased
and increased, respectively, at both the mRNA and protein levels in FGR twin placentae compared with
normal control co-twin placentae (p < .05). Together, these observations suggest an important association
between HLX transcription factor expression and abnormal human placental development in discordant
twin pregnancies.
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The regulation of fetal growth is multifactorial and complex. Normal fetal growth is determined by the genetically pre-determined growth potential, and further
modulated by maternal, fetal, placental, and environmental factors (Gardosi, 1993). Fetal growth restriction (FGR),
also known as intrauterine growth restriction (IUGR), is a
failure of the fetus to reach its full growth potential for its
gestational age. FGR is commonly defined as a birth weight
less than the 10th percentile for gestational age, together
with evidence of fetal health compromise such as oligohydramnios, asymmetric fetal growth involving an increased
head to abdominal circumference ratio, and abnormal umbilical artery Doppler velocimetry (Chen et al., 2002). FGR
is an adverse pregnancy outcome associated with significant
perinatal and pediatric morbidity and mortality, with an in-

creased risk of chronic disease later in adult life (Mongelli
& Gardosi, 2000).
The majority of cases of FGR are attributed to placental insufficiency, but the placental pathogenesis is poorly
understood. The causes of FGR are varied, but the majority of FGR cases are idiopathic and frequently associated
with abnormalities of placental function. Previous research
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has demonstrated an abnormal villous architecture in the
placentae of growth restricted fetuses (Chen et al., 2002).
Typically, the placentae in idiopathic FGR are smaller than
gestation age-matched control placentae. Clinical features
of idiopathic FGR pregnancies include abnormal umbilical artery Doppler velocimetry (Salafia et al., 1997). Together, these factors suggest a developmental cause for placental insufficiency in FGR (Jackson et al., 1995). Previous studies from our laboratory have shown that in idiopathic FGR-affected singleton pregnancies, there are significant changes in the gene expression for particular types
of placental transcription factors, called homeobox genes
(Chui et al., 2012; Murthi et al., 2006a, 2006b; Murthi, Said
et al., 2006; Pathirage et al., 2013). Homeobox genes comprise a large family of genes that encode transcriptional regulators containing the homeodomain DNA binding motif. Members of the homeobox gene family play important
roles in the program of embryonic development (Hombria & Lovegrove, 2003; Rossant & Cross, 2001). Genetic
proof of the critical role of homeobox genes in regulating
placental development comes from studies on mouse gene
knockouts (Cross et al., 2003; Hemberger & Cross, 2001;
Morasso et al., 1999; Rossant & Cross, 2001). Homeobox
gene knockouts lead to aberrant formation of particular tissue types and/or alter the expression of proteins characteristic of specialized placental cell types (Han et al., 2007;
Morasso et al., 1999). In some cases, the mouse mutant
gene phenotypes show the hallmarks of major placental disorders, including restricted fetal growth (Li & Behringer,
1998; Sapin et al., 2001). Late-gestation HLX−/− embryos
are small and pale compared to their littermates (Bates
et al., 2006). Our analysis of HLX−/− mutant placentae
showed significant placental defects (Murthi et al., unpublished data). Thus, altered expression of HLX in human placentae may play an important role in the pathogenesis of
human FGR.
Conventional human molecular expression studies associate changes in placental gene expression levels with fetal
growth. These studies compare placental gene expression
levels of small-for-gestation pregnancies to appropriate-forgestational-age singleton pregnancies as controls. However,
this approach has disadvantages, since numerous maternal
confounding factors such as body mass index (BMI), weight
gain during pregnancy, nutrition, insulin resistance, smoking, and other known, as well as unknown, maternal factors
could contribute to the regulation of placental development
and consequently associated fetal growth.
Previous studies from our laboratory, along with others, have provided evidence that homeobox genes are important in human placental development (Chui et al., 2012;
Knofler et al., 2000; Murthi et al., 2014; Murthi et al., 2006a,
2006b; Murthi et al., 2012; Murthi et al., 2013; Murthi, Said
et al., 2006; Pathirage et al., 2013; Quinn et al., 1997; Quinn,
Kilpatrick et al., 1998; Quinn, Latham et al., 1998, 2000).
Homeobox genes are important players in the genetic hiTWIN RESEARCH AND HUMAN GENETICS

erarchy of development because they are responsible for
initiating genetic pathways that regulate cellular differentiation and/or proliferation. Previous studies in our laboratory using placentae from singleton pregnancies have
examined the expression patterns for a repertoire of homeobox genes in the human placental trophoblasts, endothelial, and stromal cells (Chui et al., 2011; Chui et al., 2010;
Murthi et al., 2008; Murthi et al., 2007; Rajaraman et al.,
2008). While there is compelling evidence to suggest that
placental homeobox genes influence feto-placental growth,
to date, the models have not taken into account potentially
confounding factors such as maternal and in utero environmental influences.
The study of discordant twin pregnancies — those consisting of an FGR and normally grown twin — provides a
naturally occurring example in which the normally grown
twin serves as an internal control for the FGR twin. Furthermore, this scenario allows an evaluation of the association between placental gene expression differences and
associated fetal growth, since the disparity in placental development and associated fetal growth within co-twins cannot be easily attributed to confounding maternal or in utero
environmental factors. The scenario eliminates gestational
age as a confounding factor, which is an issue in studies of
singleton FGR cases and controls, given the practical difficulties in matching cases and controls for gestational age.
Thus, there can be a more rigorous evaluation of the association between putative genes regulating placental development and associated fetal growth and birth weight.
We previously showed that HLX homeobox gene expression is decreased (Murthi et al., 2006a) and its downstream target genes, cyclin kinase D (CDKN1C) and
retinoblastoma 1 (RB1), are increased and decreased, respectively, in placentae from FGR-affected singleton pregnancies compared to gestation-matched singleton controls (Rajaraman, Murthi, Pathirage et al., 2010). Furthermore, we have also suggested a possible role for
HLX in trophoblast cell proliferation (Rajaraman et al.,
2008). The objective of this study was to investigate
HLX and its downstream target genes, RB1 and CDKN1C
expression levels, in placentae from dichorionic, diamniotic (DCDA) discordant twin pregnancies. In these
pregnancies, the placentae were exposed to the same intrauterine milieu, gestational age, and maternal and environmental factors. Gene expression differences in placentae
from discordant twin pregnancies would support the contribution of placental dysfunction leading to fetal discordancy and FGR.

Materials and Methods
Patients and Tissue Collection

This cross-sectional study included 23 women with DCDA
twin pregnancies complicated by fetal growth discordance
as determined by antenatal ultrasound evaluations. The
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inclusion criteria for the discordant twins group were
dizygotic twin gestations with discordant growth according
to estimated fetal weight by an ultrasound scan (Klam et al.,
2005), the estimated fetal weight of the smaller twin below
the 10th percentile (Fox et al., 2011). Birth weight below the
10th percentile was confirmed at birth, the estimated fetal
weight of the larger co-twin was between the 10th and 90th
percentiles — birth-weight percentile between the 10th and
90th percentiles was confirmed at birth, and the smaller
twin had absent or reverse-end diastolic flow in the umbilical artery in Doppler studies.
Exclusion criteria for both groups included pregnancies complicated with congenital anomalies or chromosomal abnormalities; pre-eclampsia, eclampsia, hemolysis, elevated liver enzymes, and/or low platelet count syndrome,
or fetal demise of one twin; pre-term, pre-labor rupture of
membranes; clinical signs or symptoms of chorioamnionitis; and birth weight above the 90th percentile.
All placentae were delivered after elective cesarean section and processed immediately. Briefly, placentae were
obtained within 20 minutes of delivery, the membranes
and cord were removed and the placentae weighed. After removal of any attached decidua, placental tissue
samples were excised from central cotyledons, excluding
the peripheral margin and infarcted areas. Samples of
fresh placental tissues were divided into small pieces and
thoroughly washed in 0.9% phosphate-buffered saline to
minimize blood contamination. A sample from each placenta was snap-frozen and stored at -80°C for RNA and
protein extraction, or fixed in 10% formalin for immunohistochemical analysis.
RNA Isolation and Real-Time PCR

Total RNA from placental tissues was extracted using the
RNeasy midikit (Qiagen, Australia) as described previously (Chui et al., 2012; Murthi et al., 2006a; Murthi, Said
et al., 2006; Pathirage et al., 2013). First-strand synthesis
was performed on 2 μg of total RNA using Superscript
III ribonuclease H-reverse transcriptase (Invitrogen,
Australia). Quantitation of HLX mRNA expression in
placentae was performed in an ABI Prism 7,700 (PerkinElmer-Applied Biosystems) using pre-validated, unlabeled
HLX-PCR primers and FAM dye-labeled TaqMan MGB
probes (HLX, RB1, or CDKN1C inventoried assays,
Applied Biosystems) as previously described (Murthi,
Doherty et al., 2006a). Gene expression quantitation was
performed as the second step in a two-step RT–PCR
protocol according to the manufacturer’s instructions.
The 20 μl PCR reaction mix contained 20× TaqMan
Universal PCR master mix, 1× Assays on Demand gene
expression assay mix, and placental cDNA (25 ng). As
previously described, gene expression quantitation for the
GAPDH or 18S rRNA house-keeping gene was performed
in the same tube (Murthi et al., 2006a). The GAPDH
primers (5 - GCACCACCAACTGCTTAGCA-3 and 5 -
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GTCTTCTGGGTGGCAGTGATG-3 ) and TaqMan probe
(5 -VIC-TCGTGGAAGGACTCATGACCACAGTCCTAMRA-3 ) were designed using Primer Express 1.5 Software (Applied Biosystems; Murthi et al., 2006a; Murthi,
Said et al., 2006). Amplification was for 40 cycles of denaturation at 95°C for 15 s and annealing/extension at
60°C for 60 s. Relative quantitation of HLX, RB1, and
CDKN1C expression normalized to GAPDH/18S rRNA
was calculated according to the 2−ct method of Livak
and Schmittgen (2001).
Western Immunoblotting

Total protein was extracted from 500 mg of snap-frozen placental tissues in lysis buffer containing 50 mM Tris-HCl,
pH 8.0, 0.1% Triton-X-100, 0.1% sodium dodecyl sulfate
(SDS), 250 mM NaCl, 5 mM ethylene diamine tetra-acetic
acid (EDTA), and 1 mM 4-(2-aminoethyl) benzene sulfonyl
fluoride (AEBSF) using an Ultra-Turex homogenizer, as described previously (Chui et al., 2012; Murthi et al., 2006a;
Murthi, Said et al., 2006; Pathirage et al., 2013). Briefly, homogenized samples were centrifuged at 2,500 x g for 15
minutes at 4°C to sediment any insoluble material. The protein concentration of the supernatant was determined using the BCA protein assay reagent (Pierce, Australia) with
bovine serum albumin (BSA; Sigma Aldrich, Australia) as
a standard. Approximately, 25 μg of protein per lane was
fractionated using 10% SDS-PAGE (Bio-Rad, Australia).
Proteins were transferred electrophoretically to nitrocellulose membranes and blocked with 5% non-fat milk in Trisbuffered saline (TBS, pH 7.4). The membranes were incubated with either 1.7 µg/mL of rabbit polyclonal antiHLX antibody (Aviva, USA) or RB1 (0.5 µg/mL), CDKN1C
(1 µg/mL; Sapphire Biosciences, New South Wales, Australia), or GAPDH (0.5 µg/mL; Imgenex, San Diego, CA)
antibodies overnight at 4°C. Tyramide Signal Amplification kit (Perkin–Elmer, Australia) was used to amplify the
signals following the manufacturer’s instructions, following incubation with a biotinylated swine anti-rabbit secondary antibody for 30 minutes at room temperature. Antibody binding was visualized using peroxide-conjugated
goat anti-rabbit secondary antibody and by autoradiography using an enhanced chemiluminescence system (Amersham, Australia). Coomassie blue staining of total protein
in each well was used to ensure constant protein load.
Immunohistochemistry

HLX protein localization in the placental tissues (n = 6) was
determined as previously described (Murthi et al., 2006a).
Briefly, paraffin-embedded placental tissue sections cut to
5 mm thickness were dewaxed in xylene, hydrated in graded
ethanol (100–50% ethanol), and blocked with 1% BSA/PBS
for 1 hour at room temperature. Tissue sections were then
incubated overnight with 1.7 µg/mL of rabbit polyclonal
anti-HLX antibody (Aviva, USA) in 1% BSA/PBS. Control
slides included sections that were incubated with mouse
TWIN RESEARCH AND HUMAN GENETICS
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TABLE 1
Clinical Characteristics of Patient Samples
Dichorionic diamniotic (DCDA) twins (n = 23)
Gestation (wks) at delivery
Mode of delivery
% Birth-weight discordance
Abnormal/reversed end-diastolic velocimetry (AREDV)

IgG in 1% BSA/PBS (negative control) or with anti-mouse
cytokeratin-7 (CK-7, Dako, Australia) as a positive control for trophoblast specific staining. Chromogen detection
was performed using the aminoethyl carbazole substrate
R
AEC chromogen kit (Thermo Fisher Scientific
Zymed
Corp. USA) and the slides were mounted with 80% (v/v)
glycerol. Sections were viewed with a Zeiss Axioscope microscope and images were captured with a Zeiss Axiocam
(Carl Zeiss AG, Oberkochen, Germany).
Data Analysis

Birth-weight discordance was calculated as a percentage of
the birth weight of the normal control twin within each
pair. All data were analyzed using the paired Student’s t test.
A probability value of p < .05 was considered statistically
significant.

35.0 ± 7.8
Cesarean
22.0 ± 5.5
FGR twin — 100%; Control normal twin — 0%

Protein Expression Analysis

The changes of HLX, RB1, and CDKN1C mRNA levels observed in FGR twin placentae compared with normal twin placentae were further investigated at the protein level. A representative immunoblot for HLX, RB1,
and CDKN1C proteins in twin placentae is shown in
Figure 3A. Immunoreactive HLX protein was detected
at 50 kDa, RB1 at 100 kDa and CDKN1C at 57 kDa
in all samples tested. GAPDH (40 kDa) was used as a
house-keeping control protein for normalization. Semiquantitative analyses of FGR twin placentae (n = 23) and
control twin placentae showed that the levels of HLX
(Figure 3B) and CDKN1C (Figure 3C) immunoreactive
protein normalized to GAPDH were significantly reduced,
while RB1 (Figure 3D) immunoreactive protein normalized to GAPDH was significantly increased in FGR twin
placentae compared with normal control twin placentae.

Results

Immunohistochemistry

Patient Demography

Immunohistochemical localization of HLX (Figure 4) provided a qualitative evidence for decreased immunoreactivity in the FGR twin placentae (Figure 4A) compared with
control twin placentae (Figure 4B). Arrows indicate the
presence of immunoreactivity for HLX in the residual cytotrophoblasts (CT), endothelial cells surrounding the fetal
capillaries (EC), and in some stromal (Str) in the control
twin placentas (Figure 4B); however, in FGR twin placentae, an overall qualitative decrease in the immunoreactivity
for HLX was observed, and the immunoreactivity for HLX
was observed in EC (Figure 4A). CK7 staining was used as
a positive control (Figure 4C), which reveals specific immunoreactivity in the syncytiotrophoblast (ST), while IgG2
used as a negative control showed no specific immunostaining (Figure 4D).

The clinical parameters of the collected placentae from the
twin pregnancies are shown in Table 1. Discordant growth
was defined as discordance of more than 10% in birth
weight in conjunction with FGR in one fetus and normal
growth in the co-twin.
Feto-Placental Analysis

As shown in Figure 1A, the fetal birth weight was significantly decreased in FGR twins compared to the normal
twins. Figure 1B depicts the significantly lower placental
weights of FGR twins compared with their respective normal co-twins.
Gene Expression Analysis

HLX, RB1, and CDKN1C mRNA expression was analyzed
in the placentae of twins with normal growth compared
to twins with FGR growth in each twin pair (Figure 2). As
shown in Figure 2A, the mean HLX expression for the FGR
twin placentae was significantly decreased compared to the
normal twin placentae. For the downstream target genes of
HLX, CDKN1C relative to 18S rRNA (Figure 2B) was significantly decreased, while RB1 relative to 18S rRNA showed
a significant increase (Figure 2C) in FGR twin placentae
compared to the normal twin placentae.
TWIN RESEARCH AND HUMAN GENETICS

Discussion
The definition of FGR is important, because not all small
fetuses are growth restricted. Histomorphological studies
indicate that true FGR is associated with structural alterations of the placenta such as abnormally developed terminal capillary loops and sparse arrangement of functional
terminal villi (Krebs et al., 1996). These morphological alterations may contribute to increased feto-placental vascular resistance, resulting in decreased blood flow and decreased availability of nutrients and oxygen to the fetus.
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FIGURE 1
Birth weights and placental weights of n = 23 growth-discordant twin pairs. A: Fetal birth-weights for FGR twins were significantly lower
compared to the normal co-twins. B: Placental weights for FGR twins were also significantly lower compared to the normal co-twins.
Results are expressed as box plots. Data were analyzed with paired Student’s t tests.
Note: *Denotes a significant difference (p < .05).

FIGURE 2
Placental mRNA expression of HLX and its downstream target genes, CDKN1C and RB1, in n = 23 twin pairs. mRNA expression of HLX,
CDKN1C, and RB1 was determined by real-time PCR relative to a housekeeping gene (GAPDH/18S rRNA). HLX (A) and CDKN1C (B)
mRNA expression was significantly decreased, while that of RB1 (C) was significantly increased in FGR twin placentae compared with
normal control co-twin placentae. Results are expressed as mean + SEM. Data were analyzed with paired Student’s t tests.
Note: *Denotes a significant difference (p < .0001).

In the present study, we used discordant twin pregnancies as a naturally occurring example where the FGRaffected and normal fetus share the same maternal and
in utero environments. Hypothetically, these environments
should affect the two placentae and the fetuses in a similar manner. Our data demonstrate that in discordant twin
pregnancies, HLX and its target gene mRNA and protein
expression levels are altered in the placental tissue from
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the growth-restricted twin, confirming that the fetal discordance is associated with molecular placental differences.
Studies on molecular differences in discordant twin placentae are limited. Almog et al. (2002) reported increased
apoptosis in placentae from FGR-affected discordant twins
compared to their normally grown co-twins, indicative of
abnormal trophoblast turnover. Thus, in discordant twins,
despite being exposed to the same maternal and in utero

TWIN RESEARCH AND HUMAN GENETICS
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FIGURE 3
Placental protein expression of HLX and its downstream targets, RB1 and CDKN1C, in n = 23 twin pairs. Protein expression of HLX,
CDKN1C, and RB1 was determined by Western immunoblotting and normalized to GAPDH loading control. A representative immunoblot
for HLX protein (50kDa), CDKN1C (57 kDa), RB1 (100 kDa), and GAPDH (40 kDa) in FGR (F) and in normal control (C) co-twin placentae and
HLX recombinant protein (referred to as HLX RP) used as a positive control is shown in Panel (A). Significant decreases in immunoreactive
HLX (B) and CDKN1C protein (C) and a significant increase in immunoreactive RB1 protein (D) were observed in FGR twin placentae
compared with normal control co-twin placentae. Results are expressed as mean + SEM. Data were analyzed with paired Student’s t
tests.
Note: *Denotes a significant difference (p < .05).

environments, the two placentae present different morphologies, accompanied by differences in HLX expressions
and its downstream target genes expression levels.
The clinical data regarding discordant pregnancies suggest the most likely explanation for the IUGR of the smallfor-gestational-age twin is abnormal placentation and not a
genetic disparity. Several parameters verified in the patient
samples support this hypothesis: all small-for-gestationalage fetuses had impaired blood flow and most of them
had oligohydramnios; all newborns had a normal antenatal
sonographic anatomy scan; and all neonates were healthy,
without any abnormal morphological features. Indeed, it
is most likely that a placental disorder and not genetic
abnormalities is the underlying mechanism for small-forgestational-age in twins with these clinical characteristics

TWIN RESEARCH AND HUMAN GENETICS

(Blickstein et al., 1989; Blickstein & Lancet, 1988; Blickstein
et al., 1988; Blickstein et al., 1987).
The results of the present study are novel. Our study is
the first to report a significant change in a placental HLX
homeobox gene expression and its downstream target genes
CDKN1C and RB1 in FGR twin placentae, strongly suggesting an association between homeobox gene expression, placental development, and associated fetal growth. We have
previously demonstrated that in singleton FGR-affected
pregnancies, HLX and its target genes RB1 and CDKN1C
expression in FGR-affected placentae were significantly decreased compared to gestation-matched controls (Murthi
et al., 2006a; Rajaraman, Murthi, Pathirage et al., 2010).
We have also previously reported the functional roles
of HLX using in vitro model systems. Altering HLX
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FIGURE 4
Representative section of FGR-twin (A) and in control co-twin (B) placentas stained with HLX antibody to localize HLX expression. The
presence of immunoreactive HLX protein is shown in the residual cytotrophoblast (CT) and in endothelial cells of the fetal capillaries
(EC) in in the control twin placenta (B). In the FGR twin placentae, a qualitative decrease in HLX immunoreactivity is observed and the
immunoreactivity for HLX is observed in endothelial cells of the fetal capillaries (EC) compared with the control twin placenta. The positive
control staining for CK-7 immunoreactivity (C) is observed in the syncytiotrophoblast (ST) a control twin placenta. Negative control using
IgG shows no specific immunoreactivity as shown in (D).

levels in human placental cells in vitro influenced placental cell proliferation and migration (Rajaraman, Murthi,
Brennecke et al., 2010; Rajaraman et al., 2007; Rajaraman,
Murthi, Pathirage et al., 2010). Downstream target genes
of HLX, CDKN1C, and RB1 were identified using RNAi
and pathway-specific low-density array in cultured placental cells (Rajaraman, Murthi, Pathirage et al., 2010).
Importantly, in this study, we demonstrate that not only was
the decreased HLX mRNA and protein expression seen in
FGR singleton pregnancies replicated in FGR twin pregnancies, but that parallel changes were also observed for the
HLX downstream target genes, CDKN1C and RB1, as compared to their respective controls.
In conclusion, severe growth discordance in twins may
reflect an association between homeobox gene HLX expression, placental development, and associated fetal growth.
Thus, the results of the investigation of dizygotic twins with
discordant growth, where maternal and in utero environmental factors are controlled, support our previous data for
HLX and its target gene expression in singleton gestations
complicated by FGR. The use of discordant twin placentae
to model for FGR provides a more rigorous model for the
complex and intriguing association between placental development and fetal growth. Elucidation of the molecular
mechanisms of placental gene expression may lead to more
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focused and effective therapeutic strategies to improve fetal
growth in discordant twin and singleton pregnancies complicated by dysregulated fetal growth.
Limitations

Nearly 10% of dichorionic twins are monozygotic, which
can be determined accurately by examination of DNA
markers (Sepulveda et al., 1996). Although in the present
study, there was no record of DNA marker examinations to
confirm zygosity for the samples collected, a mixed newborn gender in all samples collected supports the dizygotic
nature of the discordant twins. Furthermore, the relationship of HLX expression was only determined for discordant
growth in the FGR twin rather than the association with zygosity. Marginal or velamentous cord insertion are known
causes of FGR in twin pregnancies (Visentin et al., 2013);
however, this information was not recorded in the pregnancies included in this study.

Acknowledgments
The authors gratefully acknowledge specimen collection by
clinical research midwives of the Pregnancy Research Centre, Department of Maternal-Fetal Medicine at the Royal
Women’s Hospital.
TWIN RESEARCH AND HUMAN GENETICS

Downloaded from https://www.cambridge.org/core. IP address: 54.227.97.219, on 29 Nov 2021 at 23:13:25, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/thg.2017.66

HLX and Target Genes in Discordant Twin Placentae

Financial Support
This work was supported by the Australian National Health
and Medical Research Council (project grant #509140 to
P.M., S.P.B. and B.K.) and a Royal Australian and New
Zealand College of Obstetricians and Gynaecologists Scholarship to N.Y.

Conflict of Interest
None.

Ethical Standards
The authors assert that all procedures contributing to this
work comply with the ethical standards of the relevant national and institutional committees on human experimentation and with the Helsinki Declaration of 1975, as revised
in 2008.

References
Almog, B., Fainaru, O., Gamzu, R., Kupferminc, M. J., Sasson,
R., Gold, R., … Many, A. (2002). Placental apoptosis in discordant twins. Placenta, 23, 331–336.
Bates, M. D., Dunagan, D. T., Welch, L. C., Kaul, A., & Harvey,
R. P. (2006). The Hlx homeobox transcription factor is required early in enteric nervous system development. BMC
Developmental Biology, 6, 33.
Blickstein, I., & Lancet, M. (1988). The growth discordant
twin. Obstetrical & Gynecological Survey, 43, 509–515.
Blickstein, I., Friedman, A., Caspi, B., & Lancet, M. (1989). Ultrasonic prediction of growth discordancy by intertwin difference in abdominal circumference. International Journal
of Gynecology & Obstetrics, 29, 121–124.
Blickstein, I., Shoham-Schwartz, Z., & Lancet, M. (1988).
Growth discordancy in appropriate for gestational age, term
twins. Obstetrics and Gynecology, 72, 582–584.
Blickstein, I., Shoham-Schwartz, Z., Lancet, M., & Borenstein,
R. (1987). Characterization of the growth-discordant twin.
Obstetrics and Gynecology, 70, 11–15.
Chen, C. P., Bajoria, R., & Aplin, J. D. (2002). Decreased vascularization and cell proliferation in placentas of intrauterine
growth-restricted fetuses with abnormal umbilical artery
flow velocity waveforms. American Journal of Obstetrics and
Gynecology, 187, 764–769.
Chui, A., Evseenko, D. A., Brennecke, S. P., Keelan, J. A.,
Kalionis, B., & Murthi, P. (2011). Homeobox gene Distalless 3 (DLX3) is a regulator of villous cytotrophoblast differentiation. Placenta, 32, 745–751.
Chui, A., Pathirage, N. A., Johnson, B., Cocquebert, M.,
Fournier, T., Evain-Brion, D., … Murthi, P. (2010). Homeobox gene distal-less 3 is expressed in proliferating and differentiating cells of the human placenta. Placenta, 31, 691–
697.
Chui, A., Tay, C., Cocquebert, M., Sheehan, P., Pathirage,
N. A., Donath, S., … Murthi, P. (2012). Homeobox gene
Distal-less 3 is a regulator of villous cytotrophoblast differentiation and its expression is increased in human idTWIN RESEARCH AND HUMAN GENETICS

iopathic foetal growth restriction. Journal of Molecular
Medicine, 90, 273–284.
Cross, J. C., Baczyk, D., Dobric, N., Hemberger, M., Hughes,
M., Simmons, D. G., … Kingdom, J. C. (2003). Genes, development and evolution of the placenta. Placenta, 24, 123–
130.
Fox, N. S., Saltzman, D. H., Schwartz, R., Roman, A. S.,
Klauser, C. K., & Rebarber, A. (2011). Second-trimester estimated fetal weight and discordance in twin pregnancies:
Association with fetal growth restriction. Journal of Ultrasound in Medicine, 30, 1095–1101.
Gardosi, J. (1993). Is obstetric and neonatal outcome worse
in fetuses who fail to reach their own growth potential?
British Journal of Obstetrics and Gynaecology, 100, 295–
296.
Han, L., Dias Figueiredo, M., Berghorn, K. A., Iwata, T. N.,
Clark-Campbell, P. A., Welsh, I. C., … Roberson, M. S.
(2007). Analysis of the gene regulatory program induced
by the homeobox transcription factor distal-less 3 in mouse
placenta. Endocrinology, 148, 1246–1254.
Hemberger, M., & Cross, J. C. (2001). Genes governing placental development. Trends in Endocrinology & Metabolism, 12,
162–168.
Hombria, J. C., & Lovegrove, B. (2003). Beyond homeosis–
HOX function in morphogenesis and organogenesis. Differentiation, 71, 461–476.
Jackson, M. R., Walsh, A. J., Morrow, R. J., Mullen, J. B.,
Lye, S. J., & Ritchie, J. W. (1995). Reduced placental villous tree elaboration in small-for-gestational-age pregnancies: Relationship with umbilical artery Doppler waveforms. American Journal of Obstetrics and Gynecology, 172,
518–525.
Klam, S. L., Rinfret, D., & Leduc, L. (2005). Prediction of
growth discordance in twins with the use of abdominal circumference ratios. American Journal of Obstetrics and Gynecology, 192, 247–251.
Knofler, M., Kalionis, B., Huelseweh, B., Bilban, M., &
Morrish, D. W. (2000). Novel genes and transcription factors in placental development — A workshop report. Placenta, 21 Suppl A, S71–S73.
Krebs, C., Macara, L. M., Leiser, R., Bowman, A. W., Greer,
I. A., & Kingdom, J. C. (1996). Intrauterine growth restriction with absent end-diastolic flow velocity in the umbilical
artery is associated with mal development of the placental
terminal villous tree. American Journal of Obstetrics and Gynecology, 175, 1534–1542.
Li, Y., & Behringer, R. R. (1998). Esx1 is an X-chromosomeimprinted regulator of placental development and fetal
growth. Nature Genetics, 20, 309–311.
Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) method. Methods, 25,
402–408.
Mongelli, M., & Gardosi, J. (2000). Fetal growth. Current Opinion in Obstetrics & Gynecology, 12, 111–115.
Morasso, M. I., Grinberg, A., Robinson, G., Sargent, T. D.,
& Mahon, K. A. (1999). Placental failure in mice lacking the homeobox gene Dlx3. Proceedings of the National

49

Downloaded from https://www.cambridge.org/core. IP address: 54.227.97.219, on 29 Nov 2021 at 23:13:25, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/thg.2017.66

Nicola Yuen et al.

Academy of Sciences of the United States of America, 96,
162–167.
Murthi, P., Abumaree, M., & Kalionis, B. (2014). Analysis of
homeobox gene action may reveal novel angiogenic pathways in normal placental vasculature and in clinical pregnancy disorders associated with abnormal placental angiogenesis. Frontiers in Pharmacology, 5, 133.
Murthi, P., Doherty, V., Said, J., Donath, S., Brennecke, S. P.,
& Kalionis, B. (2006a). Homeobox gene HLX1 expression
is decreased in idiopathic human fetal growth restriction.
American Journal of Pathology, 168, 511–518.
Murthi, P., Doherty, V. L., Said, J. M., Donath, S., Brennecke,
S. P., & Kalionis, B. (2006b). Homeobox gene ESX1L expression is decreased in human pre-term idiopathic fetal growth restriction. Molecular Human Reproduction, 12,
335–340.
Murthi, P., Hiden, U., Rajaraman, G., Liu, H., Borg, A. J.,
Coombes, F., … Kalionis, B. (2008). Novel homeobox genes
are differentially expressed in placental microvascular endothelial cells compared with macrovascular cells. Placenta,
29, 624–630.
Murthi, P., Kalionis, B., Cocquebert, M., Rajaraman, G., Chui,
A., Keogh, R. J., … Fournier, T. (2013). Homeobox genes
and down-stream transcription factor PPARgamma in normal and pathological human placental development. Placenta, 34, 299–309.
Murthi, P., Kalionis, B., Rajaraman, G., Keogh, R. J., & Da Silva
Costa, F. (2012). The role of homeobox genes in the development of placental insufficiency. Fetal Diagnosis and Therapy, 32, 225–230.
Murthi, P., Said, J. M., Doherty, V. L., Donath, S., Nowell,
C. J., Brennecke, S. P., & Kalionis, B. (2006). Homeobox
gene DLX4 expression is increased in idiopathic human fetal growth restriction. Molecular Human Reproduction, 12,
763–769.
Murthi, P., So, M., Gude, N. M., Doherty, V. L., Brennecke,
S. P., & Kalionis, B. (2007). Homeobox genes are differentially expressed in macrovascular human umbilical vein endothelial cells and microvascular placental endothelial cells.
Placenta, 28, 219–223.
Pathirage, N. A., Cocquebert, M., Sadovsky, Y., Abumaree,
M., Manuelpillai, U., Borg, A., … Murthi, P. (2013).
Homeobox gene transforming growth factor beta-induced
factor-1 (TGIF-1) is a regulator of villous trophoblast differentiation and its expression is increased in human idiopathic fetal growth restriction. Molecular Human Reproduction, 19, 665–675.
Quinn, L. M., Johnson, B. V., Nicholl, J., Sutherland, G. R., &
Kalionis, B. (1997). Isolation and identification of homeobox genes from the human placenta including a novel
member of the Distal-less family, DLX4. Gene, 187, 55–
61.

50

Quinn, L. M., Kilpatrick, L. M., Latham, S. E., & Kalionis, B.
(1998). Homeobox genes DLX4 and HB24 are expressed
in regions of epithelial-mesenchymal cell interaction in the
adult human endometrium. Molecular Human Reproduction, 4, 497–501.
Quinn, L. M., Latham, S. E., & Kalionis, B. (1998). A distal-less
class homeobox gene, DLX4, is a candidate for regulating
epithelial-mesenchymal cell interactions in the human placenta. Placenta, 19, 87–93.
Quinn, L. M., Latham, S. E., & Kalionis, B. (2000). The homeobox genes MSX2 and MOX2 are candidates for regulating
epithelial-mesenchymal cell interactions in the human placenta. Placenta, 21, S50–S54.
Rajaraman, G., Murthi, P., Brennecke, S. P., & Kalionis, B.
(2010). Homeobox gene HLX is a regulator of HGF/cmet-mediated migration of human trophoblast-derived cell
lines. Biology of Reproduction, 83, 676–683.
Rajaraman, G., Murthi, P., Leo, B., Brennecke, S. P., & Kalionis,
B. (2007). Homeobox gene HLX1 is a regulator of colony
stimulating factor-1 dependent trophoblast cell proliferation. Placenta, 28, 991–998.
Rajaraman, G., Murthi, P., Pathirage, N., Brennecke, S. P.,
& Kalionis, B. (2010). Downstream targets of homeobox
gene HLX show altered expression in human idiopathic fetal growth restriction. American Journal of Pathology, 176,
278–287.
Rajaraman, G., Murthi, P., Quinn, L., Brennecke, S. P., &
Kalionis, B. (2008). Homeodomain protein HLX is expressed primarily in cytotrophoblast cell types in the early
pregnancy human placenta. Reproduction, Fertility, and Development, 20, 357–367.
Rossant, J., & Cross, J. C. (2001). Placental development:
Lessons from mouse mutants. Nature Reviews Genetics, 2,
538–548.
Salafia, C. M., Pezzullo, J. C., Minior, V. K., & Divon, M. Y.
(1997). Placental pathology of absent and reversed enddiastolic flow in growth-restricted fetuses. Obstetrics & Gynecology, 90, 830–836.
Sapin, V., Blanchon, L., Serre, A. F., Lemery, D., Dastugue, B.,
& Ward, S. J. (2001). Use of transgenic mice model for understanding the placentation: Towards clinical applications
in human obstetrical pathologies? Transgenic Research, 10,
377–398.
Sepulveda, W., Sebire, N. J., Hughes, K., Odibo, A., &
Nicolaides, K. H. (1996). The lambda sign at 10–14 weeks
of gestation as a predictor of chorionicity in twin pregnancies. Ultrasound in Obstetrics & Gynecology, 7, 421–423.
Visentin, S., Macchi, V., Grumolato, F., Porzionato, A., De
Caro, R., & Cosmi, E. (2013). Expectant management in
type II selective intrauterine growth restriction and abnormal cord insertion in monochorionic twins. Journal of Perinatal Medicine, 41, 309–316.

TWIN RESEARCH AND HUMAN GENETICS

Downloaded from https://www.cambridge.org/core. IP address: 54.227.97.219, on 29 Nov 2021 at 23:13:25, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/thg.2017.66

