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Abstract

Objective—Chromosomal aberrations are frequently associated with birth defects and pregnancy
losses. Trisomy13, Trisomy 18 and Trisomy 21 are the most common, clinically relevant fetal
aneusomies. This study used a transcriptomics approach to identify the molecular signatures at the
maternal-fetal interface in each aneuploidy.

Methods—We profiled placental gene expression (13-22 wks) in T13 (n = 4), T18 (n = 4), and
T21 (n = 8), and in euploid pregnancies (n = 4).

Results—We found differentially expressed (DE) transcripts (= 2-fold) in T21 (n = 160), T18 (n
= 80), and T13 (n=125). The majority were upregulated and most of the misexpressed genes were
not located on the relevant trisomic chromosome, suggesting genome-wide dysregulation. A
smaller number of the DE transcripts were encoded on the trisomic chromosome, suggesting gene
dosage. In T21, <10% of the genes were transcribed from the Down syndrome critical region
(21g21-22), which contributes to the clinical phenotype. In T13, 15% of the upregulated genes
were on the affected chromosome (13g11-14) and in T18 the percentage increased to 24%
(18911-22 region).
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Conclusion—The trisomic placental (and possibly fetal) phenotypes are driven by the combined
effects of genome-wide phenomena and increased gene dosage from the trisomic chromosome.

INTRODUCTION

T13, T18 and T21 are clinically significant aneusomies that impact pregnancy outcome. In
the United States, T21 with an incidence of 1/697 affects approximately 350,000 families
and an estimated 6,000 children with this syndrome are born each year, representing the
leading cause of mental retardation among live birthsl. Concurrently, the mortality rate
associated with Down syndrome (DS) is decreasing. As a result, the number of affected
individuals is increasing and predicted to double in the next 10 years2. T18, which represents
the second most common autosomal trisomy in pregnancies that are carried to term, occurs
in ~1 in 3,000 live births3. The numbers increase significantly when pregnancy losses are
included. As compared to T21, the developmental issues and birth defects associated with
T18 are more serious®>. Fifty percent of T18 infants carried to term will be stillborn, and
abnormalities in placentation such as abruption, intrauterine growth restriction, preterm
delivery and preeclampsia are significantly represented® 6. T13 is associated with the most
adverse outcomes. The incidence varies between 1 in 10-15,000 live births’. The result is
less than a 1% live birth rate and pregnancies that reach viability have the highest risk of
maternal and fetal complications’: 8. Given the increased number of affected individuals and
the pregnancy complications that are associated with their birth, there is an urgent need to
gain more knowledge about the molecular and genomic bases of common aneuploidies.

Although the genetic causes of these trisomies have been known since the mid-20th
century?, the mechanisms by which three copies of chromosomes 13, 18 or 21 disrupt
normal development are not well understood. In T21, two major theories have been
proposed for the DS phenotype. According to the “gene dosage effect” hypothesis,
imbalances in the genetic load of a small number of critical genes on the affected
chromosome could drive the DS phenotypel®-12. Alternatively, in the “developmental
instability” hypothesis, a global disruption of developmental homeostasis due to a
chromosomal imbalance causes the phenotypic profile of DS, and could also explain the
similarities observed among the common trisomies!3-18, With regard to trisomies 13 and 18,
molecular knowledge about the origins of the phenotypic alterations that are associated with
these conditions is limited.

In this study, we profiled gene expression at the maternal-fetal interface in T13, T18 and
T21. T21 was associated with the highest number of dysregulated genes. However, pathway
analysis of the differentially expressed transcripts suggested that T13 and T18 had the
greatest impact on crucial signaling pathways, which could explain why these aneuploidies
are associated with poorer pregnancy outcomes than DS. The chromosomal locations of the
differentially-expressed genes highlighted the importance of genome-wide effects and
trisomic dosage. We theorize that the aberrations in gene expression that were identified give
insights into the etiology of pregnancy complications that are associated with these
trisomies. For example, several dysregulated molecules were involved in apoptosis and cell
cycle regulation, processes that go awry in placental defects®. sFLT1, which circulates at
higher levels in pregnancy complications2%: 21, was up regulated in T13. These data enable a
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better understanding of how the consequences of a trisomic genome ultimately play out at a
cellular level and point to potential therapeutic targets for improving pregnancy outcomes. It
will be interesting to learn whether the general principles that emerged from this study of the
extraembryonic transcriptome hold true for other cell types of the affected fetuses.

MATERIALS AND METHODS

Tissue Collection

All tissues were collected with informed consent under a protocol approved by The
University of California San Francisco (UCSF), Committee on Human Research. Trisomy
13 (13-19 wks), trisomy 18 (14-20 wks), trisomy 21 (18-22 wks) and normal control (12—
20 wks) placentas were collected immediately following voluntary interruption of
pregnancy. The basal plate was dissected from the placenta proper, rinsed in PBS, and diced
into approximately 3 x 3-mm pieces, which were snap frozen in liquid nitrogen and stored at
-80°C, as previously published 22. For immunolocalization, biopsy samples of the basal
plates were fixed in 3% formaldehyde in PBS, passed through a sucrose gradient (5-15% in
PBS), and frozen in optimal cutting temperature (OCT) medium.

Cytogenetics

The affected pregnancies were diagnosed prenatally by chorionic villus sampling or
amniocentesis, by using a standard karyotype method 23: 24, Fluorescence in situ
hybridization confirmed the karyotypes2®. Only cases with <5% mosaicism were included in
the analysis.

Total RNA Extraction

RNA was isolated from snap-frozen basal plate specimens by using RNeasy Mini kits
(Qiagen, Valencia, CA) according to the manufacturer’s instructions. RNA concentration/
quality was initially assessed on a Nanodrop spectrophotometer (Thermo Scientific)
followed by evaluation using an Agilent Bioanalyzer 2100 System. Only samples with a
RNA integrity number (RIN) of =9 were used in the microarray experiments.

Microarray analyses

These experiments were performed using the GeneChip Human Genome U133 Plus 2.0
array (Affymetrix). Sample processing and hybridization were accomplished by using the
protocols devised by the UCSF Gladstone (NHLBI) Genomics Core Facility as previously
described?2. The microarrays were normalized together by using Robust Multi-array
Average. Significant differential expression among groups (control vs. T13, T18 or T21) was
determined using the Bioconductor (v.3) package limma (v.3) 26: 27 within the software
environment R (v.3). Differentially expressed genes were determined by statistical analysis
of B-H corrected p scores of <0.05 and absolute fold changes of =2. Microarray data were
deposited in NCBI’s Gene Expression Omnibus (accession no. GSE70102).
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PCA analyses

The methods that we used have been published?8. Specifically, we used FactoMineR, an R
software package for conventional and multivariate PCA.

Pathway Analysis

gRT-PCR

To determine whether there was a significant overrepresentation of differentially expressed
genes in particular functional pathways or physiologic processes, the data were analyzed by
using Ingenuity Pathway Analysis software (http://www.ingenuity.com). The results were
displayed by using Circos?®.

Reverse transcription of basal plate (total) RNA was carried out using the TagMan Gold RT-
PCR kit (Applied Biosystems) as described by the manufacturer. gRT-PCR was performed in
triplicate by using standard protocols on an Applied Biosystems 7900HT Sequence
Detection System. All templates were amplified by using commercially available primer/
probe sets. Results were reported as the relative mRNA levels £ SD for each group.
Differences among target expression levels were estimated by the AACT method with
normalization to GAPDHY/18S. Differences between means were assessed using a 2-tailed
Student’s t test (p < 0.05), assuming unequal variance. The values shown are the mean + SD.
The list of primers with their sequence annotations is shown in Table S2.

Immunohistochemistry and Immunoblotting

Sources of primary antibodies used in these studies are listed in Table S2. Five pm frozen
sections cut from optimal cutting temperature-embedded tissues were washed in PBS three
times for 5 min each, then incubated in blocking buffer (3% BSA/0.1% Tween-20) for 30
min. Next, the sections were incubated for 1h with a primary antibody diluted 1:100 in
blocking buffer. These antibodies included anti-Racl (Millipore, cat. #05-389), anti-S100A7
(Imgenex cat. # IMG-409E), anti-SSFA2 (Sigma, cat. #SAB1100788), anti-IGFBP5 (R&D
systems, cat. #AF875), anti-USP16 (Abcam, cat. #ab121650), and an anti-cytokeratin (CK7)
developed in the Fisher lab 30. Tissue sections were washed and incubated with species-
specific secondary antibodies for 30 min. Secondary antibodies (Jackson Immunoresearch)
included TRITC-conjugated donkey anti-rat (prod. #712-026-153), FITC-conjugated donkey
anti-mouse (Jackson Immunoresearch cat. #715-095-151), FITC-conjugated donkey anti-
goat (cat. # 705-096-147), and FITC-conjugated donkey anti-rabbit (cat. #711-096-152).
Then the tissue sections were washed, rinsed in dH,0, dried, and mounted using Vectashield
Mounting medium with DAPI (cat. #H-1200). Immunoreactivity was imaged using a Leica
DM 5000B fluorescence microscope equipped with a Leica DFC 350FX digital camera
(Leica Instruments). Immunoblotting was performed as previously described3.
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RESULTS

Placental Gene Expression in the Setting of Trisomy Suggested Genome-Wide
Dysregulation Dominated Gene Dosage Effects

First, we determined the gene expression profiles of 16 aneuploid samples, including 4 cases
of T13, 4 cases of T18 and 8 cases of T21. The samples were collected between the
gestational ages of 13 and 22 wks. Four gestational age-matched, euploid control samples
were also analyzed in parallel. Maternal age, gravidity, parity, gestational age and karyotype
for each specimen are summarized in Table S1. Using a microarray approach, we identified,
among all the aneuploid samples of the maternal-fetal interface, a total of 281 differentially
expressed (DE) annotated genes (= 2 fold). By trisomy, the results were as follows: T13 (n =
125; 108 upregulated and 17 downregulated), T18 (n = 80; 71 upregulated and 9
downregulated) and T21 (n = 160; 145 upregulated and 15 downregulated). Figure 1 shows
the 50 most highly DE genes for each trisomy. Heat maps of the entire data sets are shown in
Figure S1, A-D.

A minority of the overexpressed genes was located on the relevant trisomic chromosome
(Figure S1). For instance, in the case of T21, <10% of the genes were transcribed from that
chromosome (Figure S1D). They included, ADAMTS1 and ATP-binding cassette, subfamily
G, member 13233 which were increased 3-fold as compared to controls. In the brain, these
genes play functional roles in neurocognitive pathways 34 35, For T13 and T18, a higher
proportion of the differentially expressed genes were located on the trisomic chromosome
(Figure S1B and C, respectively). In T13, 19/108 of the up regulated genes were on the
affected chromosome. All were located on the long arm, 13q11-14. In T18, 19/80 of the up
regulated genes were on the affected chromosome; 15 were located on the long arm
(18g11-22). These data suggested that T13 and T18, like T21, are associated with altered
transcription from a critical region of the trisomic chromosome. However, in all the
syndromes, many of the genes on the aneuploid chromosome were not up regulated perhaps
due to a compensating repressive mechanism.

Next, we were interested in whether expression of genes from the non trisomic
chromosomes had a distinguishing pattern. A principal component analysis (PCA) was used
to answer this question. The results are shown in Figure 2, A—C. The genes expressed from
the non trisomic chromosomes separated each aneuploid condition (red) from the euploid
samples (blue), suggesting genome-wide effects. In the latter study, PCA showed that
control and trisomy samples separated based on gene expression patterns from the affected
chromosome, but gene expression from the non trisomic chromosomes failed to distinguish
the two groups.

A categorical PCA was used to identify the chromosomes whose gene expression drove the
patterns observed in Figure 2, A-C. The results are shown in Figure 2, D-F. In all cases,
genes on the affected chromosome were statistically significant contributors that separated
the trisomic (red) and control (blue) samples. Additionally, genes on the Y chromosome
identified pregnancies in which the offspring was male. In T13, genes on chromosomes 16,
17 and 22 enabled discrimination. For T18, the results were driven by genes on
chromosomes 19 and 22. A similar pattern was observed for T21, although the chromosome
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22 effects did not reach statistical significance. Overall, the pattern of gene dysregulation
across the non trisomic chromosomes was very similar for T13, T18 and T21, again
suggestive of genome-wide effects.

We further investigated this possibility by using IPA mechanistic network analysis. Circos
plots of the DE genes in trisomies 13, 18 and 21 are shown Figure 3. From this graphical
representation, it was again evident that only a portion of the DE genes was encoded by the
duplicated chromosome. Examples included DNAJC3, FLT1 and LCP1 (chromosome 13);
TCF4, SMAD4 and ROCK 1 (Chromosome 18); and ABCG1, CTNNBL1 and ITSN1
(chromosome 21). Other DE genes were not located on the aneuploid chromosome. These
included ARNT2, JUN and HGF (in T13); ELK1, PTX3 and FST (in T18); and ELK1,
EGFR, and PTPN11 (in T21). In addition, a set of up and down regulated genes was
common to all the trisomies, for example, RAC1 and ERF (Figure S2).

With regard to the mechanistic network analyses (Figure 3), approximately half the
associations between dysregulated genes on the trisomic chromosome and those in other
genome locations agreed with the predictions (red lines = activation; blue lines = inhibition).
Oftentimes disagreement was observed (yellow lines). Additionally, mechanistic
associations between DE genes located on non trisomic chromosomes were also identified
for T13 and T21. Taken together, the data presented in Figures 1-3 suggested that genome-
wide dysregulation and critical regions on the duplicated chromosome play important roles
in the placental pathologies that are associated with the aneuploidies that we studied.
Additionally, these results raised the possibility that the same mechanisms may contribute to
the phenotypes of the offspring. It was also clear that the DE genes included molecules with
central functions in many processes that are dysregulated in T13, T18 and T21.

We used Ingenuity Pathway Analysis (IPA) software to gain additional insights into these
observations. For the trisomy datasets as a whole, IPA showed that many molecular
functions and physiological processes were perturbed. These results, summarized by
functional categories, are shown in Figure S3. Overall, they highlighted the important role of
aberrations in cell signaling as a large majority of DE genes were involved in these
processes. This result suggested that for all the syndromes we studied, global signaling
defects are major drivers of the phenotypes. Furthermore, different signaling pathways were
associated with different aneusomies. The affected pathways were involved in stem cell
maintenance, neuronal development, immune functions, cardiovascular biology, growth and
cancer. The results resonated with other work from our group. For example, we showed
dysregulation of semaphorin expression in preeclampsia 31 and SEMAS3F signals were
upregulated in T21. Thus, many of the dysregulated pathways played important roles in
processes that regulate functions that are fundamental to the phenotypic manifestation—both
embryonic and extraembryonic—of the trisomies on which we focused.

Confirmation of the Microarray Data

For validation, we used two approaches: qRT-PCR to assess relative mRNA levels and
antibody-based methods to confirm differential expression at the protein level. The qRT-PCR
analyses focused on genes that exhibited the greatest change and those that encoded proteins
with potentially important functions. The sequences of the primer/probe sets are shown in
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Table S2. All showed the expected expression patterns that were predicted based on the
microarray data (Figure S4 bar graphs vs. insets; £< 0.05).

Additionally, we used an immunolocalization approach to confirm misexpression, at the
protein level, of several differentially expressed mRNAs. This strategy also enabled
identification of the cell types that were involved. Initially, we focused on DE genes that
were common to the three trisomies. This included Racl, a small G protein that is involved
in a wide variety of signaling pathways and in the migration of extravillous trophoblasts 3.
At the protein level, low expression was detected in euploid samples (Figure 4B). In the
setting of trisomy, strong immunoreactivity was observed in association with the stromal
cores of chorionic villi (Figure 4D, F, H). Racl expression, which was also upregulated in
the various trophoblast populations, was particularly prominent in the columns that
contained cytotrophoblasts that are destined to invade the uterus. These findings were
confirmed by immunoblotting (Figure 4; 1 and J). Of note, in T21, inter-sample variations in
expression were observed. This was in accord with our previous work, which showed
variable phenotypes in this trisomy despite a confirmed T21 genotype and the absence of
mosaicism 19,

With regard to downregulation, decreased levels of the mRNA encoding S100 calcium-
binding protein A7 (S100A7), also known as psoriasin, were observed in all the trisomies.
This molecule regulates angiogenesis in a VEGF-dependent manner 37- 38,
Immunolocalization showed that, in euploid placentas, this molecule was highly expressed
in the villous cores (Figure 5A). Immunostaining was significantly downregulated in the
T13, T18 and T21 samples (Figure 5B, C and D). This result was confirmed by
immunoblotting (Figure 5E and F).

We also used an immunolocalization approach to validate upregulation, at the protein level,
of genes that were DE in a subset of the syndromes. This category included insulin-like
growth factor binding protein 5 (IGFBP5) expression, which was upregulated in T13 and
T18. In accord with the microarray data, immunoreactivity was largely absent in chorionic
villi from normal pregnancies (Figure S5A), although some regions of brighter staining were
detected. In T13 and T18, strong signals were evident in association with cytotrophoblasts
that emigrated from the villi to form columns (Figure S5B and C). Sperm-specific antigen 2
(SSFA2) mRNA was highly upregulated in T18 and T21 as compared to euploid controls.
Immunostaining confirmed this result at the protein level. Very little signal was detected in
samples from normal pregnancies (Figure S5D). In contrast, the stroma and some
cytotrophoblasts were strongly immunoreactive in T18 and T21 (Figure S5E and F). Finally,
USP16 mRNA upregulation was confined to T21. This molecule, which resides in the
21q21-22 region, has been associated with accelerated senescence in the DS murine

model 39, At the protein level, no USP16 immunoreactivity was observed in euploid samples
(Figure S5G, H and I). In T21, strong staining was detected in association with villous cores
and variably weaker signals were associated with invasive cytotrophoblasts (Figure S5J, K
and L). Together, these results showed that, for the molecules we studied, the observed
mRNA differences were paralleled by changes at the protein level. Frequently, antigen
expression was dysregulated in both the stromal and trophoblast compartments.
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DISCUSSION

Inadequate formation and function of the placenta are associated with adverse pregnancy
outcomes 22 30.40-43 | the early stages, aberrations may result in miscarriages, and later
on, the great obstetrical syndromes 19 4445, The latter may lead to iatrogenic preterm
delivery with the goal of preventing fetal death and/or maternal complications. In the present
study, we investigated the effects of commonly occurring aneuploidies on placental gene
expression at the maternal-fetal interface. Our goal was to gain insights into how T13, T18
and T21 impact placental development in this critical region. Since these aneuploidies are
associated with an increased risk of pregnancy complications, we were also interested in
learning whether the results of our analysis might add to the understanding of the etiology of
syndromes such as preeclampsia and preterm birth 8 20. 31, 4652 Additionally, we wanted to
better understand the details of gene dysregulation 19: 22. 31, 50, 53-55

It was clear from our data that gene dosage effects are only partially responsible for the
phenotypic alterations we observed in the aneuploid placentas. The majority of misexpressed
mMRNAs were not encoded on the relevant trisomic chromosome (Figure 1 and S1). A few
genes were upregulated in all three trisomies (Figure S2) and the magnitude of up and down
regulation was generally greater than the 1.5 fold that would be predicted based on dosage
effects alone. Together, these findings suggested the existence of more complicated
mechanisms of dysregulation, involving genome-wide phenomena that are largely not
understood. In this regard, it will be important to determine if alterations at the epigenetic
level play a role. Thus, we are very interested in profiling methylation patterns together with
histone modifications in the setting of the aneuploidies we studied. It is also possible that the
up regulated expression of transcription factors and/or other DNA binding proteins on the
trisomic chromosome leads to altered transcription of targets elsewhere. For example,
SAP18, a major HDAC1/2 co-repressor %® that is encoded on chromosome 13, was up
regulated by 2-fold in Patau syndrome samples. Also, BRWD1, a major epigenetic regular
on chromosome 21 %7, was up regulated in Down syndrome. Thus, the enhanced expression
of these molecules could impact the placental epigenome. TCF4, located on chromosome 18
and overexpressed (3-fold) in Edwards syndrome placentas, interacts with other bHLH
transcription factors, creating networks that regulate differentiation of diverse cell types;
mutations lead to a variety of disease phenotypes 8. The expression of SMAD4, also
encoded on chromosome 18, was up regulated (2-fold) in T18, suggesting disruptions in
TGF beta-mediated processes 2% 80, Thus, our data suggested logical hypotheses regarding
mechanisms of genome-wide dysregulation in the trisomies we studied.

In terms of the obstetric clinical course, trisomic cases often have poor outcomes, for
example, preeclampsia and intrauterine growth restriction 8: 20, 31, 46-52, 61 Thege
conditions, which can be associated with all the aneuploidies that we studied, are most
common in T13 and T18 pregnancies & 48.49.62,63 | contrast, T21-affected pregnancies
have a more favorable outcome, not only over the course of pregnancy, but also during the
postnatal period 4. In fact, Down syndrome sometimes goes undiagnosed, being discovered
only at birth 85, Interestingly, pathway analyses revealed that aberrant gene expression in the
three trisomies converged on a set of signaling pathways involving key functions mediated,
for example, by integrins, HGF, CXCR4 and Rho family members. Conversely, other
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pathways were unique to individual trisomies such as the association of NF-kappa B, NO
and cAMP signaling with T13. In this regard, dysregulated PEDF signaling was unique to
T18. T21 impacted the most number of pathways. In addition to commonalities with T13
and T18, numerous other signals were dysregulated, including those involving IL-2, IL-6,
CREB, NANOG, RhoA and EGF. Together these results suggested that the pathway level
dysregulations that were associated with T13 and T18 have a more profound negative impact
on pregnancy outcome. T21 had more pleiotropic effects, but the sum total was more likely
to result in a live birth. Thus, the transcriptomic data from the maternal-fetal interface help
explain, in molecular terms, the disparate pregnancy outcomes in the various trisomies and,
perhaps, the fetal manifestations of these aneuploidies.

We noted with interest that many of the misexpressed genes and the pathways that they
regulate play important roles in placental development (Figure 1). For example, HIF family
members have oxygen dependent and oxygen independent functions in trophoblast
differentiation 8. In this regard, ARNT2 was overexpressed in T13 as was FLT1, which has
been implicated in the pathogenesis of preeclampsia 3. Conversely, HGF, which plays an
important role in trophoblast differentiation/invasion 67, was down regulated in this
syndrome. T18 was associated with a down regulation of ELF5, which defines an
epigenetically regulated stem cell compartment in the human placenta %8. Along with HGF,
EGFR was downregulated in T21. Given that EGF signals enhance invasion, the net effect
could be faulty invasion in Down syndrome, 69, which we observed here and in another
study 9. Thus, we found the misexpression of many genes that could play important roles in
the placental pathologies that are associated with the aneuploidies that we studied.

Our immunolocalization studies confirmed and extended the mRNA-level data.
Differentially expressed gene products were frequently associated with cells of the villous
cores and trophoblasts, particularly the cytotrophoblast subpopulation that forms the cell
columns that attach the placenta to the uterine wall. In general, the functions of the
molecules we chose for further analysis are consistent with their misexpression driving
abnormal placental development in the setting of the aneuploidies we studied. For instance,
overexpression of Racl in the villous stroma could dysregulate cell growth and, in
cytotrophoblasts, may affect migration 36. SI00A7 was strongly expressed in the villous
stroma of euploid placentas and downregulated in all three trisomies. Given its role in
regulating angiogenesis through VEGF-mediated mechanisms 38: 70 it is possible that
misexpression could be associated with abnormal vascularization of the villous tree.
Creating an abnormal trophoblast niche is another possibility. SSFA2 (also known as
KRAP), which interacts with actin 71, could affect adhesion of the stromal cells and
trophoblast populations in the setting of T18 and T21. Finally, IGFBP5 was significantly
upregulated in several compartments of T13- and T18-affected placentas. In general, its
proteolysis liberates IGF 72, Pregnancy-associated plasma protein-A, which is expressed at
high levels by the placenta, cleaves IGFBP5, increasing IGF bioavailability. USP16 is a
deubiquitinase that controls a key epigenetic switch that regulates stem self-renewal vs.
senescence in Down syndrome 39, Collectively, at the protein level, we observed
dysregulated expression of molecules with known or implied important functions in
placental development.
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In summary, our study showed that gene expression at the maternal-fetal interface in the
setting of the common trisomies is associated with a unique gene signature that is related to
the chromosome of origin as well as misregulated gene expression at the genome level. Our
findings also led us to conclude that the mechanisms of gene dysregulation were due to a
combination of genome-wide phenomena and dosage effects. Future studies will determine
the extent to which the newly described chromosomal locations contribute to gene
dysregulation of the offspring in Patau and Edwards syndromes. This is particularly
important given the small sample size of the current study. We are also interested in pursuing
these findings in terms of individual cell types, focusing on syncytiotrophoblasts, likely an
important source of cell free fetal DNA in maternal blood, and trophoblast progenitors,
which play a fundamental role in placental development. Improving our knowledge of the
molecular consequences of the most common aneuploidies has the potential to yield novel
therapeutic approaches for mitigating the effects of chromosome duplication on key
developmental processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. There are limited data about trisomy 13, trisomy 18 and trisomy 21
molecular signatures in terms of placental gene expression.

. We identified the dysregulation of several genes that are involved in
extraembryonic development, which might be associated with a
substantially increased rate of complications in trisomic pregnancies.

. Our data suggested that the trisomic placental (and possibly fetal)
phenotypes are driven by the combined effects of genome-wide
phenomena and critical region gene dosage from the trisomic
chromosome.
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Heatmap of the 50 most highly differentially expressed (DE) genes for each trisomy
revealed unique and overlapping patterns of genome-wide dysregulation. The majority of
DE genes in placentas affected by T13 (left), T18 (middle), and T21 (right) were not on the
trisomic chromosome. Heatmaps are relative to euploid controls (Cnt) and based on the
normalized log2 intensity, centered to median values and colored with a range of -4 to +4.
Red denotes up regulated, white denotes intermediate and blue denotes down regulated
expression levels. Each column represents data from one sample and each row represents
one probe set. Misregulated transcripts that originated from the trisomic chromosome are
indicated by inclusion of the chromosomal region in the right hand column of each panel.
The majority of DE genes did not reside on the affected chromosome.
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Figure 2.
PCA analyses highlighted dysregulation of genes encoded on the nontrisomic chromosomes.

(A-C) The genes expressed from the non trisomic chromosomes (non-HSA) separated each
aneuploid condition (red) from the euploid samples (blue), suggesting genome-wide effects.
(D-F) A categorical PCA revealed the involvement of gene dysregulation on specific non
trisomic chromosomes for each syndrome and overlapping patterns. In all cases, the
duplicated chromosome was highlighted. Expression of genes on the Y-chromosome
identified pregnancies in which the fetus was male. * denotes p < 0.05 as determined by
FactoMineR.
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Figure 3.
A Circos plot of DE mRNAs and their mechanistic networks for each trisomy suggested the

important roles of genes that were encoded on the duplicated and non duplicated
chromosomes. Individual diagrams depict the molecular signature for each trisomy (A, T13;
B, T18; C, T21). The outer track is the human chromosome map; the inner track is the loci
of the DE genes. Red and blue boxes indicate up and down regulated transcripts,
respectively; the height of the red and blue bars is proportional to the fold change values
(legend, upper left corner). The trisomic chromosome in each panel is highlighted in a
darker tone. The lines drawn between DE genes indicate mechanistic associations as
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determined by IPA. Some of the associations between dysregulated genes agreed with the
predictions (red lines = activation; blue lines = inhibition) and others did not (yellow lines).
Individual diagrams depict the molecular signature for each trisomy. The outer track is the
human chromosome map; the inner track is the loci of the DE genes. Red and blue boxes
indicate up and down regulated transcripts, respectively; the height of the red and blue bars
is proportional to the fold change values (legend, upper left corner). The trisomic
chromosome in each panel is highlighted in a darker tone. The lines drawn between DE
genes indicate mechanistic associations involving the trisomic chromosome as determined
by IPA.
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Figure 4.
Expression of RAC1, a GTPase with diverse functions, was up regulated at the protein level

in the three trisomies. (A-H) As compared to euploid placentas (A, B; 18wks), RAC1
immunoreactivity (B, D, F, H) was increased in the stromal cores of anchoring villi (AV) and
cell columns (CC) in T13 (C, D; 19 wks), T18 (E, F; 23 wks), and T21 (G, H; 17 wks).
Staining of invasive cytotrophoblasts was variably detected and most pronounced in T21. (I)
Immunoblotting confirmed aneuploidy-associated upregulated expression of RACL1. (J)
Quantitation of expression normalized to actin and relative to control euploid samples
showed statistically significant (*) increases in the 3 trisomies (p=0.02). Size bars = 100 pm.
Eu, euploid; CK7, cytokeratin 7; GA, gestational age; arrows indicate direction of
cytotrophoblast invasion.
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Figure 5.
Expression of S100 calcium-binding protein A7 (S100A7) was down regulated in the three

trisomies. (A) In euploid samples (e.g., 21 wks), strong SI00A7 immunoreactivity was
detected in the stromal cores of anchoring villi (AV); the cell columns (CC) of emigrating
cytotrophoblasts stained variably and weakly. (B-D) (B) L.ittle to no staining was observed
in comparable regions from T13 (18 wks), (C) T18 (20 wks) and (D) T21 (22 wks)
placentas. When present, antibody binding was detected only in association with the villous
stromal compartments. (E) Immunoblotting showed S100A7 expression in normal
pregnancy and uniform downregulation in T13, T18 and T21. (F) Quantitation of expression
normalized to actin and relative to control euploid samples showed statistically significant
(*) decreases in the 3 trisomies (p= 0.02). Size bars = 100 um; Eu, euploid; CK7, cytokeratin
7; GA, gestational age; arrows indicate direction of cytotrophoblast invasion.
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