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ABSTRACT

Down Syndrome (DS) is the most frequent autosomalploidy compatible
with post-natal life. Few meta-analyses of DS gexgression data have been
conducted to date even though comprehensive cotyetudies would be
pivotal to understand genetic hallmarks of DS andlegular mechanisms
responsible for DS phenotypes.

For this reason, aim of this study was to providavninsights into the

transcriptional changes influencing the moleculachanisms associated with
DS using computational strategies. We first perfima comprehensive
computational analysis of expression feature-lesdlaction output (FLEO)

files from transcriptome studies on different tissi®m human DS subjects,
with Affymetrix microarray technology. The non-bigjical experimental

variation was adjusted with a recently developegbithm, called ComBat.

Comparative analysis of 44 DS samples versus 4Q@aisritom 9 experiments

identified 178 genes consistently dysregulated $ Bunctional class scoring
of these genes revealed that Gene Ontology caesgoelated to cellular

morphogenesis, development, defects in synapsisapogtosis were enriched
among dysregulated genes. Hsa2l genes were glalgaggulated and the
pathway ofPGC-1 , a key regulator of mitochondrial biogenesis, athsred.

A second computational strategy was applied totiffeRlsa21l genes likely

responsible for 2 specific traits of DS, highligitey a previous experiment of
expression profiling performed on heart tissuesnfrDS subjects, i.e. the
downregulation of nuclear encoded mitochondrialege(NEMGSs), and the
upregulation of genes encoding extracellular ma{ieCM) proteins. We

speculated that most of the under-expressed NEMi@trbe under the same
regulatory control, as well as the overexpressedEfénes and that these
controls might be affected by the trisomy of Hsa21.

Therefore, to investigate whether the overexpressiondividual Hsa21 genes
might alter either NEMG or ECM gene expression, amalyzed expression
data, retrieved from public repositories. With thétrategy we identified
NRIP], a repressor dPGC-1 activity, as a good candidate gene for NEMG
downregulation, andRUNX1 for the upregulation of ECM genes. These
predictions agree with the result of our comprehenmeta-analysis and are
supported by literature and by the analysis of phemoter regions of the
NEMGs and ECM genes dysregulated in DS.

Finally, we successfully validated the predict¢®@IP1repressive role on both
NEMG regulation and mitochondrial function, by méating its expression in
human fibroblasts from DS fetuses.



1. BACKGROUND

1.1. Down syndrome (DS)

Down Syndrome (DS) is the most frequent autosonmauploidy that is

compatible with post-natal life. It results fromngplete or partial trisomy of
chromosome 21 (Hsa21) and is characterized by plesnphenotype in which
over 80 features occur with various degrees of esgon and frequency
[Epstein et al. 1991]. Constant features in trisprsubjects are mental
retardation, hypotonia, developmental delay, aigarmmune deficiency,

especially of thymus dependent system, and anaseckrisk of leukemia. DS
IS @ major cause of congenital heart defects (CHDy.associated mostly with
endocardial cushion defects [Ferencz et al. 1988 Bt al. 1977], the most
frequent being atrio-ventricular canal defects (AYQollowed by ventricular

septal defects (VSD) and tetralogy of Fallot [Pairkal. 1977].

1.2. Gene expression in DS

It has been postulated that a triplicated Hsa2lsesmwan increase in the
expression of trisomic genes as a primary dosadectefThis primary
dysregulation produces, as secondary effect, theredulation of genes
mapping on different chromosomes and consequem\DIS phenotypeH(g.
1). In agreement with the above hypothesis, sewdtalies have reported a
generalized overexpression of triplicated geneth@tmRNA level in mouse
models of DS and human DS tissues [Amano et al4;200le et al, 2004,
Kahlem et al, 2004; Dauphinot et al, 2005]. Intenggdy, these studies
indicated that only a subset of Hsa21 genes isist@msly over-expressed in
comparison to euploid controls and that the in@easxpression may slightly
differ from the expected ~1.5-fold [FitzPatrick &t 2002; Mao et al. 2005,
Conti et al, 2007]. Also, the set of over-expresbisd21 genes differs across
the trisomic cell types [Li et al. 2006]. These fimgs indicate that other
factors (e.g. developmental stage, tissue-spedifierences) also affect gene
expression [Sommer and Henrique-Silva, 2008].
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Figure 1. Primary and secondary effects of trisomy21. Three copies of Hsa21 may cause a
50% increase in the expression of trisomic genegramary dosage effect. The abnormal

MRNA levels of Hsa21 genes may cause alteratiodisasfmic gene expression as secondary
effects. Both primary and secondary effects willafly result in developmental defects and

phenotypic alterations.

Vilardell et al. (2011) performed a comprehensivetaranalysis from 45
different human and mouse DS studies at transcriptamd proteomic levels
including quantitative data such as Affymetrix noiamrays, qRT-PCR and
MALDI studies as well as qualitative data such #&G& and Western blot
analyses. By using a computed score and an entmifgyion, they identified
324 genes with consistent dosage effects in matiyese studies. As expected,
they observed a high fraction of Hsa21 genes (N )but also a large amount
of non-Hsa21 genes (N = 247). Besides well invagtidy genes in the context
of DS, they also detected a significant proportainnovel ones (N = 62)
mostly associated with neurodegenerative disordeckiding Alzheimer’'s
disease and age-related degeneration. The 324 gemedurther investigated
using functional information, molecular interacoand promoter analysis
revealing overrepresented motifs of four transwiptfactors:RUNX1 E2F],
STAHPAX2 and STAT3 Since the meta-analysis was enriched with brain
experiments, a high fraction of genes related torosevelopment, synapsis
and neurodegeneratiomgb. 1) was detected.



TABLE 1. ENRICHED NEUROPATHOLOGICAL PATHWAYS IN VIL ARDELL'S
META-ANALYSIS WITH ADJ.P.VAL < 0.01
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1.2.1. Gene expression profiling in DS heart tissue

A transcriptome study of DS fetal heart tissue pagormed in our laboratory
[Conti et al, 2007]. Gene expression profile of féal hearts (10 with DS

versus 5 euploid controls) was determined by DNArgarray analysis using
Affymetrix HG-U133A oligonucleotide arrays. The 282 probe sets

represented on the Affymetrix chip corresponded-14,500 genes and 500
expressed sequence tags and clones.

Genes were considered differentially expressed #@h< -0.8 and FC > 0.8
with Adj.P.val < 0.05 after Benjamini and Hochbexgrrection for multiple
comparisons. Approximately half of the genes exathi®y of the 168 genes
on Hsa21) were expressed in the heart at 18-22svafeljestation. Hsa21 gene
expression was globally upregulated 1.5 fold isamic samples. However,
not all genes were equally dysregulated and 25gyemee not upregulated at
all. Genes located on other chromosomes were gjadisantly dysregulated.
Functional class scoring and gene set enrichmerlysasa (GSEA) of 473
genes, differentially expressed between trisomid aon-trisomic hearts,
showed that the downregulation of nuclear encodetbchondrial genes
(NEMGSs) and the upregulation of genes encodingaegttular matrix (ECM)
proteins, appeared to be a hallmark of trisomyT32(1) in fetal heart samples
(Fig. 2 and Tab. 2-3.
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Figure 2. Genes and gene pathways affected by Hsa2fisomy. Pathway analysis
performed with Pathway Miner softwaréttfp://www.biorag.org/pathway.htinishowed one
cluster of downregulated genes, including 16 geneslved in oxidative phosphorylation
pathway. Two clusters of upregulated genes inclUgEM genes: cluster 2 (Focal adhesion)
and cluster 3 (Cell adhesion). Green indicates degulated genes (darker green = more
downregulated); red indicates upregulated genekédaed = more upregulated).

TABLE 2. SIGNIFICANTLY DOWNREGULATED GENES IN DS FE TAL HEARTS
ENCODING NEMGs
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TABLE 3. SIGNIFICANTLY UPREGULATED GENES IN DS FETA L HEARTS
ENCODING ECM PROTEINS.
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In agreement with these findings, functional stagierformed by other authors
suggest that multiple Hsa21 genes affect mitochahélinction and reactive
oxygen species production, one-carbon metabolism aell adhesion
[Gardiner, 2003]. It is plausible to hypothesizet tNREMG dysregulation might
be a cause of the mitochondrial dysfunction in B8t et al, 2007].

1.3. Mitochondrial dysfunction in DS

TS21 has been associated to mitochondrial dysfumcin several DS cell

[Busciglio et al, 1995; Roat et al, 2007] and mouoszdels [Shuchman et al,
2000; Shukkur et al, 2006], suggesting that a rhbodrial dysfunction

contributes to DS phenotype. It has been hypotkdsihat the pathogenetic
mechanisms may be ascribed to oxidative stressedalg reactive oxygen
species (ROS) formation, to altered intracellulaiciim homeostasis and to
apoptosis [Valenti et al, 2011]

To test the hypothesis that NEMG dysregulationrssoaiated to mitochondrial
dysfunction, we have performed molecular, morphiokigand functional
analyses of mitochondria in primary cultures of lamnfetal fibroblasts (HFFs).
With these experiments we demonstrated that TS2filewperturbing the
expression of genes involved in mitochondrial patysy disrupts the
mitochondrial morphology, decreases oxygen consiamptand increases
mitochondrial C&" load and ROS production [Piccoli et al, 2013]. Armo
severe mitochondrial dysfunction was observed ir2IT 8broblasts derived
from fetuses with cardiopathy, thus suggesting thisbchondrial dysfunction
contributes to generating a more severe phenotype.

In the same study, peroxisome proliferator-actidateceptor gamma, co-
activator 1 alphaRGC-1) was found hypo-expressed at the transcriptional
and protein levels [Piccoli et al, 2013]. PGCi% known to play a central role
in regulating mitochondrial biogenesis and respmatfunction through the
interaction with transcriptional partners, liRRF1L ERR, PPARs andYY1
[Scarpulla et al, 2011].

Several Hsa2l genes have been proposed as possbiidates for
mitochondrial abnormalities, such a&PP [Askanas et al, 1996], the
transcription factolGABPA[O'Leary et al, 2004], the copper-zinc superoxide
dismutaseSOD1[Shin et al, 2004], the kinag®YRK1A and the transcriptional
regulator DSCR1/RCANJBushdid et al, 2003]. The last two genes control
PGC-1 via the calcineurin/NFAT pathway largely through the binding of
NFATcto thePGC-1 promoter [Handschin et al, 2003].
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It is so far unknown to what extent these genescafGC-1 expression and
whether other Hsa21 genes play a key role in mandhal pathways.

1.4. Upregulation of extracellular matrix (ECM) geres in DS

Functional analysis of differentially expressed gerie DS hearts also
demonstrates global upregulation of ECM proteinegehis group includes
genes encoding adhesion and ECM proteins that mapisa21l such as
ADAMTS1 ADAMTSS APP, JAM2, COL6A1 COL6A2andCOL18A1 which
are dose-dependently upregulated in trisomic sanpled genes that do not
map on Hsa2l such as fibronectin, fibulin, collaggre I, type lll, type V,
type XV, metalloproteased/MPs) and several adhesion molecule gerfedh(
3) Overexpression of this gene family is likely tdfeat cell adhesion
properties, possibly determining an increase in sigthaess. Cells explanted
from endocardial cushion derived structures ofdetuwith Hsa21 trisomy are
more adhesive in vitro than those from controls ipMr et al, 1984]. A
stochastic model has been proposed for septal tdefe®S by which higher
values of adhesiveness result in deficiencies eftiio-ventricular (AV) canal
development associated with clinical variability arg individuals based on
chance alone [Kurnit et al, 1985].

About 50% of the subjects with DS is affected byOCH his high incidence
suggests that the overexpression of genes mappihiga21 alters the normal
developmental process of the heart either diremtiypfluencing the expression
of genes mapping to other chromosomes.

Many authors have either compared human subjects partial Hsa2l
trisomies [Korenberg et al, 1990] or designed monselels [Barlow et al,
2001; Liu C et al, 2011; Liu C et al, 2013] to itinthe smallest critical
region for DS-CHD (Down Syndrome Congenital Hearisdase) with
conflicting results. The genomic regions on Hsa&l syntenically distributed
in three regions of the mouse genome (Mmu), whiehlacated on Mmul6,
Mmul0 and Mmul7. Many mouse models of IFgy( 3) have been used to
identify critical regions for specific phenotypic#hits, including a critical
region for cardiac defects. The smallest criti@dion so far identified spans
from D21S3to PFKL and it is included in the 21g22.2 and 21922.3 legtals
[Barlow et al, 2001]. No Hsa21 ECM proteins arduded in this region.

It is also interesting that DNA microarray analysism right ventricular
biopsies of patients with tetralogy of Fallot derstrated that genes encoding
ECM proteins, such as collagen type I, lll, IX, Xdhd fibronectin, were
upregulated versus age-matched controls [Sharrah 2006], suggesting that
the increase of these ECM proteins has a poteot@ain CHD.

12
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Dp(16 4 Yey'+. 9, Ts1Rhr

Figure 3. Synteny of the different DS mouse models.

A recently published paper [Vilardell et al, 201&jcribed a key role in DS-
CHD pathogenesis to a large extracellular matrcgprotein, the=ibrillin 1
(FBN1). A study reported, indeed, a case of a persoectfl by DS who
carried mutations irBN1, the gene causative for a connective tissue desord
called Marfan Syndrome (MFS). The fact that thesperdid not have any
cardiac alterations suggested compensation eftkesto DS. The hypothesis
was reinforced by a computational analysis [Vil#lrég al, 2013] aimed to
identify genes potentially related #€BN1 and to test their relevance in DS
hearts. The analysis proposes a new list of catelglenes related to DS, some
of them display similar molecular mechanism affdcte DS and in MFS
mostly related to the extracellular matrix altewatiDeregulation of genes like
VCAN [Hatano et al, 2012]LOX, ACTA2 and MMP2, related with heart
development [Hinton and Yutzey, 2011], are goodda#ates to explain the
higher risk of heart abnormalities in DS. The aten of FBNIl-associated
network could be crucial to understand the cardioutar characteristics
associated with DS.

This background evokes the interest in speculatinigh Hsa21 gene or genes
might affect ECM upregulation in DS.

13



1.5. Meta-analysis of expression data from microaay analysis

Many researchers have embraced microarray techyioldge to extensive
usage of microarray technology, in recent yearsethas been an explosion in
publicly available datasets. Examples of such népass include Gene
Expression Omnibus (GE®i{tp://www.ncbi.nlm.nih.gov/ged/ ArrayExpress
(http://www.ebi.ac.uk/arrayexpre$sind Stanford Microarray Database (SMD,
http://smd.princeton.ed))/as well as researchers’ and institutions' we$sit
The use of these datasets is not exhausted, wieehwisely they may yield a
depth of information. Demand has increased to #ifely utilize these datasets
in current research as additional data for anabsagsverification.

Combining information from multiple existing studiecan increase the
reliability and generalizability of results. Theeusf statistical techniques to
combine results from independent but related studiealled “meta-analysis”
[Normand, 1999]. Meta-analysis has ranging beneftatistical power can be
added to an analysis, obtained by the increasample size of the study. This
aids the ability of the analysis to find effectsatthexist and is termed
“integration-driven discovery” [Choi et al, 2003Jleta-analysis can also be
important when studies have conflicting conclusiassthey may estimate an
average effect or highlight an important subtleiateon [Normand, 1999;

Hong and Breitling, 2008].

Through meta-analysis, we can increase the statigiower to obtain a more
precise estimate of gene expression differentals, assess the heterogeneity
of the overall estimate. Meta-analysis is relagvielexpensive, since it makes
comprehensive use of already available data. Indbedadvantages of meta-
analysis of gene expression microarray datasete hatv gone unnoticed by
researchers in various fields [Gritzmann et al,52Bianchi et al, 2007;
Vilardell et al, 2011].

There are a number of issues associated with aggplyieta-analysis in gene
expression studies. These include problems comnooiraditional meta-
analysis such as overcoming different aims, dearmghpopulations of interest.
There are also concerns specific to gene expresitanincluding challenges
with probes and probe sets, differing platformsigesompared and laboratory
effects. As different microarray platforms contpnobes pertaining to different
genes, platform comparisons are made difficult wt@nparing these differing
gene lists. Often the intersection of these liststhe only probes to be retained
for further analysis. Moreover, when probes are pedpto their “Entrez 1Ds”
[Maglott et al, 2007] for cross platform comparisasten multiple probes
pertain to the same gene. Due to reasons rangomg &lternative splicing to
probe location these probes may produce differexpression results
[Ramasamy et al, 2008]. Ideal methods for aggregdtiese probe results in a
meaningful and powerful way is currently the tom€ much discussion.
Laboratory effects are important because array itigation is a sensitive

14



procedure. Influences that may affect the arrayridyation include different
experimental procedures and laboratory protocoilzdjiry et al, 2005], sample
preparation and ozone level [Fare et al, 2003].

In conclusion, the main objectives of a meta-analgse to [Walker et al,
2008]:

Summarize and integrate results from a number avichaal studies;
Analyze differences in the results among studies;

Overcome small sample sizes of individual studeslétect effects of
interest, and analyze end points that require fssgmple sizes;

Increase precision in estimating effects;

Evaluate effects in subsets of patients or tissysemdent/independent
processes;

Determine if new studies are needed to furtherdtigate an issue;
Generate new hypotheses for future studies.

For all these reasons, this kind of integrative eoohparative study is pivotal
for the analysis of such complex nature of generesgion and regulation in
DS at a more general level [Antonarakis et al, 2@06ano et al, 2004].
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2. AIMS OF THE STUDY

High genome variability was observed in gene exgoesprofiling of human

DS samples and mouse models [Chou et al, 200P&itzk et al, 2002; Mao
et al, 2003; Chrast et al, 2000; Saran et al, 20D&ferent experimental

platforms, specific tissues, developmental stageésiperfect models introduce
a high variation to the assessment of genome-wifets. Few DS-related
meta-analysis studies have been conducted to dateteough comprehensive
comparative studies, aimed to attenuate experirherftaences and increase
the number of compared samples, would be pivotalnderstand genetic
hallmarks of DS and molecular mechanisms respaninlDS phenotypes.

For this reason, this study was designed to provide insights into the
transcriptional changes influencing the molecul&chanisms associated with
DS using meta-analysis and other computationategfies. A comprehensive
computational analysis of expression feature-lesdlaction output (FLEO)
files from independent transcriptome studies pemt with Affymetrix
technology on different tissues from human DS subj&vas carried out. We
merged data from heterogeneous platforms and adju$ie non-biological
experimental variation with a recently developegbathm, called ComBat in
order to identify genes consistently dysregulatedDiS. These genes were
further classified in functional categories to diger pathways possibly
affected by Hsa21 trisomy.

Aim of this study was to find Hsa21l genes likelgpensible for pathways
classified as dysregulated in DS based on prevegseriments and meta-
analysis results.

A computational strategy was therefore applieddentify Hsa21 candidate
genes for the impairment of two Gene Ontology catieg, i.e. the nuclear
encoded mitochondrial genes (NEMGs) and the eXttdae matrix (ECM)
genes [Conti et al, 2007]. We speculated that nebsihe under-expressed
NEMGs, as well as the overexpressed ECM genes,traghinder the control
of specific transcriptional regulators through noolkar mechanisms influenced
by the trisomy of Hsa21.

We combined the analysis of expression data rettiékom public repositories
with the study of the promoter regions of dysretgdagenes to identify
candidate Hsa21 genes to be validated in a bidbgistem.

16



3. MATERIALS AND METHODS

3.1. Meta-analysis procedures

The meta-analysis strategies are summarizé&gure 4.
Data collection

One-hundred-nine Affymetrix CEL files (FLEO filegpfm 9 different data sets
were collected from the GEQ(ttp://www.ncbi.nlm.nih.gov/ged/ and
ArrayExpress lfttp://www.ebi.ac.uk/arrayexpreyslatabases or retrieved from
the author's web pages. Expression data concewumadrcell lines or tissues
from DS subjects at different developmental stageslyzed prior to Sept.
2013, using the Affymetrix chipsets Human Genome JPRs 2.0, Human
Gene 1.0 ST Array or Human Genome HG-U133A. Théusion criteria for
the current meta-analysis were as follows:

)] Affymetrix technology;

i) human samples studies;

i) DS condition/control studies;

iv) complete raw data (CEL files) publicly available éownload;

V) experiments performed and documented accordinggdVtiAME
standard.

TABLE 4. DATA SETS INCLUDED IN THE META-ANALYSIS

(( "$ %) %" $
(
6 47 % +,--./ "7102 241, 8 8
01234+56,. 7.)
$ &, -319:4;-0.6 "7102 241, 8 8
74 43< +--. 7.)
46 3 +--. "7102 241, 8 8
7.)
7++6 3 +--. "7102 2, ) 8 8
==05
6 *6 01234+56,. "7102 241, 8 8
7.)
5%6 >32 "7102 241, 8 8 246
23;=4;-0.6. 7.) 97;-3.:,<
+753 =032 "7102 241, 8 8
"8
*45 2,60- :,0=6 "7102 ,241, 8 8
"8
75% 2,60- :,0=6 "7102 241, 8 8
"8

Overview of the different sources of data, inclyditifferent cells or tissues (brain, heart and
others), different stages of development (adulstpetal, embryonic) and different versions of
Affymetrix GeneChips.
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Data quality control

Extensive quality control of the raw microarrayalaas been carried out using
the methods implemented in the BioConductor packédgty” [Gautier et al,
2004], “affyQCReport” [Parman et al, 2008], “AffyR1” [Bolstad et al, 2005;
Brettschneider et al, 2007], “simpleaffy” [Wilsont eal, 2005] and
“arrayQualityMetrics” [Kauffmann et al, 2009]. In ibf, all arrays were
scanned for the overall sample quality (array imelgeck, RNA degradation
plots), signal distribution, intensity-dependerdgjiand probe-set homogeneity
(Normalized Unscaled Standard Error, NUSE, and tReld_og Expression,
RLE). In addition, correlation plots and PCA analyhave been carried out in
order to evaluate correlations between arrays.eBoh parameter a numerical
score has been calculated and the values distiibygiotted. Samples that
showed more than two quality parameters out ofiterquartile range of the
distribution, were excluded from the analysis. Byglaur out of 109
microarrays showed excellent quality according e standards and, thus,
considered for further analysis.

Affymetrix probes re-annotation

Although Affymetrix GeneChip design is very well@onented, tremendous
progress in genome sequencing and annotation amntrgears renders existing
probe set information suboptimal [Dai et al, 20@&hce, chip sequence-based
re-annotation has been shown to improve the criag®pn reproducibility
and analysis of independent experiments [Cartail,e2005], all probes were
re-annotated according to the latest release ofEimgembl Gene database
(http://www.ensembl.org/index.html). Mapping infcation and merging were
done using R and the BioConductor package softwdre.custom cdf files (v.
17.1.0, ENSG) R packages for the re-annotated Adfyin chipset are
available for download at
http://brainarray.mbni.med.umich.edu/Brainarraydbaise/ CustomCDF/17.1.0

/ensg.asp

Data Pre-processing

CEL files were imported into R (R Development Cdream, 2008) and
preprocessed using the robust multiarray averagmigim, RMA (Irizarry et

al, 2003), implemented in the Bioconductor (Gendanet al, 2004) package
“affy”. In particular, the background correction darthe summarization
algorithms were firstly applied to individual sexief data (see flow chart in
Fig. 4); then, after merging data from the three differ&@&nChips by the
common Ensembl gene ID, the “quantile normalizdti@gorithm was
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implemented to the resulting data frame consisting1547 Ensembl IDs in 84
assays.

e
S —

DATA COLLECTION
(GEO, ArrayExpress)

\\—_____//
109 assays (55 DS, 48 Euploid)

QUALITY CONTROL
{affyQC, affyPLM, simpleaffy,
arrayQualityMetrics}

84 assays passed, (44 DS, 40 Euploid)

HG 1.0 ST

Background correction
and summarization (RMA)

HG U133-A
Background correction
and summarization (RMA)

HG U133 Plus 2.0

Background correction
and summarization (RMA)

19750 Ensembl IDs 2203AiEnsembI IDs 11926 Ensembl IDs

MERGE AND FILTERING

By reannotated common Ensembl ID

11547 Ensembl IDs

QUANTILE NORMALIZATION
{limma}
BATCH EFFECTS CORRECTIONS | | DGE ANALYSIS
ComBat algorithm {sva} {limma}
DATA MINING

Gene selection
Classification
Clustering

Figure 4. Flowchart of the pipeline followed for the meta-bsés.

Batch effects correction

In order to correct the non-biological experimemaliation or “batch effects”,

normalized data were processed by the ComBat #hgofiJohnson et al, 2007]

from the “sva” Bioconductor package. ComBat allavgers to adjust for batch

effects in datasets where the batch covariate @vkn using methodology

described in Johnson et al. 2007. It uses eitheanpetric or non-parametric
19



empirical Bayes frameworks for adjusting data fatch effects. Users are
returned an expression matrix that has been cedefdr batch effects. In
particular, the algorithm has been used with time wiifferent series as “batch”
argument (GSE6283, E-MTAB-1238, GSE48611, GSE3558$F16176,

GSE9762, GSE5390, GSE1789, GSE1397) and with the types of

karyotype as “covariate” argument (trisomic and leid)), keeping the other
settings as default.

Differentially expressed genes and gene set enrieimtranalysis

Analysis of variance and moderated t-test wereiedhiout for identifying the

differentially expressed genes (DEG) in DS vs euplsamples, using the
methods implemented into the Limma package [Smi#d,€2005]. Benjamini

and Hochberg method [Benjamini and Hochberg, 1988k adopted for
multiple test correction. We considered genes wiffaally expressed with a
logarithmic Fold change (logFC) < -0.2 and > 0.ghwg-value 0.01.

The list of significantly dysregulated genes waalgred for functional class
scoring using Fisher's exact test with DAVIBttp://david.abcc.ncifcrf.gov/,
[Huang et al, 2009]) and Web-based Gene Set Amalygpolkit V2
(http://bioinfo.vanderbilt.edu/webgesta[\Wang et al, 2013]) using GO term
(biological process, cellular component, molecdilarction), Interpro domain
and KEGG pathway enrichment with default settingge considered enriched
pathways with a significance threshold FDR < 5% fahdl enrichment 1.5%.
Gene Set Enrichment Analysis of the dysregulatetegeavas also performed
with respect to pre-defined human pathways agglatedrfrom 22 pathway
resources from the ConsensusPathB&p(//cpdb.molgen.mpg.d@amburov
et al, 2009)).

Related GO terms found enriched among the dysregliigenes were then,
summarized using REVIGO softwarettf://revigo.irb.hy [Supek et al, 2011]).
REVIGO is a web server that summarizes long, ofteintelligible lists of GO
terms by finding a representative subset of thexgeusing a simple clustering
algorithm that relies on semantic similarity measurFurthermore, REVIGO
visualizes this non-redundant GO term set in midtizyays to assist in
interpretation: multidimensional scaling and grdgased visualizations
accurately render the subdivisions and the semagl@ationships in the data,
while tree maps and tag clouds are also offeredtesative views.

GSEA analysis [Subramanian et al, 2005; Moothd, &0®3] of pathways and
gene-sets was performed running the java applicddownloaded from the
Broad Institute websitehttp://www.broadinstitute.org/gseal/index.jsph the

normalized matrix of expression data obtained & processing. We used
all the seven collections of gene-sets downloadex f The Molecular
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Signatures Database (MSigDB), including positiocakated, motif gene sets
and GO terms. A total of 10,925 categories wereeswd in the analysis
(MSigDB release v4.0). In order to assess the ssizdl significance, a
permutation technique was applied to generate tHe dmtribution of the

enrichment score. Using a permutation test 1,00@4dj the cut-off of the
signi cance level p-values was chosen as 0.01 toe tost signi cant

pathways. The annotation of significant genes chgaathway was performed
by using the biomaRt packagettp://www.biomart.orgl. Next, clustering on

groups or genes was performed based on the idehtifenes’ expression in
each significant pathway using the method of hamaal clustering with

Euclidean distance.

Transcription factors binding analysis of co-reguied genes

In order to scan promoter sequences from our itiptg of upregulated or
downexpressed genes, we used a web server calledan Ps
(http://www.beaconlab.it/pscanfZambelli et al, 2009]), looking for over-
represented TF motifs. This software provides hamtsvhich factors could be
responsible for the patterns of expression obserwedice versa seem to be
avoided (with P-values nearing 1). We considereitlked in targets, TF with
adjusted P-values < 0.05.

Gene network inference

String 9.1 software [Franceschini et al, 2013] #m R/Bioconductor package
minet [Meyer et al, 2008], which provides a setfurictions to infer mutual
information networks from a dataset were used. (adewith a microarray
dataset, the minet package returns a network wietes denote genes, edges
model statistical dependencies between genes amdwvéight of an edge
quantifies the statistical evidence of a speciéay( transcriptional) gene-to-
gene interaction. Four different entropy estimatars made available in the
package minet (empirical, Miller-Madow, Schurmanrassberger and shrink)
as well as four different inference methods, namedievance networks,
ARACNE, CLR and MRNET. In addition, the packageenmates accuracy
assessment tools, like F-scores, PR-curves and ®@@s in order to
compare the inferred network with a reference one.
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3.2. Procedures to identify and validate single H24 genes responsible for
DS phenotypes

Public data expression analysis

A set of expression data from GSE 19836 series@©gli et al, 2010] was
obtained from  Gene  Expression  Omnibus repository OGE
(http://www.ncbi.nlm.nih.gov/geo This set of data, derived from the analysis
of a mouse embryonic stem cell bank in which 3Zhadgs of human
chromosome 21 genes, including transcription factand protein kinases,
were individually overexpressed in an inducible ma&annA set of clones
individually overexpressing 20 of the 32 genes, elgm3 transcription factors
(Aire, Bachl Erg, Ets2 Gabpa Nripl, Oligl, Olig2, Pknox1 Runxl Sim2
ZFP295 1810007M14Rik one transcriptional activatoD§crl-Rcan) and 6
protein kinases YRK1A SNF1LK Hunk Pdxk Pfkl, Ripk4, was
transcriptionally profiled under inducing and nawhicing conditions with
Affymetrix Gene Chip Mouse 430 2. Specifically, R8lArom 3 induced
mouse ESCs and 3 controls were profiled for eaddible Hsa21 gene [De
Ceqgli et al, 2010]. In our analysis, we used R vgafe vers. 3.0.2. We
considered genes differentially expressed with &l [Ebange (LogFC) > 0.3
and < 0.3 with p < 0.05. Gene ontology (GO) fummtal class scoring of all
the lists of significantly upregulated or downreggeld genes was performed
using the Web based Gene Set  Analysis Toolkit V2
(http://bioinfo.vanderbilt.edu/webgestalt/[Wang et al, 2013]). Special
attention was given to mitochondria-related categorand pathways for
downregulated genes and ECM for upregulated genes.

Comparison of lists of differentially expressed NEB4

We compared 3 sets of gene expression data frofarefit experiments, to
identify genes consistently dysregulated acrosS8thtidies. The first set, SET
1, included genes dysregulated by Nripl modulaiiormouse adipocytes
[Powelka et al, 2006]. The second set, SET2, iredugenes upregulated after
PGC-1 induction in SAOS2 cells (human osteoblast likdsgdSchreiber et
al, 2004]. The third set included mitochondria-tetagenes, downregulated in
DS fetal heart tissue [Conti et al, 2007]. The & seere filtered according to
the GO cell component category "mitochondrion” wiitie above mentioned
Web based Gene Set Analysis Toolkit V2. The resgtgenes — 123 genes in
SET1, 129 in SET2 and 70 in SET3 — were intersegsy the “suma2venn”
package [Conesa and Nueda, R package]. A Venn &ragvas built, which
shows overlapping genes across the 3 sets.

22



3.3. Methods for the validation of NRIP1 role in DS mitochondrial
dysfunction

Samples for validation of NRIP1 role

Human primary lines of fetal fibroblasts (HFFs) eeobtained from the
"Telethon Bank of Fetal Biological Samples" at theiversity of Naples. All
experimental protocols were approved by the loaadtitutional Ethics
Committee. Eight skin biopsies were explanted frooman fetuses with
trisomy of Hsa21l (DS-HFF) after therapeutic abortain18-22 gestational
weeks. Fibroblasts from biopsies were cultured2s flasks (BD Falcon) with
Chang medium B+C (Irvine Scientific) supplementedithw 1%

penicillin/streptomycin (Gibco) at 37°C in 5% g@tmosphere; all the
analyses described throughout this study were ethraut at cell culture
passages 4-5.

Transfection protocol

NRIP1 was transiently silenced in 8 DS-HFF linegngsa pool of specific
NRIP1-siRNAs (ON-TARGETplus SMARTpool, Dharmacomjith negative
(ON-TARGETplus SMARTpool Non targeting siRNAs casitrDharmacon)
and positive controls (ON-TARGETplus SMARTpool, GAR siRNAs,
Dharmacon). Interferin transfection reagent (Palgpiransfection) was used.
Cells were plated on 12-well plates (50000 cellfjwier RNA collection, on
35 mm plates with 20 mm slides (Delchimica) (500@dis/well) for ROS
production analysis and on 24-well plates (3000G/eeell) (BD Falcon) for
immunofluorescence and mitochondrial activity assaypS-HFFs were
transfected with 5nM and 20nM siRNA according tee tmanufacturer's
protocol (Polyplus transfection). Seventy-two howaf$er transfection, the
effects ofNRIP1silencing were evaluated.

NRIP1 immunofluorescence

For the evaluation of NRIP1 protein by immunoflusrence, 30,000 cells were
plated in 24-well plates on 12 mm diameter rourasgllcoverslips. Cells were
fixed in 3:1 methanol: acetic acid for 15 min, weghwice with PBS, and then
incubated twice in 0.1M Borate Buffer pH 8.5 for inutes to neutralize the
pH. After two washes with PBS, the cells were irated with DNase 1:10 in
RDD Buffer (Qiagen) at 37°C for 1h and then treateith 2% BSA in PBS to
block non-specific protein-protein interactions. Tdedls were then incubated
with the antibody anti-NRIP1 (3@/ml, ab42126 Abcam, Cambridge Science
Park, Cambridge, UK) overnight at +4°C. The secondatibody (green) was
Alexa Fluor® 488 goat anti-rabbit 1IgG (H+L) usedaafl/200 dilution for 1h.
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Cells were finally mounted in 50% glycerol in PBBimunofluorescence
analysis was performed at a confocal laser-scanmiggoscope LSM 510
(Zeiss, Gottingen, Germany) equipped with an Argomc laser whose was
set at 488nm, and a HeNe laser whoswas set at 633nm. Emission of
fluorescence was revealed by a BP 505-530 band fjessfor Alexa Fluor
488 and by a 615 long pass filter for DRAQ5. Imagese acquired at a
resolution of 1024x1024 pixels. Analysis of datasvgeerformed with ImageJ
software, version 1.37. Fifty random single cellerev analyzed for each
imaging analysis.

Laser scanning confocal microscopy (LSCM) live cedthaging of ROS
production

For the evaluation of ROS production after NRIFRNA transfection, 50,000
cells were plated on 25 mm diameter round glassrstips in an Attofluor cell
chamber (Molecular Probe, Leiden, NL). Seventy-taaurs later, the cells
were incubated for 15 minutes at 37°C with I of 2,7-di-chloro-fluorescin
di-acetate (DCF-DA) which is converted to di-chldhaorescein by
intracellular esterases, for detection o0 or with 5 M of MitoSOX™ Red
reagent (Life Technologies, Molecular Probes), Whi a live-cell permeant
which is rapidly and selectively targeted to thetachondria. Once in the
mitochondria, MitoSOX™ Red reagent is oxidized bperoxide and exhibits
red fluorescence. After incubation cells were wasteee times with medium
w/o serum. To maintain the cells alive during olsagon and to create the
proper environmental conditions, the specimen waseal in an Oko Lab (Na,
Italy) Water Jacket Top Stage Incubator, kept atC37under humidified
condition of 5% CQ@ and 95% air by means of temperature controlleas, g
mixers, and humidifiers right on the microscope. eTlanalysis of
immunofluorescence was performed with a confocsgracanner microscopy
Zeiss LSM 510 (Carl Zeiss, Gottingen, Germany), goed with Argon ionic
laser whose was set at 488 nm, an HeNe laser whoseas set at 546 nm,
and an immersion oil objective 63x/1.4f. Emissioh ftumorescence was
revealed by BP 505-530 band pass filter for DCF &68 Long Pass for
MitoSOX™ Red. Images were acquired in the greeim ¢ihe red channels and
then saved in LSM format to prevent the loss obimfation. They were
acquired with a resolution of 1024x1024 pixel witle confocal pinhole set to
one Airy unit. Analysis of data was performed withageJ software, version
1.37. Fifty random single cells were analyzed facteimaging analysis.
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Mitotracker immunofluorescence

For the evaluation of mitochondrial activity Mitclaker® Red CMXRos
(Molecular Probes) was chosen. MitoTracker® praiessively diffuse across
the plasma membrane and accumulate in activelyiriegpmitochondria.

Thirty-thousand cells were plated on 24-well platesl2 mm diameter round
glass coverslips and then incubated with 150nM datotvcker Red for 30
minutes. After incubation cells were fixed for 20notes in PBS containing
4% paraformaldehyde (Sigma) and then washed ontlte RBS 1X. Nuclei

were stained with the DNA intercalant DRAQ5 (Bioatss, Alexis

Corporation). Cells were finally mounted in 50% adyl in PBS.

Immunofluorescence analysis was performed with dooah laser-scanning
microscope LSM 510 (Zeiss, Gottingen, Germany). Tdmbda of the two
HeNe lasers was set at 546 nm and at 633 nm. BceEmee emission was
revealed by BP 560-615 band pass filter for Mitkeast Red and by 615 long
pass filter for DRAQ5. Double staining immunofluscence images were
acquired separately in the red and infrared chanml a resolution of
1024x1024 pixels, with the confocal pinhole setotee Airy unit, and then
saved in LSM format. Fifty random single cells weapalyzed for each
imaging analysis using the ImageJ version 1.37.

RNA extraction and Quantitative Real-time PCR

Total RNA from each sample was extracted using ®Rigagent (Gibco/BRL
Life Technologies, Inc., Gaithersburg, MD) and weserse transcribed using
the iScript cDNA Synthesis kit (Bio-Rad Laborataritnc., Hercules, CA,
USA). Real-time PCR was performed using iQ Super8¥BR Green 2X on

a Bio-Rad iCycler according to the manufacturerstgcols. PCR reactions
were performed in triplicate. Primer pairs (MWG Rioh, Ebersberg,
Germany) were  designed using the Primer 3  software
(http://frodo.wi.mit.edu/primendto obtain amplicons ranging from 100 to 150
base pairs. In order to obtain correct amplificagjaach primer pair was tested
for its specificity and its thermodynamics parametewith Blast

(http://blast.ncbi.nim.nih.gov/Blast.qggi mFold
(http://mfold.rit.albany.edu/?g=mfo)d and OligoAnalyzer
(http://eu.idtdna.com/analyzer/Applications/OligoArzzr/) software.

Expression values were normalized either versusndaled transfected cells or
versus scrambled transfected euploid cells. ABELS@Nd GAPDH
housekeeping genes were chosen as reference gengsantify the mtDNA
content, we selected two genes: D-loop as the hmtodrial target and ACTIN
as the nuclear target. Both targets were quantbedRT-PCR using cDNA
reverse-transcribed from RNA of 3 NRIP1-silencedommic samples and
scrambled control. Normalization of gene expressvas obtained using ABL
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gene as housekeeping. The ratio between D-loopA@TdN expression under
each condition (NRIP1-silenced or scrambled trisoceills) was calculated.

Immunoblotting

For immunoblotting, cells were scraped into icedqohosphate-buffered saline
and lysed in a modified 10 mM Tris buffer pH 7.4 taning 150 mM NacCl,
1% Triton X-100, 10% glycerol, 10 mM EDTA and prase inhibitor cocktail.
After 30 min of incubation on ice, the lysates weleared via centrifugation at
12,000 xg at 4°C for 10 min. Protein concentratiorese determined by the
Lowry procedure. Protein extracts (1§) were separated on 4-12% Bis-Tris
acrylamide Gel (Life Technologies, NP0323) and tetectransferred to PVDF
or nitrocellulose membrane according to standardcqumures. Unspecific
binding sites were saturated by incubating memisrami¢h TBS-Tween 20
(0.05%) supplemented with 5% non-fat powdered nidk 1 h. Next, the
membranes were incubated overnight with primarybadies [GAPDH (Cell
Signaling, 2118); LUCIFERASE (Invitrogen, 35670@))d the detection was
assessed by appropriate HRP-labeled secondaryodigsb [Santa Cruz, sc-
2004 (goat anti-rabbit) and sc-2005 (goat anti-myjus plus a
chemiluminescent substrate (Thermo Scientific, 330BQual loading of lanes
was confirmed by incubation with an anti-GAPDH aotly.

Luciferase measurements

Cells were seeded on glass coverslips (13 mm deijnéir single sample
luminescence measurements and allowed to grow bd#% confluence. The
cells were then transfected with a cytosolic (uyeged) firefly luciferase
(cytLuc) and a mitochondrially targeted luciferdsglLuc). Cell luminescence
was measured in the same purpose-built luminometed for the aequorin
measurements, constantly perfused with KRB, suppheed with 1 mM CaGl
and 20 mM luciferin. The light output of a covepstif infected cells was in the
range of 1,000 —10,000 counts per second (cpsuseasbackground lower
than 10 cps. All compounds employed in the exparnisiavere tested for non-
specific effects on the luminescence, but noneatasrved.

Statistics

The analyses applied to the microarray data haga bdescribed above. For all
other experiments, analysis of variance was cawidd followed by post hoc
comparison (ANOVA, F-test). Data were expressech@an +/ SEM.
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4. RESULTS

4.1. Data integration of microarray experiments shws genes consistently
dysregulated in DS.

Genome-wide dosage effects were computed with pipeoach described in
Materials and Methods. In total, nine case-conegrperiments performed
using three different Affymetrix GeneChips (Affym&Human Genome HG-
U133A, Affymetrix Human Genome U133 Plus 2.0, Affgtnix Human Gene
1.0 ST Array) were interrogated and 44 DS vs 40l@dpsamples were
compared Tab. 4). All assays were quality checked and ~80% of tipassed
the defined cut-off thresholds (84 out of 109). @amson between the DS and
the euploid conditions and the statistical sigaifice were calculated with the
methods implemented in the limma package [Smy#t, &005].

Since gene chip re-annotation has been shown tooiraphe cross-platform
reproducibility and analysis of independent expenis [Carter et al, 2005], all
probes were re-annotated according to the lasasel®f the Ensembl gene
database (Version 17.1.0, ENSG). In particulartia probe sets initially
contained in the three Chipsets analyzed (respgti?2283, 54675 and
241576), were matched to 11926, 19750 and 2203quanEnsembl gene
stable identifiers.

Before data processing, 11547 genes were considerdide meta-analysis
corresponding to the Ensembl gene identifiers shdrg the GeneChip
analyzed. In order to compare expression data idgrifrom heterogeneous
platforms in the correct way, we implemented in pipeline the ComBat
algorithm, developed in order to reduce the nonegighl experimental

variation or “batch effects”. Batch effect deriviigpm analyzing different

GEO series was evident from the first heatmagrigy 5, in which arrays

mostly cluster according to the series. After rmgnComBat on the matrix of
normalized expression data, we removed, or at leaktced, this problem as
demonstrated by the second heatmag-ig. 5 that shows the correlation
among the arrays after the ComBat adjustment.
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Figure 5. Heatmap of array correlation using Euclidean dists before (left) and after (right)
batch effect correction. It is easy to point out thatch effect before the correction, samples
mostly cluster according to the different GEO serie

We identified 178 genes consistently dysregulatedray the experiments in
DS vs controls Tab. 5-6). Proportionally, Hsa21 contributed in great part
the global dysregulatior-{g. 6).
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Figure 6. Ideograms showing the position of dysredated genes on chromosomes.
Horizontal bars represent the chromosomal locdtiothe biological database identifiers. The
scale is 2 million bases per pixel.
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As expected, Hsa2l genes were globally upregulategene expression
studies. It is remarkable that only 50% of all Hsagnes (71 out of 135
studied here using the Ensembl genome annotatibbicekFet al, database])
showed consistent effects across the different raxpats, indicating that
dosage effects were either compensated or not tddtea the selected
experimental data.

TABLE 5. LIST OF THE 71 HSA21 GENES UPREGULATED IN THE META-
ANALYSIS
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TABLE 6. TOP TWENTY NON-HSA21 GENES DYSREGULATED IN THE META-
ANALYSIS

33333 +*3. 8! 18 !
333333*+. 7 8! I 8 !
333336 57 8! I 8 !
33333 3+..7 8! 18 !
33333 743 8! 18 !
33333 .367 ! ! !
333333. .57 ! ! !

33333 36+.5 8! ! !
33333 ***7 ! ! !

33333 .+4* ! ! ! $
33333. +6 8! ! !

33333 64+5 8! ! !

33333 3*74 ! ! !
33333 +*.6 8! ! !
333333+, ** 8! ! !

33333 54+ ! ! ! *
33333 65 ! ! !

33333 3.+ ! ! !

33333 64736 ! ! ! $
33333 +63.7 ! ! !

Running GSEA with MSigDB_c1 positional databasey yenomic regions on
Hsa2l enriched with dysregulated genes have besriifidd: chr21g22 and
chr21g21, Fig. 7); these regions cover almost the entire chromos2imend it
does not fit well with the hypothesis that a singdgion could be responsible
for the molecular and phenotypic consequences offefichenko et al, 2007,
Ronan et al, 2007].
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Figure 7. Mapping of the dysregulated genes on chneosome 21 Red bars indicate the
genomic mapping of the genes. The two ideogramsvsiiso the cytogenetic bands (left
ideogram) and the heatmap of the genic densitht(itdpogram).

4.2. Functional annotation using gene enrichment aatysis

Functional classification of dysregulated geneso ipathways and Gene
Ontology (GO) categories was performed with Fishest-based tools such as
DAVID, WebGestalt Toolkit and ConsensusPathDb anth \VtSEA, which
uses a running-sum statistics. The first threewsoft showed comparable
results and for sake of simplicity we only showulessfrom ConsensusPathDb.
The list of 178 dysregulated genes in the metayaigilvas used as input file
of the tool and inTable 7 we reported the complete list of enriched GO
biological process (BP3 level) terms obtained. Tisisof GO terms was then
used as input of the REVIGO software [Supek et2&ll1l] in order to
summarize redundant and/or related terrRgy.(8). The pathways most
enriched with dysregulated genes referred mainlgeitular morphogenesis
and development, and defects in synapsis (e.g. mespto axon injury,
dendrite regeneration and regulation of neuronalstmlity). In addition,
apoptosis-related gene categories were also edriche
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TABLE 7. ENRICHMENT OF GENE ONTOLOGY BIOLOGICAL PROCESSES

AMONG THE DYREGULATED GENES.
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Figure 8. Graphical representation of GO terms found enriched on 178 genes
dysregulated in DS samplesHeatmap colors represent the statistical sigmifte of the
enriched category. Adj.P.Value cut-off = 0.05. Plobtained with REVIGO tool
(http://revigo.irb.hr).

GSEA (Broad Institute) differs from the other fuoctal class scoring tools
used because it adopts a running-sum statisticsitamdrks on the whole
expression matrix of normalized data, not on thmp& lists of DEG. The
analysis with this tool confirmed the enrichmentgeines mapping to Hsa21
(Fig. 9), as expected, but also revealed the enrichmemgeioes involved in the
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cell cycle, among the upregulated genes, and tigeteaof PGC-1 (P.val <
0.01), among the downregulated genes. This is stggpdy our previous
studies on DS fetal fibroblasts in which we fouR@€GC-1 significantly
downregulated [Piccoli et al, 2013]. The protein aaed by this gene is a
tissue-specific coactivator that enhances the &gtofimany nuclear receptors
and coordinates transcriptional programs importanenergy metabolism and
energy homeostasis in mitochondria.
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Figure 9. Enrichment plots from the GSEA analysisPlot retrieved from the GSEA java tool
(Broad Institute).

Molecular interactions among the 178 significantlysregulated genes on
Hsa21l and on other chromosomes exhibited a comatek enriched-in-

interactions network (111 interactions, instead 28 expected with String 9.1
software [Franceschini et al, 2013]) supporting ithgortant role of physical

interactions as transmitter of dosage effe€ig.(10).
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Figure 10. Gene network reconstruction of the 178eames found dysregulated in the meta-
analysis Connection lines represent the confidence of phgsical/genetical interaction
between the nodes (genes). Graph obtained withgS#il software.

4.3. Enrichment of TF motifs

We further analyzed the promoter sequences of 0w ron-Hsa2l genes
dysregulated in the meta-analysis for enrichmentrariscription factor (TF)
binding sites through the Pscan software [Zamlsdllial, 2009] using TF
matrices from the Jaspar database. Significantclement was computed for
the TF motifs showed inTable 8 TF enriched for their targets in the
differentially expressed list of genes were:

EGRJ an early response transcription factor critical ¢ertain types of
memory and learning [Jones et al, 2001; Bozon,e2@2; Knapska and
Kaczmarek, 2004] and its expression is criticalfeuronal plasticity and
cognition.

TFAP2,which is highly expressed in early neural cresks¢caluggesting a
key role in their differentiation and developmenttis is also supported by
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the fact that TFAP2A knockout mice die perinatally with cranio-
abdominoschisis and severe dysmorphogenesis datee skull, sensory
organs, and cranial ganglia.

KLF4, which regulates the expression of key transcripfamtors during
embryonic development. Plays an important role aaining embryonic
stem cells and in preventing their differentiaticand is required for
establishing the barrier function of the skin and postnatal maturation
and maintenance of the ocular surface. Being iredlvin the
differentiation of epithelial cells, it may alsonittion in skeletal and
kidney development. It contributes to the down-taion of p53/TP53
transcription.

MYCN,which is a member of th®1YC family encoding a protein with a
basic helix-loop-helix (bHLH) domain. This proteis located in the
nucleus and must dimerize with another bHLH proieirorder to bind
DNA. Amplification of this gene is associated wahvariety of tumors,
most notably neuroblastomas.

NFKB1, which is a transcription regulator that is actidatey various
intra- and extra-cellular stimuli such as cytokinegidant-free radicals,
ultraviolet irradiation, and bacterial or viral pacts. NFKB1 is a
pleiotropic transcription factor present in almadit cell types. It is the
endpoint of signal transduction events initiatechldgt of stimuli related to
different biological processes such as inflammatiommunity,
differentiation, cell growth, tumorigenesis and ajosys.

GABPA a TF mapping to Hsa21 involved in activation gtochrome
oxidase expression and nuclear control of mitochahdunction. It is
among the most studied genes involved in DS.
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TABLE 8. TRANSCRIPTION FACTORS ENRICHED FOR TARGETS AMONG
DYSREGULATED GENES
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Table showing transcription factors with targetsigmed in the 107 non-Hsa21 dysregulated
genes in the meta-analysis. TF matrices retriekad flaspar database. P.value cut-off = 0.05.

4.4. Identification of single Hsa2l genes respon$th for specific DS
phenotypes in public expression data

4.4.1. Analysis of public expression data suggtsit NRIP1 affects NEMG
expression.

To identify which Hsa21 gene might down-regulateNNE expression, we
screened the Gene Expression Omnibus repository
(http://www.ncbi.nlm.nih.gov/geo for gene expression data related to the
modulation of Hsa21 genes. We selected the GSE1883€&riment [De Cegli

et al, 2010], a dataset derived from the analylsésraouse embryonic stem cell
(ESC) bank in which 32 orthologs of human chromos@m genes, including
transcription factors and protein kinases, weréviddally overexpressed in an
inducible manner. We re-analyzed this series bysg on the mitochondria-
related categories and pathways dysregulated byweeexpression of each
gene looking for Hsa21 genes that when overexpies®selld induce NEMG
downregulation. Among the 20 analyzed Hsa21 gemdg,NRIP1, one of the

7 genes considered "effective" for the expressiartupbation in the
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manipulated cells [De Cegli et al, 2010], was alte cause NEMG
downregulation when over-expressed. Our analysisvet thatNRIP1 over-
expression caused a significant enrichment of NEM@&mong 298
downregulated genes. The "Mitochondrion” was thestmaffected Cell
Component Gene Ontology (GO) category (p 2)1(Fig. 11), with a cluster
of 37 downregulated gene$ab. 9). Motif enrichment analysis, by clustering
downregulated genes based on their promoter regrensaled a significant
enrichment (p < 0.005) in genes with tHERR motif. Twenty-five
downregulated genes, instead of the expected Xfyesh promoter regions
around the transcription start site containinggRR motif.

TABLE 9. GENES DOWNREGULATED AFTER NRIP1 OVEREXPRES SION IN THE
GSE19836 BELONGING TO THE CELLULAR COMPONENT “MITOC HONDRION”
(GO:0005739).
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Among the other Hsa2l genes which possibly interfeith mitochondrial
pathways, neitheDYRK1A nor RCAN1 nor GABPA all considered "silent"
genes [De Cegli et al, 2010], caused NEMG downegmn when
overexpressed.
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Figure 11. GO terms tree of the cellular component categoBesiched in the 298
downregulated genes found in the reanalysis of GSB19836

4.4.2. Modulation of NRIP1 and PGC-Z¥xpression dysregulates the same
NEMGs downregulated in DS fetal hearts.

To investigate whether the sets of genes regulayedRIP1 and/orPGC-la
showed any overlapping to the NEMGs downregulatedD8 fetal hearts
[Conti et al, 2007], we performed a meta-analysimpgaring 3 sets of gene
expression data, SET1, SET2 and SET3. SET1 incla@8dyenes which were
both upregulated afteNRIP1 silencing and downregulated aft8iRIP1 re-
expression in mouse adipocytes [Powelka et al, ROBET2 included 129
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genes which were upregulated afe€sC-1a induction in SAOS2 cells (human
osteoblast-like cells) [Schreiber et al, 2004]. SEhcluded the 70 genes
downregulated in DS fetal heart tissues [Contile2807] belonging to the
"mitochondrion” GO category. The comparison waseairat identifying genes
consistently dysregulated across these studies.

The Venn diagram shows that NEMGs in SET3, whichevalownregulated in
DS fetal hearts, overlap with both SET1 and SEHIg.(12). The three sets of
genes overlap each other for at least 25 gendggeRifgenes are consistently
dysregulated across all 3 experiments (Fig. 1B). tMufsthese genes are
included in the electron transport chain, mainhcamplex |, and in oxidative
phosphorylation pathways. It is also interestinghtde that 42 genes overlap
between the sets of genes inversely regulatetiRfP1 and PGC-1a (SET1
and SET2) in agreement with the antagonistic fomsti of the two co-
regulators [Fritah et al, 2010]. These results sup@ role of NRIP1 in
downregulating NEMGs in DS fetal hearts.

SET1/SET3 SET2/SET3 SET1/SET2/SET3
ACADM ACADM ACADM

ATP5B ATPSB ATPSB
COX5A ATP5G1 COX5A
COX7A2 coqQ7 IDH3A
ECI1 COX10 IDH3B
ETFA COX5A NDUFA8
ETFB CYCs NDUFAB1
IDH2 DLAT NDUFS2
IDH3A ENDOG NDUFS3
IDH3B HCCS PDHA1
NDUFA8 HSPA9B SDHA
NDUFAB1  IDH3A SDHB
NDUFAF1  IDH3B UQCRC1
NDUFB2 IMMT UQCRC2

NDUFB8 MRPL15 UQCRFS1
NDUFS2 MRPL35

NDUFS3 MRPS12

NDUFV2 NDUFA8

PDHA1 NDUFAB1

SDHA NDUFS2
SDHB NDUFS3
SDHC PDHA1

UQCRC1 SDHA
UQCRC2 SDHB
UQCRFS1  SLC25A12
SLC25A4
SET2 UQCRC1

UQCRC2

A UQCRFS1 B

Figure 12 Comparison of NEMGs downregulated in DS fetalrteewith those dysregulated
by NRIP1 and/or PGC-1 A. Venn Diagram showing overlapping amongst tree of data.
Out of the 70 mitochondrial genes that are dowrletgd in DS fetal hearts (SET3), 25
overlap the list of NRIP1 regulated genes (SET@yl 29 overlap the list of PGC-Tegulated
genes (SET2). B. List of mitochondria-related geme=rlapping in the 3 sets of data.
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4.4.3. Promoter analysis of genes downregulated$ fetal hearts shows
enrichment for transcription factors repressed RIR1.

It has been recently demonstrated that the trgtsuni factorsNRF1 and
ERRa and their targets are repressed by Hsa2l dERI®1 and induced by
PGC-la in a dose dependent manner in neonatal rat caydioytes [Chen et
al, 2012]. The promoter regions from -450bp to #50b mitochondrial genes
downregulated in DS heart tissues were analyzeutder to recognize DNA
binding motifs for bothNRF1 and ERR matrices by PSCAN software
[Zambelli et al, 2009]. The list of downregulateengs was ranked according
to the prediction of binding affinity of their prater regions toNRF1 and
ERRa binding sites with a cut-off of affinity score =80 and p-value < 0.003.
Interestingly, among the 65 mitochondrial genestbdownregulated in fetal
hearts, 40% of these genes have consensus DNAnQisdes for the nuclear
respiratory factoNRF1 in their 5’ flanking regionsTab. 10), and 20% of
them show a high affinity for the estrogen-relateceptorERRa (Tab. 11).

TABLE 10. MITOCHONDRIAL GENES DOWNREGULATED IN DS H EART
TISSUES WITH NRF1 BINDING SITE IN THEIR PROMOTER RE GIONS.

$ (% %% %% &
(' ! 8
( ! 8
. ! 8
7 ! 8
<(%( !
'&4 ! 8
%"3 ! 8
! 8
7 !
! 8
<(%( ! 8
'& ! 8
' ! 8
'& ! 8
(( ! 8
& ! 8
5 ! 8
$% " + ! 8
(+ , P
- ( I 8
(( ! 8
7& ! 8

43



! 8

)& ! 8
(<* ! 8
' ! 8

! 8

"7 ! 8
' ! 8
! 8

" !

( ! 8
$ ( ! 8

! 8

NRF1 target genes are sorted with a cut-off affisitore = 0.80

TABLE 11. MITOCHONDRIAL GENES DOWNREGULATED IN DS H EART
TISSUES WITH ERR BINDING SITE IN THEIR PROMOTER REGIONS.
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4.5. Validation of NRIP1 role in DS mitochondrial d/sfunction

4.5.1. NRIP1 attenuation by siRNA affects NEMG esgion in DS-HFFs.

We previously demonstrated th&RIP1 is upregulated in human fetal
fibroblasts from DS fetuses (DS-HFFs) [Piccoli e2813].

To test the hypothesis thaRIP1 overexpression perturbs mitochondrial
function and that this effect is associated WvBC-1 downregulation, we
performed silencing experiments biRIP1 gene in DS-HFFs. Seventy-two
hours after transfection of a specific SMART pobkiRNAs in DS-HFFs, an
inverse correlation betweeNRIP1 and PGC-1 expression, in a SiRNA
dosage-dependent way, was demonstrated by qRT-PIGRLQ).
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Figure 13 NRIP1 and PGC-1expression in NRIP1-silenced DS-HFFs. NRIP1 mRNA
expression level in euploid cells (N1-N5), and iisdmic (DS1-DS8) HFF lines used for
silencing experiments. For each sample, valueesept the average determination + SEM for
3 gRT-PCR experiments. A pool of euploid cells waed as calibrator. ** = p<10 P-value
expresses significance for euploid vs trisomic cargons.B. NRIP1 and PGC-1expression
levels in trisomic cells transfected with a scramblsiRNA and with a NRIP1-specific
SMART pool of siRNAs. A decrease in NRIP1 expresd&vel corresponds to an increase on
PGC-1 expression level in a siRNA-dependent way. Valuepresent the average
determination £ SEM for 8 NRIP1-silenced DS-HFFsied out in triplicate. * = p<0.05, ** =
p<0.01. P-values express significance for NRIPdrsiéd vs scrambled comparisons.

By immunofluorescence analysis we demonstratedttieeflRIP1 fluorescent
signal was more intense over nuclei of DS-HFFg.(14B) with respect to
euploid HFFs Fig. 14A) indicating a higher concentration of tiNRIP1
protein in trisomic cells. In DS-HFFs treated waiRNAs, NRIP1 fluorescent
signal was significantly decreased in a siRNA desdgpendent wayF(g.

14D-E).
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Figure 14. NRIP1 immunofluorescence in NRIP1-silenced DS-HFEsRepresentative
images of NRIP1 immunofluorescence analysisAh €uploid cells, B) trisomic cells, and
trisomic cells transfectedC) with a scrambled siRNAD) with 5nM NRIP1 siRNA andg)
20nM NRIP1 siRNAF. Semi quantitative analysis of the immunodetesigdals, by ImageJ
software (means + SEM of 3 assayed samples). faftgomly selected, different cells for each
sample/experimental condition were analyzed. Aegse of the fluorescent signal is observed
in silenced vs scrambled DS-HFFs. Signal from 5nMRRIML siRNA transfected cells is
comparable with euploid HFFs. Statistical significa: ** = p<0.01 for trisomic vs euploid
comparisons; # = p<0.05 for NRIP1-silenced vs sbtathcomparisons.

To determine the effects oNRIP1 attenuation by siRNA on other
mitochondria-related genes, we compared the expres$ 7 genes in silenced
vs scrambled cells using qRT-PCR. Five out of 7|ymeal genes were
significantly upregulated aftédRIP1attenuation by siRNAKig. 15. Also the
average mtDNA content, evaluated by measuringDHeOOP/ACTINTratio,
was increased aftelRIP1 attenuation by siRNA and consequdt&C-la
overexpression.
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Figure 15 Mitochondria-related gene expression in NRIP&rgied DS-HFFs. Relative
MRNA expression of 7 mitochondria-related genes mvaasured in NRIP1-silenced DS-HFFs
vs scrambled transfected DS-HFFs. Five out of thhertes show a significant increase in their
expression level. Values represent the averagerdietgtion + SEM for 3 DS-HFF samples
carried out in triplicate. A pool of scrambled tséected euploid cells was used as calibrator. *
= p<0.05. P-value express statistical significanfoe NRIP1-silenced vs scrambled
comparisons.

4.5.2. Mitochondrial function is improved in DS-H&-Rfter NRIP1 attenuation
by SiRNA.

ROS production was measured by confocal microscopgging of cells
treated with the redox-sensitive fluorescent prdimhlorofluorescein (DCF).
Seventy-two hours after transfection witNRIP1 siRNA, DCF-related
fluorescence was lower with respect to scrambleeHPEs. Semi-quantitative
analysis of fluorescent signals demonstrated tbatan average basis, the
ROS-related DCF fluorescence decreased up to 50% &RNA dosage-
dependent manneFig. 16).

Relative fluorescence intensity/cell

Scrambled ——i| NRIP/ siRNA 5nM ——— | NRIPI siRNA 20nM

Figure 16. ROS decrease in NRIP1-silenced DS-HFFs. Confoézloscopy live cell imaging
of the DCF fluorescence in transfected DS-HFPR9:4crambled,B) 5nM NRIP1 siRNA and
(C) 20nM NRIP1 siRNA.D. Semi-quantitative analysis of the DCF-relatedfféscence, by
ImageJ software (means + SEM of 3 assayed sampiéty)randomly selected, different cells
for each sample/experimental condition were analy2esignificant decrease of DCF-related
fluorescence is observed after NRIP1 attenuatiom $iRNA-dependent way. ** = p<T0P-
value express statistical significance for NRIF&rsied vs scrambled comparisons.
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Then, to confirm even further th&tRIP1 attenuation by siRNA improves
mitochondrial function, we incubated trisomic siledc cells with the
MitoTracker Red dye, a reagent that stains mitochanoh live cells and
whose accumulation is dependent upon membranet@itek significant 50%
increase of the MitoTracker Red-related fluoreseaenas observed iINRIP1-
silenced cells when compared with scrambled cositrtiius indicating an
increase in respiratory activitiig. 17).

Relative fluorescence intensity/cell

Scrambled |Fm— NRIPI siRNA 20nM

Figure 17. Mitochondrial activity in DS NRIP1-silenced DS-HFFs.Confocal microscopy
live cell imaging of the Mitotracker fluoresceneetransfected DS-HFFsA] scrambled and
(B) with 20nM NRIP1 siRNA. C. Semi quantitative arsy of the Mitotracker-related
fluorescence, by ImageJ software (means + SEM afs$ayed samples). Fifty randomly
selected, different cells for each sample/expertaierondition were analyzed. An increase of
Mitotracker related fluorescence is observed in RIRsilenced DS-HFFs. ** = p<0.005. P-
value express statistical significance for NRIF&rsied vs scrambled comparisons.

ATP content was strongly increased in silenced F%41ifFig. 18). We used a
chimera of the ATP-sensitive photoprotein luciferapecifically targeted to
mitochondria (mtLuc) to obtain a dynamic monitoriog[ATP],.. Since basal
ATP content is highly dependent on the abundanceaofsfected luciferase,
we determined the exact amount of the luciferasmsttuced under our
experimental conditions through an immunoblot as3&¥ found that the
levels of luciferase protein transduced WRIPZIsilenced DS-HFFs were
comparable with those detected in control cellqgfected with the non-
targeting scrambled siRNA(g. 19).
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Figure 18. Mitochondrial ATP measurement A. Barplot of the mitochondrial ATP content
and of the basal ATP content in scrambled and NRIRNA-transfected DS-HFF&. The
traces show mitochondrial [ATR]changes elicited by mitochondrial [Chincrease in cells
perfused with 100uM histamine as agonist. mtLuc ih@®cence data are expressed as a
percentage of the initial value £+ SEM (n=4). Thectrs are representative of four independent
experiments. * = p=0.05, ** = p=1D P-values express statistical significance for RRI
silenced vs scrambled comparisons.
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Figure 19. Luciferase expression following NRIP1 &bnuation by SiRNA A.
Representative immunoblot of luciferase proteirBiNRIP1-silenced or scrambled DS-HFFs
transfected with a luciferase—encoding plasmid ifipally targeted to mitochondria (mtLuc)
and cultured in complete medium for 728. Quantification of luciferase accumulation by
LUCIFERASE/GAPDH ratio.
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4.6. Analysis of public expression data suggest thRUNX1 affects ECM
gene expression

To identify which Hsa21 gene might upregulate ECkhe expression, we
screened the same GEO series used in the previats op the study
[GSE19836, De Cegli et al, 2010]. We reanalyzed #aries by focusing on
ECM-related categories and pathways dysregulatethéyoverexpression of
each gene, looking for Hsa21 genes that when esgulesould induce ECM
upregulation. Among the 20 analyzed Hsa2l genely, e Runt-related
transcription factor 1RUNXJ), was able to cause ECM gene upregulation
when overexpressed. Our analysis showedRh#HtIX1 overexpression caused
a significant enrichment among the 573 upregulgetks (logFC>0.3, Adj.P-
val <0.01). The “extracellular matrix” (GO:003101@gs the most affected
Cell Component Gene Ontology category (P-val = &040) Fig. 20, with a
cluster of 32 upregulated gendab. 12). No other Hsa21 transcription factor
or regulator under analysis showed a similar effect
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matrix extracellular

32 genes
adjP=3.00e-04

|
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i matrix part
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i
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Figure 20. GO terms tree of the cellular component categoerriched among the genes
found downregulated in the reanalysis of GEO GSB&%&ries
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TABLE 12. GENES UPREGULATED AFTER RUNX1 OVEREXPRESSION IN THE
GSE19836 BELONGING TO THE CELLULAR COMPONENT “EXTRA CELLULAR
MATRIX” (GO: 0031012).
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4.6.1. Promoter analysis of genes upregulated in fBfal hearts shows
enrichment for ECM genes induced by RUNX1.

We, therefore, performed a transcription factording site (TFBS) analysis on
the list of ECM genes upregulated in DS fetal reeanth the PSCAN software,
in order to scan promoters of these genes for emusesequences according to
JASPAR database. This analysis identiftddNX1as transcription factor with
high binding specificity with ECM genes upregulatadDS hearts Tab. 13).
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About 60% of ECM genes overexpressed in DS hedrtsvs consensus
sequences fARUNX1

Molecular and functional studies are currently rogress in order to evaluate
the effects ofRUNXZupregulation on ECM gene expression and on cellula
phenotype in euploid and trisomic fetal skin fiblesis.

TABLE 13. ECM GENES UPREGULATED IN DS HEARTS WITH C ONSENSUS
SEQUENCE FOR RUNX1
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Data obtained with PSCAN software
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5. DISCUSSION

In this study we have used multiple strategies @ftaranalysis of public
expression data in order to address possible aflétsa2l genes involved in
DS phenotypes. We first performed a meta-analysesgng data from
microarray experiments and comparing DS samplesugazontrols. This meta-
analysis highlighted genes that are consistentreyulated in different DS
tissue including brain, heart and different DS caltures.

We used a data integration approach of DS-relatégimitrix expression
arrays starting from feature-level extraction out(fiEO) files (CEL files).
Working with FLEO files, indeed, allows for bettestandardization of
information and the incorporation of data from unglied studies, even if it
requires significant effort to acquire and mandge datasets due to increased
data complexity [Ramasamasy et al, 2008]. In aoldjtour approach allowed
to eliminate bias due to specific algorithms usethe original studies, and to
permit consistent handling of all datasets. FLHEsfare likely to be available,
especially for newer studies, because the widelppsued MIAME
requirements [Brazma et al, 2001] now ask authorméke the FLEO data
available in public microarray repositories.

A great part of meta-analysis studies, and the emigting DS-related meta-
analysis study [Vilardell et al, 2011], were conthacon published gene list
(PGL) or on gene expression data matrix (GEDM). R&hresents the genes
that are considered as differentially expressedhbyauthors in a given study
and are often presented in the main or supplemeteat of microarray-based
studies, and are thus easy to obtain. UnfortunalBt s are of limited use for
meta-analysis since they represent only a substteofienes actually studied,
and information from many genes will be completalysent. Furthermore,
PGLs depend heavily on the preprocessing algorithenanalysis method, the
significance threshold, and the annotation builsisduin the original study, all
of which usually differ between studies [Suareziias et al, 2005]. Thus
individual patient-level data (IPD), which for moarrays represents the
measurement for every probe in every hybridizatame, far more useful. The
gene expression data matrix (GEDM) represents the ggpression summary
for every probe and sample and is thus ideallyeduts input for meta-analysis.
Published GEDMs, however, are unsuitable for matdysis because they
depend on the choice of the preprocessing algositised, which may produce
non-combinable results.

We have chosen a meta-analysis approach suitalaleoid or at least reduce
the problem of “publication bias”, which is a cogsence of selectively
publishing statistically significant and favoralbésults [Dickersin et al, 1992].
Indeed, within a single-study microarray analyslse particular choice of
down-stream analysis may lead to different resiggsending on the objective
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of the study [Mondry et al, 2007]. We do not expiectind a publication bias
at a gene level in a given study because of theode&y-driven and high-
density nature of microarrays.

Moreover, we have focused on the Affymetrix platfiom order to reduce
variance arising from platform inconsistencies. [i¥es this, non-biological
experimental variation or “batch effects" are comiyonbserved across
multiple batches of microarray experiments, ofteamdering the task of
combining data more difficult. Batch effects havestbeobserved from the
earliest microarray experiments [Lander, 1999], aad be caused by many
factors including the batch of amplification reagesed, the time of day when
an assay is done, or even the atmospheric ozonk|are et al, 2003]. Batch
effects are also inevitable when new samples oicapk are incrementally
added to an existing array data set or in a meddysis of multiple studies that
pools microarray data across different labs, atyags, or platforms [Rhodes
et al, 2004]. In order to correct or at least redtiee batch effects, we used a
newly developed algorithm, called ComBat, whichased on empirical Bayes
frameworks. This algorithm ran quite appropriatelith our datasets, even
though, as adverse effect, we observed a subdtdiati'ening in the Fold
change values.

A weak point in our data integration approach, ipalarly while dealing with
different chipsets, is the loss of a certain pamexpression data. Specifically,
in our case, even if we took into account chipseith more than 22000
annotated identifiers (i.e., Affymetrix Gene 1.0 &fay), during the merging
process we lost all the identifiers not presenthim totality of the arrays. We,
thereby, covered a total number of 11547 uniquesaé gene IDs.

5.1. Meta-analysis of DS expression studies

First, we performed a wide integration of gene egpion raw data in DS
samples and controls obtained from different ceflsissues (brain, heart and
others), different stages of development (adultstpetal, embryonic) and
different versions of GeneChips. It is per se ggéng that, in spite of such
heterogeneity, common dosage effects could beifehat all and it should
be highlighted that whole-genome data was fairlyust across experiments.
We detected a clear enrichment of Hsa21 upregutydads [fig. 6). However,
not a single region was identified but rather salvemall regions on Hsa2l
that agglomerate a large amount of significant deseffects. This finding
agrees with results obtained analyzing single Digepts with partial
duplications [Korbel et al, 2009; Lyle et al, 2008hd provides a discussion
topic about the presence of a single DS criticgiae (DSCR) hypothesized
before.
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We studied 135 Hsa2l1 genes represented in thezaadabhips and matched
with the probe sets using the latest Ensembl gdnanhotation (v. 17.1.0,
ENSG). Seventy-one of these showed consistent daféerts, while the other
64 showed logFC and significance values underteshold, indicating both
an influence of the tissue specific expression @nd/ strong mechanism of
dosage compensation. The limitation of detectiniglke fold-changes of low
magnitude with microarray technology is not excliide

Aside from the 71 Hsa2l genes, further 107 non-Hsgenes were found
dysregulated after meta-analysis. Functional ctassing of the list of these
genes showed that the most enriched categoriesitbwpys were related to
morphogenesis, apoptosis, synaptic plasticity aGMEGSEA analysis also
revealed that dysregulation affects many genes wedbin cell cycle and cell
proliferation.

We have analyzed literature about studies on ralifon, differentiation
morphogenesis and cell death in DS human subjedtisrarine models. Many
studies consistently demonstrate altered prolif@naand cell cycle regulation
in the pre- and post-natal brains of both DS irdirals and mouse models of
DS [Bartesaghi et al, 2011]. The authors hypotlegsthat altered neurogenesis
is implicated in the hypo-cellularity found in toimic brains. Not irrelevant to
the development of Alzheimer's disease (AD), whishincreased in DS
subjects, might be Hsa2l dosage effects for APRa{@@yloid precursor
protein) involved in senile plague formation in @8d AD disease [Rachidi
and Lopes, 2007]. Apoptosis or programmed cell ldeat physiologically
involved in development and aging, as well as irmerous pathological
processes. Altered apoptosis has been proposed mgative mechanism
underlying many DS phenotypes. Indeed, differentliss have demonstrated
that apoptosis has a prominent role in other ingmarDS phenotypes, such as
neurodegeneration in later life stages, impairetthak development, heart
anomalies, immunological alterations and predigprsio the development of
different types of cancers [Rueda et al, 2013]Jellectual deficiency in DS
features abnormalities in learning [Gardiner et 2010] and, most notably, in
hippocampus-dependent explicit memory [Vicari, 20@naptic plasticity is
believed to be the process central to learning @ednory. This belief is
strengthened by experiments where drugs that naenaberrant plasticity in
hippocampal slices isolated from mouse models of BISo confer
improvements in cognition in intact adult mice [@&x and Galdzicki, 2012].
Regarding the ECM genes, we previously found thiat ¢ategory of genes is
significantly dysregulated in fetal hearts [Coriteag 2007]. Overexpression of
this gene family is likely to affect cell adhesigoroperties, possibly
determining an increase in adhesiveness as exépsdiscussed in the
background section. It is, therefore, reasonablehypothesize that the
overexpression of Hsa2l gene or genes mapping $orégion might be
responsible for an altered morphogenesis of the.hea
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Analysis of the pathways affected by DS with GSEAware highlighted the
dysregulation of thdPGC-1 pathway.PGC-1 is the master regulator of
mitochondrial biogenesis. It is highly expressednigtabolically active tissues,
including heart, and it has been involved in insegh mitochondrial
respiration.PGC-1 is a coactivator for many factors includi@BP, Scr-],
PPARa GR (glucocorticoid receptor)fHR (thyroid hormone receptor), several
orphan receptors arfdEF2. Moreover, Czubryt et al. (2003) identifi@C-

1 as a key target of thRlEF2/HDAC regulatory pathway and demonstrated
this pathway's importance in maintenance of carditochondrial function.
Table 14 reports the genes Dbelonging to the gene-set
“‘BIOCARTA_PGC1A_PATHWAY” that were found dysreguéat in the
meta-analysis. ECM and mitochondrial implicatioms DS will be further
discussed below.

TABLE 14. GENES BELONGING TO THE PGC1 PATHWAY ENRICHED IN THE
META-ANALYSIS. Data retrieved from GSEA java application.
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Finally, transcription factor binding analysis diet 107 non-Hsa21l genes
dysregulated in the meta-analysis with Pscan soffwalemonstrated a
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significant enrichment for the TF motifs showed Table 8 We were
particularly intrigued byEGR1 (also known aZif268 KROX-24 andNGFI-
A), because it has been found dysregulated in ge&peession studies of
experimental models of other neurodegenerative ades including
Huntington's [Crocker et al, 2006] and age-relatagnitive impairment
[Blalock et al, 2003]. It could be also a candidgéme involved in the higher
risk of developing acute myeloid leukemia (AML)I¥6 [Stoddart et al, 2014].
Moreover, this gene may exert a protective rolareganeuroblastoma in DS
subjects, since its expression increases duringtntient of this pediatric
malignancy with mitochondrial inhibitors [Wang ét 2014].

Comparison of our meta-analysis with another matdyais [Vilardell et al,
2011] integrating 45 DS experiments, showed vagiatbsage effects with
respect to analyzed tissues. The two meta-analgsesled a fair degree of
concordance taking into account that the cell mogleltform and, especially,
the methodology used were completely differéng)(21). On these bases, the
67 genes in common between the 2 methodolodiab.(15 acquire more
relevance in the context of the development tdXBephenotypes.

A group of 54 Hsa21l genes showed a common dosdget @i the 2 meta-
analyses: this group may represent a quota of gedependent from tissue,
species or experimental specificity. These genes aso apparently less
subjected to compensation mechanisms. Hsa21l dasféets included, for
example APP involved in senile plaque formation in DS and Adi#her’'s
disease [Rachidi and Lopes, 200C€PL6AZ2 COL18A1landADAMTSI three
ECM genes which are implicated in the heart morphegis [Wirring et al,
2007; Camenish et al, 2008{UMO3 a protein that can modulate the activity
of NRIP1andPGC1 [Rytinki and Palvimo, 2007; Rytinki and PalvimoQ8);
the sameNRIP1and the transcription fact®®UNX1that are further discussed
below.

Among the non-Hsa21 gene, 13 were in common, ied&GR1, which has
been discussed above aB8RP1 a gene classified as tumor suppressor that
that could have important implications in the highisk of DS subjects in
developing hematopoietic malignancies [Surana, 2Cdl4].
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Figure 21. Venn diagram showing the intersections between lifteof the consistently
dysregulated genes in DS found in meta-analysifopeed in this study (green circle) and in
the meta-analysis performed by Vilardell et aldjre

TABLE 15. LIST OF THE 67 DYSREGULATED GENES COMMON TO THE META-
ANALYSIS PERFORMED IN THIS STUDY AND THE VILARDELL S META-

ANALYSIS
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3333343+73 27+-,0= =,+,964= 326,=0+632@ 9=46,32
J47=+" 51;4- ++ K

33333 +5346 $ $ 02< $ ;32<32@ 9=46,32 J 47=+"
51,4- ++ K

333336335 $ 95=3<4A0- F95=3<4A32,! B360132 G >320,,
J47=+" 51,4 ++ K

33333.5+5 9:4.9:47=7+64>320.,! -3B,= J 47=+,"
51,4- ++ K

33333 4+434 9:4.9:063<5-324.364- @-5+02 02+:4= ;34.528:!
+-0.. J47=+" 514- ++ K

33333637 3 9=46,32 0=@3232, 1,6:5-6=02.?,=0.,
J47=+" 51;4- ++ K

33333 47+ * 9=46,0.41, F9=4.41,! 10+=49032G 0..,1;-5
+:09,242, J47=+" 5L4- ++ K

3333347 ++ 9367360=5 6714=86=02.74=132@ 326,2@63
946,32 J47=+" 51;4- ++ K

3333345 6 $ =7268=,-06,< 6=02.+=306342 70+64= J AT=+
51;4- ++ K

33333 6373 +0-+371;32<32@ 9=46,32 J 47=+"
51;4- ++ K
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33333 +673.

8=,-06,< 80..4+306,< ?0+64= J47=+, ™
51;4- ++' K

33333 4+.7* " " <41032 ;32<32@ @-76013+ 0+3<8=3+: B532
J47=+"" 51;4- ++' K

33333. 64 .79,=4A3<, <3.1760., ! .4-7;-, J 47=+"
51;4- ++' K

33333+5.3 :32<32@ 9=46,32 J 47=+"
51;4- ++' K

33333 4.533 .10-- 7;31736328-3>, 14<3?3,= J47=+"
51;4- ++' K

33333 +534 .520964D0232 J47=+" 51;4- ++'

33333 +655 8+,---519:410 32B0.342 02< 1,60.60.3.
J47=+" 51;4- ++' K

33333. 44 6=02.1,1;,=02, 9=46,32 J 47=+"
51;4- ++' K

333334 6*3 6,6=06=3+49,963<, =,9,06 <41032 J47=+"
51;4- ++' K

33333633 .10-- 27+-,0= 07A3-30=5 ?0+64=
J47=+" 51;4- ++' K

33333 4.%4* 7:31736328+42D7@0632@ ,2C51,
JA47=+" 51;4- ++' K

33333 +6 +6 7:3173632 .9,+3?3+ 9,963<0., J47=+"
51;4- ++' K

33333 ++77 7:3173632 .9,+3?3+ 9,963<0., J47=+"
51;4- ++' K

33333 4 357 & 6=59649:02 =3+: ;0.3+ 9=46,32 J 47=+,"
51;4- ++' K

33333 3+6++ 324.364-8 89:4.9:06, .526:0., J47=+"
51;4- ++' K

33333 3.36* 63@:6 D72+6342 9=46,32 J47=+,"
51;4- ++' K

3333377 3 9,=34.632! 4.6,4:-0.6 .9,+3?3+ 20+64=J &4,
51;4- ++' K

33333 5.% " :5<=4A5.6,=43< <,:5<=4@,20., -3>,
J47=+" 51;4- ++' K

33333 3* 3. 14637 02< 02>5=32 =,9,06 <41032.
J47=+"" 51;4- ++' K

33333 6.54+ 02< 326,=0+632@ 9=46,32
J47=+"" 51/4- ++' K

33333 3.77 .,+=,6,< ?=3CC-,<8=,-06,< 9=46,32 J 47=%,
51;4- ++' K

333333*+6 . 0+632!;,60J47=+" 51;4- ++ K

33333 76+* <3:5<=495=313<320.,8-3>, J47=+"
51;4- ++' K

33333 3*74 ,0=-5 @=4E6: =,.942., J47=+"
51;4- ++' K

333334 ++ 0+3=,<7+642, <34A5@,20., J47=+"
51;4- ++' K

33333 +5*6 +5.6,32, 02< @-5+32,8=3+: 9=46,32 J 472+,
51;4- ++' K

3333335 .+ % B,.3+-,80..4+306,< 1,1;=02, 9=46,32

J47=+" 514- ++ K
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In order to address possible role of Hsa21 genesvinaspects of the DS

phenotype, namely mitochondrial dysfunction andeased cell adhesiveness
that are widely described in literature and thaneaout from our previous

investigations [Conti et al, 2007], we applied acs®l strategic approach. We
analyzed public expression data to identify gerfilestng the regulation of the

two main gene categories dysregulated in trisoraetal fhearts: NEMGs and

ECM genes.

5.2. Mitochondrial dysfunction in DS and validatioh an Hsa21 candidate
gene for NEMGs downregulation

Previous analyses, demonstrated a global mitocledrairsfunction in several
DS models [Kim et al, 2001; Busciglio et al, 2002¢elguera et al, 2013;
Shukkur et al, 2006] and a significant dysregutatacd NEMGs in the heart
[Conti et al, 2007], brain [Mao et al, 200%}d fibroblasts [Piccoli et al, 2013]
from human fetuses with DS. From these studiesniérged that genes and
transcription factors responsible for the actiwfyrespiratory complexes and
mitochondrial biogenesis are globally repressedisTkve speculated that most
of the underexpressed NEMGs might be under the sagwatory control and
that this control might be affected by the trisoofiyHsa21.

We then, looked for a regulator of NEMGs that mépdHsa2l and that is
upregulated in DS samples, by virtue of a gene gimsdfect. To this aim, we
re-analyzed the expression data from the GEO repgsi
(http://www.ncbi.nlm.nih.gov/ggo by focusing on an experiment in which
regulatory genes mapping to Hsa21 were individuallgrexpressed in mouse
ESCs [De Cegli et al, 2010]. Our analysis demoteddrghat only one gene is
able to cause NEMG downregulation and that no othes21 tested gene
exerts such an effect. This geneNRIP1 which encodes for a corepressor
protein. Although the mean dysregulation of eachMEelicited by NRIP1
overexpression was not very strong, the number ftdcted genes was
significantly enriched (p < 0.001). The role &fRIP1 in mitochondrial
dysfunction is supported by previous findings dentratimg that, both in
cellular and in animal model®RIP1 silencing upregulates the expression of
genes responsible for mitochondrial biogenesis @adative phosphorylation
whereasNRIP1re-expression downregulates them [Powelka etGfl62Seth
et al, 2007]. Experiments dfiRIP1 manipulation, performed in transgenic
mice and human cells, have actually demonstratecdetren mild variations in
NRIP1 expression can significantly affect oxidative nbeigsm and
mitochondrial biogenesis [Powelka et al, 2006; Ssitlal, 2007; Fritah et al,
2010; Chen et al, 2012].

NRIP1lis supposed to exert a repression of mitochon@r@enesis by either
interacting with nuclear receptors [Fritah et @1@; Nautiyal et al, 2013] or
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regulatingPGC-1a activity [Scarpulla et al, 2011; Hallberg et al 030 Rytinki

et al, 2009]. Intriguingly, the pathway related ttos genehas been found
enriched among the downregulated genes in the amethysis. PGC-la
knockout mice show not only a decreased numberitafchrondria but also a
decreased respiratory capacity in skeletal musceorie et al, 2005]. In
particular, under physiological conditionBGC-1a, by coactivating several
transcription factors, including nuclear receptsush asPPARg PPARa and
ERRa, promotes mitochondrial biogenesis and regulateisochondrial
respiratory efficiency [Leone et al, 2005; Scarput al, 2011; Scarpulla et al,
2012]. Interestingly among the 37 NEMGs downregdatafter NRIP1
induction in the GEO GSE 19836 experiment [De Ceglial, 2010], we
observed an enrichment both of genes involveBRARs pathways (8 genes)
and of genes containing tlERRa motif in their promoter regions (25 genes)
(p<0.0005). Notably, the known targetsREEC-1a, namely,CIDEA [Hallberg

et al, 2008] andANT1/SLC25A4Schreiber et al, 2004], are included in the list
of genes that are downregulated followiNRIP1 overexpression [De Cegli et
al, 2010].The alteration of thBPGC-la pathway also results of our meta-
analysis.

To investigate whether the NEMGs repressedNByP1and induced by GC-
1la corresponded to the NEMGs downregulated genesSiriefal hearts [Conti
et al, 2007], we compared our microarray data wiéhresults of 2 experiments
in which the gene expression MRIP1or PGC-1a was modulated. We found
that the correspondence between the three sewnesgvas remarkably high,
considering that they all derived from different esgs, tissues, and
experimental approaches. The high number of oveilgs among the three
sets is in agreement with previous research indigaan interrelationship
betweenPGC-1a and NRIP1 activity on mitochondrial pathways [Chen et al,
2012].

To biologically validate the important results couifrom a bioinformatic
strategy, we have verified the potential role MRIP1 in mitochondrial
dysfunction in DS demonstrating an inverse con@tabetweenNRIP1 and
PGC-la expression. MoreoveNRIP1 siRNA-mediated attenuation in DS-
HFFs, and the consequemGC-laand NRF1 upregulation, elicited a
significant increase in MtDNA. This result fully rcoborates similar
experiments performed in cardiomyocytes [Chen et2802]. In the same
trisomic fibroblasts, ROS production was decreas®d mitochondrial activity
was increased, demonstrating that the inductionNBMG expression in
silenced DS-HFFs counteracts mitochondrial impamand partially rescues
mitochondrial function. Interestingly, iNRIPZLsilenced trisomic cells, we
found a significant 50% increase in basal ATP contéhese results, together
with the finding thatNRIP1 attenuation by siRNA leads to an increase in the
adenine nucleotide translocat@sIT1/SLC25A4ANnd ANT2/SLC25A5suggest
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that a more efficient exchange of adenosin&iphosphate is induced, thus,
benefitting the mitochondrial activity and functioof these cells, as
demonstrated by the reduction in ROS productiothatmitochondrial level

(Fig. 16).

Furthermore, the NRIPXdependent repression of genes involved in
mitochondrial function is closely linked with pasatal impaired cardiac
function because of reduced mitochondrial electransport chain activity and
oxygen consumptionNRIP1 hyperexpressing mice, indeed, are affected by
cardiac hypertrophy [Fritah et al, 2010].

Mitochondrial dysfunction might also contribute determining DS mental
retardation and other DS associated post-natalofuafies, like Alzheimer’s
disease (AD) and obesity. It is known that mitodiianalso play a central role
in many neurodegenerative diseases such as AD,inBarks disease,
Huntington’s disease, and amyotrophic lateral seslier Impaired energy
metabolism, defective mitochondrial enzymatic attjv abnormal

mitochondrial respiration, mutated mtDNAs, and oxida stress are all
common features of these neurodegenerative conslifiRetrozzi et al, 2007].

It is interesting to note that the bioinformatic étional analysis of the 25
genes overlapping SET1 (genes regulated Ni§IP1) and SET3 (genes
downregulated in DS fetal hearts) showed that 1606@6 genes are involved
in the mitochondrial dysfunction pathways descriliedAD and Parkinson’s

disease (KEGG Pathwaysttp://www.genome.jp/kegg/ [Kanehisa et al,

2000]). However, given that there is a high prewvedeof AD in DS patients,

we cannot neglect the possibility that the overegpion of the Hsa2l gene
APPmight have a main role the development of AD in DS patients.

Taken all together, the bioinformatic analysis oborated by the biological
approaches, suggest thBtRIP1 is a key gene in the regulation of the
mitochondrial pathways, even though possibly in@ the only protagonist
responsible for mitochondrial dysfunction in DS.

5.3. ECM genes dysregulation in DS and identificatioradfisa21 candidate
gene

In the last part of the study, we looked for a ratpd of ECM genes that maps
to Hsa21 and that is upregulated in DS samplesyiftye of a gene dosage
effect. To this aim, we re-analyzed the same GE@seliscussed above [De
Cegli et al, 2010]. Our analysis demonstrated trdy one gene is able to
cause the overexpression of 32 ECM genes, wherexyerssed, and that no
other Hsa21 tested gene exerts such an effectgéhis iSRUNX1.
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The protein encoded by this gene represents theaaoibunit ofCBF, a
transcription factor thought to be involved in thdevelopment of normal
hematopoiesis. The associatiorRIWNX1with the ECM genes is supported by
experiments that demonstrated that ectopic exmmessi RUNX1 in 3T3
fibroblasts induced deep alterations in the distidsuof N-cadherinin favor

of the plasma membrane, an increased expressioegfrin 5, and increased
survival at confluence [Wotton et al, 2008].

Furthermore, transcription factor-binding site (T¥)Banalysis on the list of
ECM genes upregulated in DS fetal hearts identiRééNX1as transcription

factor with high binding specificity with ECM genegregulated in DS hearts
(Tab. 13). About 60% of ECM genes overexpressed in DS kesitbwed

consensus sequences RIINX1

Our interest in ECM proteins is justified by thderdhey play in cushion
development. Since DS is a major cause of condehdart defects, their
dysregulation may represent a key pathogenetic amesm. Intriguingly,
among the genes with consensus sequenceUWX1we found in our study,
there are crucial genes implicated in the embryahewelopment and in
particular in the heart morphogenesis, suciv@®AN HAPLNYZCRTL1and
ADAMTS. RUNXI1s included in the 3.7 Mb minimal region for DS-DHlLiu
et al, 2013]

Indeed,the development of the AV valves begins with theslimg of the

endocardial lining of the AV junction and the fortioa of the AV cushions.
The cushions then become populated by endocardieliived cells resulting
from endocardial-to-mesenchymal transition (EMT).tls point in time, the
endocardial cushion mesenchyme contains a varietiz@Y components,
including Crtl1, hyaluronan, and versican [Wirring et al, 2007m@aish et al,
2001].

Versican is a chondroitin sulfate proteoglycan alaumtlg expressed within the
extracellular matrix compartment of the developamgl mature cardiovascular
system. Alterations in its expression have beeaaated with vascular disease
[Wight and Merrilees, 2004] and its expressiondaguired for normal early
heart development [Mjaatvedt et al, 1998]. Analysid/can transgenic mice
has established the requirement for versican idi@adevelopment and its role
in skeletogenesis. ThADAMTS family includes several versican-degrading
proteases that are active during remodeling of éh#ryonic provisional
matrix, especially during sculpting of versicankritssues. Versican is cleaved
at specific peptide bonds BADAMT Sproteases, and the cleavage products are
detectable by neo-epitope antibodies. Myocardiahmaction, closure of the
secondary palate (in which neural crest derivets garticipate), endocardial
cushion remodeling, myogenesis and interdigital wedgression are
developmental contexts in whigkDAMTSmediated versican proteolysis has
been identified as a crucial requirement [Nandaeéasd 2014].
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Vcandysregulation can induce changes in the distooutf periostin, another
important molecule of the heart cushion extracafluhatrix, and then may
affect the developing valves by altering the suadt integrity of the ECM
through altered interaction with other moleculeshsas fibronectin, collagen
and other proteoglycans [Norris et al, 2007], fodlydregulated in our data as
well. Additionally, because it interacts directlyithv integrin, attachment-
dependent signaling may be altered affecting calirmtion and epithelial
mesenchymal transition in the cushion primordidghef septa and valves [Yan
and Shao, 2006].

Cartilage Link Protein 1Grtl1; also known as Hyaluronan and Proteoglycan
Binding Protein 1Haplinl) is a glycoprotein found in the extracellular matr
(ECM) and is expressed in endocardial and endaalgralerived cells in the
developing heart, including cells in the AV andftaw tract (OFT) cushions
[Binette et al, 1994; Matsumoto et al, 2006ttl1 is involved in the formation
and stabilization of proteoglycan and hyaluronagragates [Matsumoko et a,
2006] and is important for preventing aggregateraidation by proteases such
as members of theDAMTSandMMP families [Miwa et al, 2006]. Alteration
in the expression artll results in impairment of growth and development of
several tissues, including the cartilage, heart, aedtral nervous system
[Wirring et al, 2007].Crtll null mice are characterized by craniofacial
abnormalities and shortened long bones, abnoresMitributed to a reduction
in aggrecan within the cartilage resulting in anbitiy of chondrocytes
towards differentiation and hypertrophy [Watanaldeak 1999]. Cardiac
malformations seen i€rtl1 knockout mice include muscular ventricular septal
defects, AV septal defects, and thin myocardiumrfivg et al, 2007]Crtl1
knockout mice die perinatally; this has has beenbated to compromised
lung development [Watanabe et al, 1999].
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6. CONCLUSIONS

Combination of different meta-analysis strategaess lis to identify genes and
pathways consistently dysregulated in nine independtudies on DS. In
particular, two Hsa21 genes were identified, nar#jyP1andRUNXZ, which
could play important roles in the development of [yf&@notypes, as they affect
mitochondrial function and ECM gene expression.

These results provide the basis for clinical triaimed at restoring altered
functions in DS subjects to prevent specific phgpiot features such as
neurodegeneration, cardiac hypertrophy, diabete®besity.

For instance, a possible therapeutic approach tmtecact mitochondrial
dysfunction in DS could be based eitherR@C-1a activators, already tested
in other disease mouse models [Rodgers et al, 2DO4g et al, 2007; Lagouge
et al, 2006; Jager et al, 2004y on PPARy agonists, which attenuate
mitochondrial dysfunction in AD mouse models [Bastet al, 2008;
Nicolakakis et al, 2008; Escribano et al, 2009;riJehal, 2012; Yamaguchi et
al, 2012]. Such drugs are routinely used in clinpractice for the treatment of
metabolic syndromes, type 2 diabetes, and neuroéeggive diseases such as
AD [Watson et al, 2005; Sato et al, 2011; Marciatal, 2014] and could,
therefore, be immediately introduced in clinicéls.

ECM protein expression affects heart developmewinis et al, 2009]. Our
analysis demonstrates that ECM genes are upredulate DS tissues,
suggesting that this altered expression might h@etude to heart defects.
Other factors, such as differences in the genet&draund, different Hsa21
haplotypes, stochastic and/or environmental factarsld play a critical role in
determining the final pathogenetic result. The gsialidentified iInRUNX1a
candidate transcription factor mapping to chromaso2i that could be
responsible for the upregulation of ECM genes. 8titb biologically validate
its role in DS are currently in progress.
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Chronic pro-oxidative state and mitochondrial
dysfunctions are more pronounced in fibroblasts
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Trisomy of chromosome 21 is associated to congenital heart defects in 50% of affected newborns.
Transcriptome analysis of hearts from trisomic human foeti demonstrated that genes involved in mitochondrial
function are globally downregulated with respect to controls, suggesting an impairment of mitochondrial func-

tion. We investigated here the properties of mitochondria in Pbroblasts from trisomic foeti with and without car-

diac defects. Together with the upregulation of Hsa21 genes and the downregulation of nuclear encoded
mitochondrial genes, an abnormal mitochondrial cristae morphology was observed in trisomic samples.
Furthermore, impairment of mitochondrial respiratory activity, specibc inhibition of complex I, enhanced react-

ive oxygen species production and increased levels of intra-mitochondrial calcium were demonstrated.
Seemingly, mitochondrial dysfunction was more severe in bbroblasts from cardiopathic trisomic foeti that
presented a more pronounced pro-oxidative state. The data suggest that an altered bioenergetic background
intrisomy 21 foeti might be among the factors responsible for a more severe phenotype. Since the mitochondrial
functional alterations might be rescued following pharmacological treatments, these results are of interest in

the light of potential therapeutic interventions.

INTRODUCTION

controls, we previously demonstrated a global upregulation
Down syndrome (DS) is characterized by a complex phenof chromosome 21 (Hsa2l) genes and a dysregulation of
type in which over 80 features occur with various degrees 0f400 genes localized on other chromosom@s Kicroarray
expression and frequenc)( DS is a major cause of congeni-analysis clearly showed the downregulation of genes encoding
tal heart defects (CHD) mainly endocardial cushion defectall bve mitochondrial complex subunits and of genes impli-
the most frequent being atrioventricular canal defects followeghted in mitochondrial biogenesis. This suggested that the cor-
by ventricular septal defects and tetralogy of Fallg). By responding proteins and enzymatic activities might be reduced
comparing the gene expression probles of 10 human heant®S subjects and that mitochondrial function could be con-
from trisomic foeti to Pve foetal hearts of non-trisomicsequently impaired.
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Trisomy of chromosome 21 has been associated with mitGene expression is dysregulated in DS-HFF samples

chondrial dysfunction in cells and tissues from DS SUbJeCIﬁﬁe analysis of HFF karyotypes demonstrated that all trisomic

(4B6) and in mouse model¥ ). These results led to the hy-I:> r .
. : . X ' oblasts showed three copies of Hsa21 as the only cytogen-
pothesis that mitochondrial dysfunction contributes to the D(rﬁti?c alteration (data not shown). The expression of some

phenotype. Protein Ieve_ls of mitochondrial c_omple_xes L || a2l genes was determined by quantitative real-time PCR
and V were decreased in cerebellar and brain regions of

subjects 9). Complex | was also debcient in mouse mode T-PCR) experiments comparing DS-HFF versus N-HFF.

of trisomy of chromosome 16. The results were similar t particular, the Hsa2l gene®TG3 SODI ITSNI
Isomy. - [NE TESUNS W imi YRK1A NRF2 and RIP140 were upregulated in trisomic
those obtained from models of ParkinsonOs disease, sugge

Bl8blasts when compared with controls (Fig\), thus con-
that different neurodegenerative diseases may be associ : i’ i
with the same mitochondrial dysfunctiond). 4 ing the gene dosage effects that was previously demon

. . strated in human foetal tissue8,14). We then focused on
Recently, it has been also reported that the mitochondrigh " yhat mapped to chromosomes different from Hsa21
Erger%yll ptrodléctlortw atp;]par(zjatus WE}st.Iess (fafbgent In foeltal ;0d were involved in multiple mitochondrial functions, such
roblasts, due to the dysregulation of adenineé nNucleolie o regpiratory chain, mitochondrial biogenesis and morph-
translocator, ATP synthase and adenylate kinase, and a sel gy. and genes involved in related pathways, such as the
ve d_eDC|t of complex |, Wh'c.h co_ntrlbutes to reactive c’XygeE:allcineurin/NFAT(NucIear factor of activated T-cells) axe.
species (ROS) overproduction in DS mitochondria. The

. : . - Most of the analysed genes were signibcantly downregulated
events were attributed to changes in the cAMP/PKA signalli : ; ; :
pathway (1.12), which is known to affect the abundance orlﬂ trisomic versus euploid bbroblasts (Fid8), demonstrating

A X . hat trisomy of chromosome 21 perturbs the expression of
the transcriptional = coactivator PGC-1a  (peroxisome enes involved in mitochondrial pathways. Moreover,

proliferator-activated receptor gamma coactivator 1-alph 'FATc3 and NFATc4 were signibcantly downregulated
This protein, that plays a central role in regulating m'tOChoq/Y/hile DYRK1Aand RCAN1 two Hsa2l genes involved in

drial biogenesis and respiratory function through the inteF- . :

i . - . egulating the levels oRFATcphosphorylation, were upregu-
action with transcrlptlo.nal partners, like&NRF1l ERRa, Iatged in t?isomic Versus eupltfid Dgrobl);sts (FIE) preg
PPARsand YY1} is negatively controlled by the co-repressor '

RIP14Q a gene mapping to Hsa213).

Even though these results are indicative of widespreqgochondria of DS-HFF show morphological
mitochondrial dysfunction in DS, molecular studies have n@fynormalities
yet been performed to investigate the basis of mitochondrial ) ) _
dysfunction at the transcriptional level. Furthermore, nElectron microscopy (EM) of trisomic Pbroblasts revealed that
hypotheses have been formulated about the mechanismsagy/gniPcant number of mitochondria had an abnormal morph-
which trisomy of Hsa21 genes might induce such a dysfun@logy, showing an increased size, irregular shape, evident
tion. breaks, mainly of inner membranes. In addition, the mitochon-

The original contribution of the present study consists of @ia showed alterations in the pattern of cristae where some &
contemporary analysis of mitochondrial features at the m#tere broadened and arranged concentrically or oriented paral-g
lecular, morphological and functional level in 13 humafg¢! to the long axis of the organelle (longitudinal cristae) =
primary lines of foetal bbroblasts (HFF) derived from Hsa2(Fig- 2A). Broken mitochondria and mitochondria with con-
trisomic foeti, with or without CHD, and from euploid con-Centric and longitudinal cristae were signiPcantly more abun-
trols. The mitochondrial defects associated with DS were arf@nt in trisomic samples than in the euploid onBs (0.05)
lysed taking into account the regulation of the Hsa21 arffrig. 2B). Stereological analysis demonstrated that the mito- &
mitochondrial-related genes and the cardiac phenotype, GRondrial volume density, expressed as a percentage of cellu-g
order to identify pathways involved in mitochondrial functiod@" volume, was similar in euploid and trisomic samples while =
and dysrupted by the Hsa2l trisomy. A striking and mof@€ cristae volume density, expressed as a percentage of mito>
severe ROS- and G&related mitochondrial dysfunction chondrial volume, was signibcantly lower in all DS-HFF
emerged in cardiopathic-derived Hsa21 trisomic bbroblasé&mples when compared with N-HFIP ( 0.05) (Fig. 2C
unveiling a more pronounced pro-oxidative state. and D).
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The functional mitochondrial phenotype is altered
in CDS-HFF

RESULTS Endogenous oxygen consumption rate in intact HFF

The present study combines the molecular, morphological amte respiratory activity of N-HFF and DS-HFF samples
functional analyses of mitochondria in 13 human primary culvas compared by high-resolution oxymetry. The oxygen con-
tures of HFF. Five were from euploid foeti (N-HFF, N standsumption rate (OCR) was assessed in intact cells relying
ing for normal), and eight (DS-HFF) were derived from Hsa2@n endogenous respiratory substrates and corrected for the re-
trisomic foeti [four samples from DS foeti with heart defectssidual KCN-sensitive OCR and, therefore, attributable to mito-
named CDS-HFF (CDS standing for Cardiopathic Down Syrhondrial respiratory chain-dependent activity. Figusa
drome), and four samples from DS foeti without heart defectshows the results of a systematic analysis whereby the activity
named NCDS-HFF (NCDS standing for Non Cardiopathiof each cellular sample was measured. Although a relatively
Down Syndrome)]. large inter-individual variability was observed within each of
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A 5.0 e was not observed in the TMRE-related RBuorescence among
P TE N-HFF, NCDS-HFF and CDS-HFF (FigA), even though a
53 e o Pner analysis of the Buorescent signal revealed a less inter-
e 20 i TR % digitated mitochondrial network morphology in DS-HFF
uo' ﬁ 1.0 +- . e
g A
Complex | activity
& & ¥ & & Q& To assess if the observed respiratory debcit in DS-HFF
B © S - resulted from a specibc defect in one or the other of the re-
spiratory chain complexes, the activity of the protonmotive
B complexes I, lll and IV was measured in cell lysates. The ac-
i tivity of citrate synthase, which is an index of mitochondrial
&% mass, was also measured. Figbwe shows that the activity
fp of complex | was signibcantly depressed (by about 50%) in
ok both  NCDS-HFF and CDS-HFF when compared with
£F N-HFF. The decreased activity of complex | correlated with
a the altered mitochondrial cristae morphology. Conversely, sig-
nibcant differences in activities of complexes Il and IV were
not observed among the three cell groups (FEB. and C).
Likewise, the citrate synthase activity was practically un-
affected (Fig.5D); therefore, following normalization to the
c mitochondrial mass, the selective inhibition of complex I in
w; trisomic cells was conbPrmed (data not shown). Total protein
£z levels per cell were slightly less in trisomic samples but not
Ef to a statistically signibPcance degree compared with N-HFF
L (Fig. 5E).
)
(=]

Mitochondria-related ROS production
Intracellular ROS level was assessed by confocal microscopy
imaging of cells treated with the redox-sensitive Buorescent
Figure 1. Gene expression is dysregulated in DS bbroblasts. Gene expressi§RP€ DCF. Every trisomic sample_ displayed an enhanced
fold change in DS-HFF samples versus N-HFF samples for Hsa21 gapes (ROS production when compared with N-HFF, with a larger
?(t:l)clear-gtnqodg% mit;cThgrédF:ia\l/an& nd calctir:ﬁurin/NFAI-tLelated gﬁeneis redox imbalance in CDS-HFF (FigA). Enlargement of the
as obtained by Qr1-PCR. Values represent the mean of three repcategonfocal images showed a compartmentalized, brighter
oEM. P 0> Do 0L N-HFF, Euploid Pbroblasts; DS-HFF, HsaZlsjgna of the DCF-related Buorescence with a very low vari-
ability within each group. On an average basis, the ROS-
related DCF Ruorescence was much larger in CDS-HFF
the three groups, on an average basis, the resting respiratiowbén compared with NCDS-HFF (FiggB). Plotting the
DS-HFF showed a signibcant decrease that was more evidB@F Ruorescence versus the normalized complex | activity
in CDS-HFF ( 43% inhibition) when compared with N-HFF. for each individual HFF sample suggested the presence of a
Conversely, a slight increase in the OCR in the presence of tieeshold value of complex | activity below which extra-ROS
FoF1-ATP synthase inhibitor oligomycin was observed iproduction was generated (Fi§C). To further ascertain the
DS-HFF, whereas in the presence of the protonophoric uncasurce of the ROS release in DS-HFF, cells were treated
pler FCCP a slight, albeit signibcant, decreas@1% inhib- with DPI, which is a pan-inhibitor of Ravin-containing oxi-
ition) in the OCR was observed in CDS-HFF whenlases (including complex 1). DPI treatment was associated
compared with N-HFF. The respiratory control ratio (RCR)with a marked decrease in the ROS over-production in repre-
attained by dividing the uncoupled OCR by that in the presentative samples of both NCDS- and CDS-HFF, whereas it
ence of oligomycin, was as high as 14D16 irrespective whs ineffective in N-HFF (Fig.7). Production of ROS by
the cell group analysed (FigB). The ATP-synthase inde- the respiratory chain complex | is fostered by the presence
pendent OCR (leak) was unchanged between N- aoflaDC,, (15). Short-time incubation of cells with the uncou-
DS-HFF, whereas the oxidative phosphorylation-dependgsier FCCP signibcantly inhibited ROS release both in NCDS-
OCR (OXPHOS) was signibcantly reduced in DS-HFF, arghd CDS-HFF with a larger effect in the latter (Fi). It has
more specibcally in CDS-HFF, by 36% when compared witheen recently reported that alteration of PKA-dependent sig-
N-HFF (Fig. 3B). The decrease in OGIR, observed in nalling affects functioning of the oxidative phosphorylation
DS-HFF, individually correlated to the altered mitochondriagfOXPHOS) system 1(1,16,17). Treatment of cells with the
morphology and cristae volume density assessed by EMMP analogue db-cAMP signiPcantly reduced ROS produc-
(Fig. 3C). Next, we measured the mitochondrial membrarnn in both NCDS- and CDS-HFF although the redox state,
potential PCy,) by confocal microscopic imaging using theespecially in CDS-HFF, was not fully renormalized to the
specibc mitotropic probe TMRE. A signipcant differencéevel of N-HFF (cf. Fig.7 with 6B).
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Figure 2. Mitochondria of DS Pbroblasts show morphological abnormalitiég.Electron micrographs of morphologically abnormal mitochondria in DS-HFF
(abf) and normal mitochondria in N-HFF (g and h); (a and b) broken mitochondria; (c and d) mitochondria with concentric cristae (arrow); (e) mitochondria vK;h
longitudinal cristae (arrow head); (f) mitochondria with signibcantly reduced cristae; (g and h) mitochondria with unchanged morphology in N-HFF. Scale bfs:
500 nm. B) Percentages of mitochondria with abnormal morphology in Pbrobl&tditochondrial volume density relative to cell volum&®) Mitochondrial >
cristae volume density relative to mitochondrial volume. B)) ©), the mean values SEM are shown along with statistical analysi® signibcant cut

off , 0.05 Kolmogorovb Smirnov and KruskallbWallis tests. N-HFF, euploid Pbroblasts; DS-HFF, Hsa21 trisomic bbroblasts; NCDS-HFF, Hsa21 trisomic
bbroblasts from DS foeti without heart defects; CDS-HFF, Hsa21 trisomic Pbroblasts from DS foeti with heart defects.

Steady-state intra-mitochondrial calcium level signibcant more intense Rhod-1-related RRuorescence signal
Deregulation of C& homeostasis and &amediated signal- when compared with N-HFF. However, this was mainly con-
ling has been described in cells derived from trisomic patienttisbuted by the CDS-HFF samples. Closer examination of the
or in murine models of DS18B20). Mitochondria are known intracellular Buorescence unveiled a compartmentalization of
to function as a C& buffer by taking up C& mainly via a the brighter signal conbrming that it was largely dlsplaylng
specibc ruthenium red (RR)-inhibitable uniport@d,@2). To the steady-state mt€&a level. The enhanced mt€aload in
verify this point, we evaluated the intramitochondrial leveDS-HFF correlated positively with the increase in ROS pro-
of calcium (mtC&") using the specibc probe Rhod-1duction (Fig. 8C) consistent with the notion that calcium
Figure 8A and B shows representative confocal microscopentry in mitochondria induces redox state alteratia?i®).(
images of the analysis along with statistical evaluation of To verify the interplay between calcium and ROS, represen-
the results. It is shown that DS-HFF displayed a statisticaltgtive trisomic samples were treated with RR and the redox
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OCR a calcium-sensible photoprotein, the aequorin (see Supplemen-
A 5 2("’“0' Ogiwscells) " " tary Material, Text S1 and Fig. S1).
N-HFFF . N . :
= Mitochondrial biogenesis is affected by Hsa21 trisomy
DS_HFFF' g B 0cR) Lastly, to verify if the observed mitochondrial dysfunction
= " was associated to a decreased mitochondrial biogenesis, we
B (ocRa) guantibed the copy number of mitochondrial DNA by absolute
P OEEE — . [EOtR) gRT-PCR. There was an average value o800 copies per

P <0.05
CDS-HFF

:

P <0.05

nuclear genome (i.e. per cell) in N-HFF, 500 in NCDS-HFF
and 400 in CDS-HFF (Figl0A). A statistical signibcance
was attained only for CDS-HFF.

As the mtDNA replication is controlled bl GC-1a, which

B REE Laak <o?é‘;2?;§ ) is a master regulator of mitochondrial biogenedi8)(we ana-
(OCRuc/OCRo)  (OCRaOCRue) ™ OCRpe lysed the correlation betweeRGC-la expression and the
10 20 0 004 008 0 025 0.50 amount of mtDNA. The amount d?GC-la gene transcripts
N-HFF =]+ B ] was reduced by 40D50% in trisomic samples versus
= =, i==] N-HFF (Fig. 10B). Western blotting ofPGC-la conbrmed
il aaa at the protein level a signibcant decrease in NCDS-HFF and
NCDS-HFF = it & an even more marked decrease in CDS-HFF when compared
with N-HFF (Fig. 10C). A direct correlation between
CDS-HFF — = - - P < 0.05 ! .
PGC-la expression and amount of mtDNA was observed in
our samples (FiglOD).
c 3.0 R*=0.7704 &
5 F& &
2 .5 & g DISCUSSION
o & &
z&‘“g i3 g‘g J,f We previously demonstrated that more than 80 genes, encod-
9 & :°; fcns_m ing mitochondrial enzymes and respiratory chain subunits, are
21s downregulated in foetal trisomic heart tissuey. (Of these
. O O £\ NCDS-HFF . . .
£ OO A genes, 40% have consensus DNA binding sites for the

—
(=]

0 10 20 30 40
% of mitochondria

nuclear respiratory factoNRF1in their 50 Ranking regions,
and 20 % of them show a high afbnity for the oestrogen-
related receptoERRa (see Supplementary Material, Text S2

Figure 3. Respirometric analysis in DS Pbroblasta) OCRs normalized to and Tables S3 and S4). It has been recently demonstrated
cell number were assessed by high-resolution oxymetry in intact cells isat the transcription factor&NRF1 and ERRa and their
described in the Materials and Methods. A comparative analysis betwegygets are repressed by Hsa21 g&iE140and induced by

bve different euploid (N-HFF) and eight different trisomic (DS-HFF _ : - i
samples is shown; a distinction of the DS-HFF between non-cardiopat icGC 12 in a dose dependent manner in neonatal rat cardio

(NCDS-HFF,n ¥ 4) and cardiopathic (CDS-HFR . 4) foetus-derived bbro- Myocytes g4). Our results indicate thaliRF1and PGC-la
blasts is also reported. The endogenous OCR were measured under redifgy Signibcantly downregulated in DS HFF. Western blotting
conditions (OCRg), in the presence of oligomycin (OG@RR) and in the of PGC-la conPrmed the downregulation also at the protein
uncoupled state in the presence of FCCP (Q&. (B) Respiration-linked 1ave| in trisomic Pbroblasts. This downregulation correlated
bioenergetic parameters computed by the OCR measurements shown in gé” ith the d lati f | | tivit d with
RCR, respiratory control ratio; Leak, non-ATP-synthase-controlled respirato wi € downregulation of complex | activity f'in wi .
activity; OXPHOS, ATP-synthase-controlled respiratory activity. The bars i€ MIDNA copy number decrease (more evidently in
(A) and (B) are means SEM of the average determinations for eachCDS-HFF). PGC-la function has been investigated in
sample carried out at least in triplicate; when statistically signibcant, the dépyeral specialized cell types and transgenic mouse models
ference when compared with the euploid samples is sho@nCprrelation : ; ; : : : ;- '
plots between respiratory activity under resting conditions (RgRnd per- demonStratlng .|tS role in the regu_latlon of mitochondrial oxi
centage of concentric or longitudinal cristae or of cristae volume density félative metabolismPGC-1a null mice show reduced expres-
individual bPbroblast samples (see the symbol legend). sion of mitochondrial genes in multiple tissue256).
PGC-1a controls the expression of nuclear-encoded mito-
chondrial genes through interactions with its transcriptional
state assessed by DCF. As shown in Figd#ieand B, inhib- partnersNRF1 and ERRa, which are also downregulated in
ition of the mitochondrial C& porter by RR caused a sub-DS samples.
stantial inhibition of ROS production, suggesting that the Morphological analysis of mitochondria in trisomic versus
entry of C&" in the mitochondrial compartment was at leaséuploid samples demonstrated ultrastructural changes in
partially responsible for the redox imbalance in trisomic celDS-HFF mitochondria. These results provide additional evi-
samples. Moreover, treatment with RR resulted in enhanadence of altered mitochondrial morphology observed in DS
ment of the respiratory activity in DS-HFF to the level ofbrain tissues and mouse mode#s2(7). Silencing experiments
N-HFF (Fig. 9C). Similar results were obtained evaluatinglemonstrated that the downregulation BAMT causes a
mitochondrial calcium levels by a different method based adrastic change in the organization of the inner membrane
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Figure 4. Confocal microscopy analysis of D€ in DS live bbroblasts.A) Representative LSCM imaging of the TMRE-related Ruorescence of euploid
(N-HFF) and DS (NCDS-HFF and CDS-HFF) bbroblasts. The horizontal histograms on the right show the statistical analysis of the Buorescence intensity
per cell as resulting from the averaged valtieSEM of about 100 randomly selected different cells for each sample from at least in-duplicate experiments.

(B) Magnibcations of intracellular selected details showing the mitochondrial functional network in representative samples of N-, NCDS- and.@DS-HFF
false-colours rendering of the TMRE-related RBuorescence imaging is also shown.

that formed concentric layers instead of organizing inteeduced in basal, uncoupled and ATP-synthase-dependent
tubular cristae 8,29), leading to cristae patterns similar torespiratory conditions, thus suggesting an impairment in oxi-
those observed in DS samples. It is interesting to note thddtive phosphorylation competence, especially pronounced
IMMT is signibcantly downregulated in DS Pbroblasts. in DS Pbbroblasts from cardiopathic foeti. A correlation
Mitochondria have a key role in oxygen metabolism andetween the reduced respiratory activity and the morphologic-
subsequently they are the major source of ROS formatical. alterations in DS-HFF mitochondria indicates that the
Respirometry experiments conducted in this study demooecurrence of de-structured cristae might partly account for
strated that in DS Pbroblasts the OCR was signibcantlye dysfunctioning oxidative phosphorylation in trisomic


http://hmg.oxfordjournals.org/
http://hmg.oxfordjournals.org/

1224  Human Molecular Genetics, 2013, Vol. 22, No. 6

Figure 5. Enzymatic activities of the mitochondrial respiratory chain complexes of DS bbroblasts. The specibc activithes coimplex | (NADH-
dehydrogenase)B) complex Il (cytochrome ¢ reductasel;) complex IV (cytochrome c¢ reductase) were measured in cell lysates under conditions of satur-
ating substrate as described in the Materials and Methods. The inset in (A) shows the correlation plot of the complex | activity versus eithggtfieflOCR

axe) and the cristae morphological features (right Y axe; L.C., longitudinal cristae; C.C., concentric cristae); the values areSEdArg the clustered N-,

NCDS- and CDS-HFF (same colour as the horizontal bars of the histogram). The citrate synthase activity, a marker of the mitochondrial content and the amo
of protein per cell number are also shown ) @nd E), respectively. N, DS, NCDS and CDS refer to the bPbroblast sampling described in the legend of Figure
the bars are means SEM of the average determinations for each sample carried out in triplicate; when statistically signibcant, the difference when compared
with the euploid samples is shown.
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samples as also suggested by other authcrs (). The ana- supporting the hypothesis that deregulation of post-
lysis of individual complexes in the mitochondrial respiratoryranslational modibcation of complex | is involved in the
chain showed a strong reduction in the activity of complex | iredox imbalance observed in DS-HFF.
DS bbroblasts irrespective of whether they were derived fromA feature emerging from the present study is that the redox
cardiopathic trisomic foeti. Similar results have been recentlynbalance observed in DS-HFF was much larger in Pbroblasts
reported ( ). The authors attributed the reduced activity ofrom cardiopathic foeti irrespective of the similar degree of in-
complex | to defective cAMP/PKA-dependent phosphoryhibition of complex | in NCDS- and CDS-HFF. Release of
ation. The impact of the OXPHOS decrease observed in DS has been repetitively reported to be associated with an
bbroblasts did not result, however, in a severe bioenergeticerload of C&" into the mitochondria, although the mechan-
failure compromising cell growth. This could be explainedsm remains to be satisfactorily explained { ). Consistent
by an adaptive compensatory increase in the glycolytic Buwjth this notion, we observed that DS-HFF displayed a
as shown in ref. (), and by the gene-dosage effect of théiigher steady level of intramitochondrial €awhen com-
Hsa21-harbored regulatory glycolytic enzyme phosphofructpared with N-HFF, with the CDS-HFF exhibiting the highest
kinase PFKL ( ). mtC&". A linear positive correlation was found between
In the present study, we observed a remarkable alterationnmiCa* and ROS generation in the three cytotype samples.
the redox homeostasis in DS-HFF highlighted by an increasktbst notably, blockage of the major mitochondrial €a
production of ROS, which localized to an intracellulatransporting system resulted in substantial depression of
compartment resembling the mitochondrial network an@OS overproduction in DS-HFF, whereas it was ineffective
was sensitive to the FCCP uncoupler and to the complex | im N-HFF. Moreover, ruthenium red treatment resulted in
hibitor DPI. These two features would point to complex | as fll recovery of the respiratory activity in DS-HFF. All to-
major ROS generator in DS-HFF sustained by a Oforwayether, these observations would argue for a linkage
electron transfer® mechanism ,( ). ROS production in between chronic intramitochondrial €a levels, inhibition
DS-HFF was substantially suppressed by db-cAMP treatmeof, complex | and mitochondrial ROS production. Although

¥T0Z 'v'T Arenigad uo ljoden Ip e1



Human Molecular Genetics, 2013, Vol. 22, No. 6 1225

¥T0Z ‘vT Areniga- uo ljoden Ip vlsIaniun 3BHI0°sfeuinolpiojxo by dnyuol) papeojumoq

Figure 6. Confocal microscopy analysis of ROS production in DS live Pbrobla&)sRépresentative LSCM imaging of the DCF-related Ruorescence of euploid
(N-HFF) and DS (NCDS-HFF and CDS-HFF) bbroblasts. A representative magnibcation of an intracellular selected detail (white rectangle) of the indicated CDS
sample is shown displaying compartmentalization of the brighter DCF RBuorescence dji&thtfstical analysis of the Buorescence intensity per cell as result-

ing from the averaged values SEM of about 100 randomly selected different cells for each sample from at least in-duplicate experiments; statistical analysis of
the differences is also showrC) Correlation plot between the complex | activity normalized to the CS activity and the DCF-related RBuorescence signal/cell for
individual and averaged Pbroblast samples (see symbol legend, mesEM).

we have not specibcally addressed the cause of tHfé Ca PGC-la function is both antagonized and regulated by a
homeostasis deregulation in trisomic cells, a survey of the lgene mapping to Hsa2l, the nuclear receptor interacting
erature suggests that cross-talk between PPaRI C&" mo- protein RIP140Q This highly conserved gene shows a 1.5- to
bilization/signalling { ) may be likely in this case?GC-lais 4-fold upregulation both in the heart and pPbroblasts from DS
an important coactivator of th®PARstranscription factor subjects. The upregulation 81P140protein was also demon-
family, mainly PPARg ( , ). Depression oPGC-la activ- strated in the DS hippocampus . In the same experiment,
ity, observed in DS-HFF samples, would consequently affeitte authors demonstrated thaBUMO3 (another gene
the transcriptional efbciency ®#PARscontrolled genes. mapping to Hsa21l) is also upregulated in these cells. It was
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Implications of our Pndings have a potential therapeutic
value, as a number of drugs are becoming available to specif-
ically inhibit the observed mitochondrial alterations. Some
protocols are being developed to improve oxidative imbalance
in DS using antioxidants such as the coenzyme G143 ().

On the basis of our results, we also plan to investigate the
effects of PPAR agonists and/or of PGCalactivators. The
combination of these pharmacologically active compounds
might correct mitochondria-related dysfunctions in trisomic
foeti/patients.

Figure 7. Effect of FCCP, DPI and db-cAMP on ROS production in DS bbro

blasts. Cultured foetus-derived Pbroblasts representative of euploid (BIO TERIALS AND METHODS

and DS non-cardiopathic (BIO45) or cardiopathic (BIO22) samples we i

treated for 2h with either of 0.Bm FCCP, 100mv DPI or 100nw Ethics Statement

db-cAMP and then assessed by LSCM for ROS production by DCF. Tiuman primary lines of HFF used in this study were obtained
values shown are meansSEM (%3 under each condition) of the from the OTelethon Bank of Fetal Biological Samples() at the
DCF-related Ruorescence intensity/cell normalized for each Pbrobl 9 - -

sample to untreated cells. When statistically signibcant, the differenceiversity of Naples according to protocols approved by the
between untreated and compound-treated cells is reported. local Institutional Ethics Committee.

. . Samples
demonstrated that the sumoylationRifP140modulates its re- P

pressive activity { ). The simultaneous upregulation of bothSkin biopsies were explanted from 13 human foeti after thera-
the Hsa21 genes, due to the primary dosage effect, migiutic abortion at 18D 22 gestational weeks and were classiPed
exert a synergistic effect. Silencing and re-expression expe#s follows: Pve euploid human foeti (N-HFF) and eight foet
ments showed thaRIP140 expression signibcantly affectswith trisomy of Hsa21l (DS-HFF) including four foeti with
oxidative metabolism and mitochondrial biogenesis )( CHD, named CDS-HFF and four foeti without heart defects,
Even mild RIP140 overexpression repressed nuclear mitd2amed NCDS-HFF (Supplementary Material, Table S1).
chondrial genes involved in all the respiratory chain confibroblasts from biopsies were cultured in T25 Rasks (BD
plexes { ). We previously demonstrated that the samEalcon) with Chang mediumBC (Irvine ScientiPc) supple-
genes were repressed in DS foetal heai}s ( mented with 1% penicillin/streptomycin (Gibco) at &7 in

Two other genes mapping to Hsa21, the kin@¢RK1A 5% CO; atmosphere; all the analyses described throughout
and the regulator of calcineurin IDSCR1/RCANJ were this study were carried out at passages 4D5. Karyotype ana-
demonstrated to contrdPGC-1a via the Calcineurin/NFAT lysis was performed by standard G-banding technique.
pathway, largely through the binding oNFATc to the The presence of CHD was established by colour Doppler
PGC-1a promoter { ). The concurrent overexpression offoetal echocardiography followed by direct examination at
the Hsa2l genes RIP140, SUMORCANI1 and DYRK1A the time of tissue explantation and dissection.
and the downregulation of NFATc genes ), observed in
DS samples, is expected to result in the depression
PGC-1a expression.

In this study, we have demonstrated that some mitochohetal RNA from each sample was extracted using TRIzol
drial alterations are more pronounced in Pbroblasts derivegagent (Gibco/BRL Life Technologies, Inc., Gaithersburg,
from DS foeti with heart defects. It must be pointed out tha¥lD, USA) and was reverse-transcribed using the iScript
not all the subjects with trisomy 21 develop congenital cardi®@ONA Synthesis kit (Bio-Rad Laboratories Inc., Hercules,
pathies, even though a heart developmental delay has bé&gh USA). Real-time PCR was performed using iQ Supermix
demonstrated in all DS human embryos at 8010 gestatioBMBR Green 2X on a Bio-Rad iCycler according to the man-
weeks { ). This suggests that a different inter-individuabifacturerOs protocols. PCR reactions were performed in tripli-
genetic background may affect the severity of the cardiopatttiate. Primer pairs (MWG Biotech, Ebersberg, Germany) were
outcome in DS patients by impairing the oxidative metaboHesigned using the Primer 3 software (http://frodo.wi.mit.
ism. Assuming that altered cardiovascular development @du/primer3) to obtain amplicons ranging from 100 to
DS likely originates from the trisomy of a critical Hsa21150 bp (Supplementary Material, Table SZIAPDH and

IQNA extraction and quantitative real-time PCR

region betweenTiaml and Kcnj6 ( ), a more severe RPL13Ahousekeeping genes were chosen as reference genes.

cardiac phenotype might be associated with different bioener-
getic phenotypes characterized, at the cellular level, byl\ﬁ hological vsi

larger mitochondrial C& load and related ROS generation, orphological analysis

as observed in CDS-HFF. Interesting is the evidence that thibroblasts from trisomic and euploid foeti were bxed and em-
induction of oxidative stress in pregnant mice on day 7.5 disedded for the electron microscope, using agarose as an inter-
rupts cardiac neural crest migration and causes outBow trastdiate embedding mediumni (). Cells were bxed in petri
defects like that observed in DS, and that antioxidant adminidishes with 4% paraformaldehyde and 5% glutaraldehyde in
tration before the induction prevents the heart defecty.( PBS buffer (0.1v, pH 7.3) for 30 min at room temperature,

¥T0Z ‘vT Areniga- uo ljoden Ip vlsIaniun 3BHI0°sfeuinolpiojxo by dnyuol) papeojumoq



Human Molecular Genetics, 2013, Vol. 22, No. 6 1227

1eniga4 uo ljoden Ip ensiaAun 110" sjeulnolpioyxo-Buiyy/:dnyuol papeojumod

Figure 8. Confocal microscopy analysis of mitochondrial-an DS live bbroblasts.X) Representative LSCM imaging of the Rhod-1-related Buorescence of <
euploid (N-HFF) and DS (NCDS-HFF and CDS-HFF) bbroblasts. A representative magnibcation (white rectangle) of the indicated CDS sample is shownudls
playing the punctuate compartmentalization of the Rhod-1-Buorescence sBnatafistical analysis of the Buorescence intensity per cell as resulting from the
averaged values SEM of about 100 randomly selected different cells for each sample from at least in-duplicate experiments; when statistically signibcant,
difference when compared with the euploid samples is sho@nCprrelation plot between the Rhod-1- and DCF-related RBuorescence signal/cell for average
bbroblast samples (see symbol legend, meaS&EM).

then washed in buffer, scraped from culture plates and pelletdidmond knife to give thin sections, 7080 nm each; the sec-
by centrifugation for 10 min at 20@f)the supernatant was dis-tions were picked up on 200 mesh copper grids, stained with
carded and the cells were resuspended in 1 ml of 2% liquinlanyl acetate (5% in 50% methanol) and Reynolds lead
agarose at @%. Again, the reaction tube was centrifugecitrate ( ) and observed on a Philips 208S transmission elec-
for 5min at 100@ to concentrate the cells in agarose. Th&gon microscope. Micrographs were acquired with a Mega
agarose-cell pellet was solidibed in ice for 30 min, and theéfiew 1l Soft Imaging System camera. Three N-HFF
the agarose cone was carefully taken out of the reaction tu0-21, BIO-23, BIO-27) and six DS-HFF samples
and divided into small p|eces (1 nfin The agarose- -cell (BlO24, BIO-36, BIO-37, BIO-44, BIO-48 and BIO55) were
blocks were post-bxed in osmium tetroxide (1% in PBS&nalysed using the OfractionatorQ method to obtain a systematic
buffer) for 1 h at 8C, dehydrated and transferred brst to praand uniformly random sampling, which ensures that even for
pylene oxide, then to a mixture of propylene oxide-Epon (1:Ilatively small samples, the error is so small that it may
and pnally embedded in Epon resin. The Epon blocks wesafely be ignored { ). Fifty cells per sample were analysed
polymerized for 2 days at & and then sectioned with aand for each cell the percentages of inner and outer membrane
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Figure 9. Effect of ruthenium red on ROS production and respiratory activity in DS live Pbroblasts. Cultured foetus-derived bbroblasts representative of euploig

(B1023) and DS non-cardiopathic (BIO45) or cardiopathic (BIO22) samples were treated witl tOthenium red (RR) for 4 h and then assessed by LSCM for

[

ROS production and mtG4 by DCF and Rhod-1, respectivelyA DCF-related Buorescence imaging of untreated and RR-treated bbroblasts (representative of *
three different experiments)BJ Statistical analysis of the DCF-related (upper histogram) and Rhod-1-related (lower histogram) Buorescence intensity per cell. 3 S

The average values SEM of about 100 randomly selected different cells for each sample from three different experiments are Ghd&#fiect of RR on the
respiratory activity of the same representative samples of N-, NCDS- and CDS-HFF as in (A). Thg @@Rmeasured as described in the legend of Figure

and treatment with RR as in (A); the bars are mearSEM of the average determinations for each sample (untreated and RR-treated) carried out in triplicate.

When statistically signibcant, the difference between untreated and RR-treated cells is reported in (B) and (C).

breakages, branched mitochondria and mitochondria withterest and those over the reference space. The ratio of
concentric or longitudinal cristae were determined. Furthepoints gives the estimation of volume. According to DelesseOs
more, for each sample, 25 micrographs were collected poinciple, the volume fraction of an object varies proportional-
evaluate the mitochondrial volume density (Vmt, relativédy to their area fraction as measured in random 2D
volume of mitochondria on cell volume) and mitochondriasections; this means that each point controls an area in a 2D
cristae volume density (Vmc, relative volume of mitochonsection and is related to a debPned volume in the 3D organ (
drial cristae on mitochondria volume) ¢). The volume
density (also named relative volume or volume fraction) is _

ratio between volumes. This is an intuitive parameter, unbiﬁ_/estern blot analysis

sedly estimated by overlaying a test system of points @@ells were washed twice with ice-cold PBS and lysed in RIPA
images and then counting those falling over the objects bliffer (NaCl 154 nw; Deoxicolic Acid 12 nv; NaF 0.95 nw;

h
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Figure 10. Analysis of the mitochondrial DNA content and expression of P@GALDS Pbroblasts.X) Absolute gRT-PCR analysis of mtDNA (see Materials
and Methods for details). The bars are meanSEM from Pve euploid and eight DS bbroblast samples; a distinction between non-cardiopathic (NGBS,
and cardiopathic (CDS) % 4) foetus-derived Pbroblasts is also report&).Expression analysis of the PG@-by qRT-PCR. The values, meahsSEM, of the
DS samples are normalized to that of the euploid PbroblaSjsAfalysis of the PGC-4 protein. (Panel on the left) Western blotting of PG&-dn total cellular
protein extracts from euploid and DS samples (representative of two to three different analyses carried out for each sample). (Panel on the right) Densitoxgetri
analysis of the PGCalLrelated immunodetected bands (meanSEM of two to three assays). To compare different electrophoretic runs, the densitometric value2
(normalized to tubulin) of the euploid sample BIO-23 was taken as an internal reference. When statistically signib&angltlee when compared with the &
euploid samples, is shown in (A and B) and (C d@)dCorrelation plot between the normalized PG&{irotein expression and the mt-DNA copy number for
averaged Pbroblast samples (see symbol legend, me&&M).
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Triton X-100 1%; SDS 2%; PMSF 2m) in phosphate buffer Tris-HCI pH 7.5, 0.1% Tween 20), blters were incubated over-
in the presence of protease inhibitors. The protein concentraght at 8C with rabbit polyclonal primary antibody to

tion was determined using the Bio-Rad protein ass®GC-la (1:1000, Abcam, Cambridge Science Park, Cam-
(Bio-Rad Laboratories Inc.). For western blot analysis, tothfridge, UK). The Plters were washed extensively with TTBS
lysates were boiled for 5 min in Laemmli sample buffer andnd incubated for 1 h at room temperature with anti-rabbit
analysed on 7.5% SDSPPAGE. Gels were then blotted opteroxidase-conjugated secondary antibody (Amersham, Little
nitrocellulose transfer membranes (Schleicher and Shu€lhalfont, Buckinghamshire, UK) diluted 1:1000 in TTBS.

GmbH, Dassel, Germany) using a Bio-Rad apparatus. AftEhe blters were then washed six times with TTBS and once
transfer, the blters were blocked at room temperature for Mhith TBS and developed using an ECL western blotting sub-
with 5% BSA in TTBS (150 mn NaCl, 20 mu Tris-HCI pH strate detection method (Pierce, Rockford, IL, USA). For
7.5). After washing twice with TTBS (150mNaCl, 20 v reprobing, the nitrocellulose Plters were re-hydrated and
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stripped for 30 min at 38C in restore western blotting strip- the either of the following probes: 2w tetramethylrhodamine
ping buffer (Pierce) and washed extensively with TTBSthyl ester (TMRE) to monitor mitochondrial membrane po-
Results were standardized to alpha tubulin and analyseshtial (OC,,); 10 mv 2,7-dichlorof3uorescin diacetate, which
using NIH Image J (Rasband, W.S., ImageJ, U. S. National converted to dichlorol3uorescein by intracellular esterases,
Institutes of Health, Bethesda, Maryland, USA, http://imagefor detection of HO,; 5 v X-Rhod-1 AM for mitochondrial
nih.gov/ij/, 1997 2012). C&* . All probes were from Molecular Probes (Eugene, OR).
Stained cells were washed with PBS and examined with
a Nikon TE 2000 microscope [images collected using @0
objective (1.4 NA)] coupled to a Radiance 2100 dual-laser
Cultured cells were gently detached from the dish by tripsinizaSCM system (Bio-Rad). TMRE and Rhod-1 red Buorescence
tion, washed in PBS, harvested by centrifugation atgo0Q@vere elicited by exciting with the HeDNe laser bednex

for 5 min and immediately assessed fog @nsumption with 543 nm), whereas dichlorof3uorescein green f3uorescence was
a high-resolution oxymeter (Oxygraph-2k, Oroboros Instrlicited with the ArBKr laser bearhéx 488 nm). Acquisition,
ments). About Ix 10° viable cells per ml were assayed instorage and analysis of data were performed with LaserSharp
50 mv KPi, 10 nm Hepes, 1 m EDTA, pH 7.4 at 38C; and LaserPix software from Bio-Rad or ImageJ version 1.37.
after attainment of a stationary endogenous substrate-sustaiSegerimposed confocal planes were analysed by means of
resting oxygen consumption rate (O, 2ng/ml of the OstackO function of the LCS-Analysis Tools, which
the ATP-synthase inhibitor oligomycin was added (QE¢R produced anxz intensity proble of the average value of
followed by addition of 0.5 m of the uncoupler carbonilcya- the pixels within marked edges, including a single cell, as a
nide p-triBouromethoxyphenylhydrazone (FCCP) (Q@&B. function of each focal plane. The integrated value of Xze
The rates of oxygen consumption were corrected forM nprobPle was taken as a measure of the Buorescence intensity
KCN-insensitive respiration. The RCR was obtained by thaf that individual cell relative to the selected emission
ratio OCR;nc/OCRoL, the leak by the ratio OCR/OCRyne  channel. Correction was made for the minimal background
and the ATP-synthesis-linked respiration (OXPHOS) by thHaey repeating the procedure in a cell-free peld. About 100
ratio (OCRyr-OCRo)/OCRyne (). single cells were analysed for each imaging analysi3. (

Measurement of the respiratory activity in intact cells

Measurement of the activity of mitochondrial respiratory  Statistics

chain complexes The ANOVA test with Bonferronipost hoccorrection was

The specibc activities of NADH:ubiquinone oxidoreductasgpplied to evaluate the statistical signibcance of differences
(complex ), ubiquinone:cytochrome c oxidoreductasgeasured throughout the data sets presented. Concerning
(complex Ill) and cytochrome c oxidase (complex 1V) wergtereological investigations, the data obtained from each
assayed spectrophotometrically on frozen-thawn ar@dmple were averaged per group (N-HFF, DS-HFF,
ultrasound-treated cells in 10wm Tris, 1 mg/ml serum NCDS-HFF and CDS-HFF) and statistical evaluations were
albumin, pH 8.0. Complex | was assayed (in the presence gérformed by using two nonparametric statistical tests, the
1 mg/ml of antymicin A plus 2 mm KCN) by following the KolmogorovD Smirnov and the KruskalDWallis tests. The
initial 2 mg/ml rotenone-sensitive rate of B NADH oxida- threshold for statistical signiPcance-yalue) was set to 0.05.
tion (lzaonm?26.22 Mu?*cm? ) in the presence of 200m

decylubiquinone (dUQ) as electron acceptor; complex Il

was assayed (in the presence of rotenphs KCN) by fol- SUPPLEMENTARY MATERIAL

lowing the initial 1ng/ml antymicin A-sensitive rate of ar ; ;
50mw_ferri-cytochrome ¢ reduction fesorm¥s 21,1 mu2 . Supplementary Material is available HMG online.

cn? ) in the presence of 206w dUQH, as electron donor.

Complex IV was assayed by following (in the presence of _

antymicin A) the initial 2 m KCN-sensitive rate of 26w ConBict of Interest statemeritone declared.
ferro-cytochromec oxidation under aerobic conditions. The

activities were normalized to the initial cell number and to Cell':UNDING

lular protein content { ). Citrate synthase catalyses the reac-

tion between acetyl coenzyme A and oxaloacetic acid to forirhis work was supported by grants from Campania Region
citric acid. Citrate synthase activity was assayed spectrophofBOR CREME to L.N.) and from the Italian Ministry of
metrically (Ly12nm¥4 13.6 mu? L cm? 1) measuring the reaction University and Research (PRIN-2008FJJHKM_001 to N.C.).
between CoA-SH and DTNB (5:8lithiobis (2-nitrobenzoic

acid)) to form 5-thio-2-nitrobenzoic acid (TNB; ).
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