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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 fibroblasts 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, specific inhibition of complex |, enhanced react-
ive oxygen species production and increased levels of intra-mitochondrial calcium were demonstrated.
Seemingly, mitochondrial dysfunction was more severe in fibroblasts 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 amore 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 pheno- of chromosome 21 (Hsa2l) genes and a dysregulation of
type in which over 80 features occur with various degrees of ~400 genes localized on other chromosomes (3). Microarray

expression and frequency (1). DS is a major cause of congeni-
tal heart defects (CHD) mainly endocardial cushion defects,
the most frequent being atrioventricular canal defects followed
by ventricular septal defects and tetralogy of Fallot (2). By
comparing the gene expression profiles of 10 human hearts
from trisomic foeti to five foetal hearts of non-trisomic

analysis clearly showed the downregulation of genes encoding
all five mitochondrial complex subunits and of genes impli-
cated in mitochondrial biogenesis. This suggested that the cor-
responding proteins and enzymatic activities might be reduced
in DS subjects and that mitochondrial function could be con-
sequently impaired.

*To whom correspondence should be addressed at: Department of Clinical and Experimental Medicine, Via Pinto 1 ¢/o OO.RR., 71100 Foggia, Italy.

Tel: 439 881711148; Fax: +39 881714745; Email: n.cap@unifg.it

The authors wish it to be known that, in their opinion, the first two authors (C.P., A.L) should be regarded as joint First Authors and that the last two

authors (L.N., N.C.) contributed equally to the work.

© The Author 2012. Published by Oxford University Press. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

€10C ‘€T A1eniqa uo INYHSNI 28 /310°sjeurnolpiojxo  Swy//:dpy woly papeojumoq



Trisomy of chromosome 21 has been associated with mito-
chondrial dysfunction in cells and tissues from DS subjects
(4—6) and in mouse models (7,8). These results led to the hy-
pothesis that mitochondrial dysfunction contributes to the DS
phenotype. Protein levels of mitochondrial complexes I, III
and V were decreased in cerebellar and brain regions of DS
subjects (9). Complex I was also deficient in mouse models
of trisomy of chromosome 16. The results were similar to
those obtained from models of Parkinson’s disease, suggesting
that different neurodegenerative diseases may be associated
with the same mitochondrial dysfunction (10).

Recently, it has been also reported that the mitochondrial
energy production apparatus was less efficient in foetal DS
fibroblasts, due to the dysregulation of adenine nucleotide
translocator, ATP synthase and adenylate kinase, and a select-
ive deficit of complex I, which contributes to reactive oxygen
species (ROS) overproduction in DS mitochondria. These
events were attributed to changes in the cAMP/PKA signalling
pathway (11,12), which is known to affect the abundance of
the transcriptional coactivator PGC-Ia  (peroxisome
proliferator-activated receptor gamma coactivator 1-alpha).
This protein, that plays a central role in regulating mitochon-
drial biogenesis and respiratory function through the inter-
action with transcriptional partners, like NRFI, ERRa,
PPARs and YY1, is negatively controlled by the co-repressor
RIP140, a gene mapping to Hsa21 (13).

Even though these results are indicative of widespread
mitochondrial dysfunction in DS, molecular studies have not
yet been performed to investigate the basis of mitochondrial
dysfunction at the transcriptional level. Furthermore, no
hypotheses have been formulated about the mechanisms by
which trisomy of Hsa21 genes might induce such a dysfunc-
tion.

The original contribution of the present study consists of a
contemporary analysis of mitochondrial features at the mo-
lecular, morphological and functional level in 13 human
primary lines of foetal fibroblasts (HFF) derived from Hsa2l
trisomic foeti, with or without CHD, and from euploid con-
trols. The mitochondrial defects associated with DS were ana-
lysed taking into account the regulation of the Hsa2l and
mitochondrial-related genes and the cardiac phenotype, in
order to identify pathways involved in mitochondrial function
and dysrupted by the Hsa2l trisomy. A striking and more
severe ROS- and Ca®'-related mitochondrial dysfunction
emerged in cardiopathic-derived Hsa2l trisomic fibroblasts,
unveiling a more pronounced pro-oxidative state.

RESULTS

The present study combines the molecular, morphological and
functional analyses of mitochondria in 13 human primary cul-
tures of HFF. Five were from euploid foeti (N-HFF, N stand-
ing for normal), and eight (DS-HFF) were derived from Hsa21
trisomic foeti [four samples from DS foeti with heart defects,
named CDS-HFF (CDS standing for Cardiopathic Down Syn-
drome), and four samples from DS foeti without heart defects,
named NCDS-HFF (NCDS standing for Non Cardiopathic
Down Syndrome)].
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Gene expression is dysregulated in DS-HFF samples

The analysis of HFF karyotypes demonstrated that all trisomic
fibroblasts showed three copies of Hsa21 as the only cytogen-
etic alteration (data not shown). The expression of some
Hsa21 genes was determined by quantitative real-time PCR
(qRT-PCR) experiments comparing DS-HFF versus N-HFF.
In particular, the Hsa2l genes BTG3, SODI, ITSNI,
DYRKIA, NRF2 and RIP140 were upregulated in trisomic
fibroblasts when compared with controls (Fig. 1A), thus con-
firming the gene dosage effects that was previously demon-
strated in human foetal tissues (3,14). We then focused on
genes that mapped to chromosomes different from Hsa2l
and were involved in multiple mitochondrial functions, such
as the respiratory chain, mitochondrial biogenesis and morph-
ology, and genes involved in related pathways, such as the
Calcineurin/NFAT (Nuclear factor of activated T-cells) axe.
Most of the analysed genes were significantly downregulated
in trisomic versus euploid fibroblasts (Fig. 1B), demonstrating
that trisomy of chromosome 21 perturbs the expression of
genes involved in mitochondrial pathways. Moreover,
NFATc3 and NFATc4 were significantly downregulated
while DYRKIA and RCANI, two Hsa2l genes involved in
regulating the levels of NFATc phosphorylation, were upregu-
lated in trisomic versus euploid fibroblasts (Fig. 1C).

Mitochondria of DS-HFF show morphological
abnormalities

Electron microscopy (EM) of trisomic fibroblasts revealed that
a significant number of mitochondria had an abnormal morph-
ology, showing an increased size, irregular shape, evident
breaks, mainly of inner membranes. In addition, the mitochon-
dria showed alterations in the pattern of cristac where some
were broadened and arranged concentrically or oriented paral-
lel to the long axis of the organelle (longitudinal cristae)
(Fig. 2A). Broken mitochondria and mitochondria with con-
centric and longitudinal cristae were significantly more abun-
dant in trisomic samples than in the euploid ones (P < 0.05)
(Fig. 2B). Stereological analysis demonstrated that the mito-
chondrial volume density, expressed as a percentage of cellu-
lar volume, was similar in euploid and trisomic samples while
the cristae volume density, expressed as a percentage of mito-
chondrial volume, was significantly lower in all DS-HFF
samples when compared with N-HFF (P < 0.05) (Fig. 2C
and D).

The functional mitochondrial phenotype is altered
in CDS-HFF

Endogenous oxygen consumption rate in intact HFF

The respiratory activity of N-HFF and DS-HFF samples
was compared by high-resolution oxymetry. The oxygen con-
sumption rate (OCR) was assessed in intact cells relying
on endogenous respiratory substrates and corrected for the re-
sidual KCN-sensitive OCR and, therefore, attributable to mito-
chondrial respiratory chain-dependent activity. Figure 3A
shows the results of a systematic analysis whereby the activity
of each cellular sample was measured. Although a relatively
large inter-individual variability was observed within each of
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Figure 1. Gene expression is dysregulated in DS fibroblasts. Gene expression
fold change in DS-HFF samples versus N-HFF samples for Hsa21 genes (A),
nuclear-encoded mitochondrial genes (B) and calcineurin/NFAT-related genes
(C) as obtained by qRT-PCR. Values represent the mean of three replicates +
SEM. *P < 0.05, **P < 0.01, N-HFF, Euploid fibroblasts; DS-HFF, Hsa21l
trisomic fibroblasts.

the three groups, on an average basis, the resting respiration of
DS-HFF showed a significant decrease that was more evident
in CDS-HFF (~43% inhibition) when compared with N-HFF.
Conversely, a slight increase in the OCR in the presence of the
FoF1-ATP synthase inhibitor oligomycin was observed in
DS-HFF, whereas in the presence of the protonophoric uncou-
pler FCCP a slight, albeit significant, decrease (*27% inhib-
ition) in the OCR was observed in CDS-HFF when
compared with N-HFF. The respiratory control ratio (RCR),
attained by dividing the uncoupled OCR by that in the pres-
ence of oligomycin, was as high as 14—16 irrespective of
the cell group analysed (Fig. 3B). The ATP-synthase inde-
pendent OCR (leak) was unchanged between N- and
DS-HFF, whereas the oxidative phosphorylation-dependent
OCR (OXPHOS) was significantly reduced in DS-HFF, and
more specifically in CDS-HFF, by 36% when compared with
N-HFF (Fig. 3B). The decrease in OCRgg, observed in
DS-HFF, individually correlated to the altered mitochondrial
morphology and cristac volume density assessed by EM
(Fig. 3C). Next, we measured the mitochondrial membrane
potential (AW,,) by confocal microscopic imaging using the
specific mitotropic probe TMRE. A significant difference

was not observed in the TMRE-related fluorescence among
N-HFF, NCDS-HFF and CDS-HFF (Fig. 4A), even though a
finer analysis of the fluorescent signal revealed a less inter-
digitated mitochondrial network morphology in DS-HFF
(Fig. 4B).

Complex I activity

To assess if the observed respiratory deficit in DS-HFF
resulted from a specific defect in one or the other of the re-
spiratory chain complexes, the activity of the protonmotive
complexes I, III and IV was measured in cell lysates. The ac-
tivity of citrate synthase, which is an index of mitochondrial
mass, was also measured. Figure SA shows that the activity
of complex I was significantly depressed (by about 50%) in
both NCDS-HFF and CDS-HFF when compared with
N-HFF. The decreased activity of complex I correlated with
the altered mitochondrial cristae morphology. Conversely, sig-
nificant differences in activities of complexes III and IV were
not observed among the three cell groups (Fig. 5B and C).
Likewise, the citrate synthase activity was practically un-
affected (Fig. 5D); therefore, following normalization to the
mitochondrial mass, the selective inhibition of complex I in
trisomic cells was confirmed (data not shown). Total protein
levels per cell were slightly less in trisomic samples but not
to a statistically significance degree compared with N-HFF
(Fig. 5E).

Mitochondria-related ROS production

Intracellular ROS level was assessed by confocal microscopy
imaging of cells treated with the redox-sensitive fluorescent
probe DCF. Every trisomic sample displayed an enhanced
ROS production when compared with N-HFF, with a larger
redox imbalance in CDS-HFF (Fig. 6A). Enlargement of the
confocal images showed a compartmentalized, brighter
signal of the DCF-related fluorescence with a very low vari-
ability within each group. On an average basis, the ROS-
related DCF fluorescence was much larger in CDS-HFF
when compared with NCDS-HFF (Fig. 6B). Plotting the
DCF fluorescence versus the normalized complex I activity
for each individual HFF sample suggested the presence of a
threshold value of complex I activity below which extra-ROS
production was generated (Fig. 6C). To further ascertain the
source of the ROS release in DS-HFF, cells were treated
with DPI, which is a pan-inhibitor of flavin-containing oxi-
dases (including complex I). DPI treatment was associated
with a marked decrease in the ROS over-production in repre-
sentative samples of both NCDS- and CDS-HFF, whereas it
was ineffective in N-HFF (Fig. 7). Production of ROS by
the respiratory chain complex I is fostered by the presence
of a AW, (15). Short-time incubation of cells with the uncou-
pler FCCP significantly inhibited ROS release both in NCDS-
and CDS-HFF with a larger effect in the latter (Fig. 7). It has
been recently reported that alteration of PKA-dependent sig-
nalling affects functioning of the oxidative phosphorylation
(OXPHOS) system (11,16,17). Treatment of cells with the
cAMP analogue db-cAMP significantly reduced ROS produc-
tion in both NCDS- and CDS-HFF although the redox state,
especially in CDS-HFF, was not fully renormalized to the
level of N-HFF (cf. Fig. 7 with 6B).

€10C ‘€T A1eniqa uo INYHSNI 28 /310°sjeurnolpiojxo  Swy//:dpy woly papeojumoq



Human Molecular Genetics, 2013, Vol. 22, No. 6 1221

14 4

% of mitochondria

Broken Broken

(OMM) (IMM)
C

14 q

Mitochondrial volume density, %

[J N-HFF [ DS-HFF
[C] ncDs-HFF [l CDS-HFF

Branched Concentric Longitudinal

cristae cristae
D

= 5

Z 40 1

@ ]

c

S 30 *

@ 4 *

E 20 =

o o

>

8107

£ .1

© L& & &
RGO

<Q ‘\00 &

Figure 2. Mitochondria of DS fibroblasts show morphological abnormalities. (A) Electron micrographs of morphologically abnormal mitochondria in DS-HFF
(a—f) and normal mitochondria in N-HFF (g and h); (a and b) broken mitochondria; (¢ and d) mitochondria with concentric cristae (arrow); (e) mitochondria with
longitudinal cristae (arrow head); (f) mitochondria with significantly reduced cristae; (g and h) mitochondria with unchanged morphology in N-HFF. Scale bars:
500 nm. (B) Percentages of mitochondria with abnormal morphology in fibroblasts. (C) Mitochondrial volume density relative to cell volume. (D) Mitochondrial
cristae volume density relative to mitochondrial volume. In (B)—(D), the mean values + SEM are shown along with statistical analysis; *P significant cut
off < 0.05 Kolmogorov—Smirnov and Kruskall-Wallis tests. N-HFF, euploid fibroblasts; DS-HFF, Hsa21 trisomic fibroblasts; NCDS-HFF, Hsa21 trisomic
fibroblasts from DS foeti without heart defects; CDS-HFF, Hsa21 trisomic fibroblasts from DS foeti with heart defects.

Steady-state intra-mitochondrial calcium level

Deregulation of Ca>" homeostasis and Ca**-mediated signal-
ling has been described in cells derived from trisomic patients
or in murine models of DS (18—20). Mitochondria are known
to function as a Ca*" buffer by taking up Ca*" mainly via a
specific ruthenium red (RR)-inhibitable uniporter (21,22). To
verify this point, we evaluated the intramitochondrial level
of calcium (mtCa®") using the specific probe Rhod-1.
Figure 8A and B shows representative confocal microscopic
images of the analysis along with statistical evaluation of
the results. It is shown that DS-HFF displayed a statistically

significant more intense Rhod-1-related fluorescence signal
when compared with N-HFF. However, this was mainly con-
tributed by the CDS-HFF samples. Closer examination of the
intracellular fluorescence unveiled a compartmentalization of
the brighter signal confirming that it was largely displaying
the steady-state mtCa" level. The enhanced mtCa®" load in
DS-HFF correlated positively with the increase in ROS pro-
duction (Fig. 8C) consistent with the notion that calcium
entry in mitochondria induces redox state alterations (23).
To verify the interplay between calcium and ROS, represen-
tative trisomic samples were treated with RR and the redox
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Figure 3. Respirometric analysis in DS fibroblasts. (A) OCRs normalized to
cell number were assessed by high-resolution oxymetry in intact cells as
described in the Materials and Methods. A comparative analysis between
five different euploid (N-HFF) and eight different trisomic (DS-HFF)
samples is shown; a distinction of the DS-HFF between non-cardiopathic
(NCDS-HFF, n = 4) and cardiopathic (CDS-HFF, n = 4) foetus-derived fibro-
blasts is also reported. The endogenous OCR were measured under resting
conditions (OCRgg), in the presence of oligomycin (OCRpr) and in the
uncoupled state in the presence of FCCP (OCRync). (B) Respiration-linked
bioenergetic parameters computed by the OCR measurements shown in (A).
RCR, respiratory control ratio; Leak, non-ATP-synthase-controlled respiratory
activity; OXPHOS, ATP-synthase-controlled respiratory activity. The bars in
(A) and (B) are means + SEM of the average determinations for each
sample carried out at least in triplicate; when statistically significant, the dif-
ference when compared with the euploid samples is shown. (C) Correlation
plots between respiratory activity under resting conditions (OCRgg) and per-
centage of concentric or longitudinal cristae or of cristae volume density for
individual fibroblast samples (see the symbol legend).

state assessed by DCF. As shown in Figure 9A and B, inhib-
ition of the mitochondrial Ca** porter by RR caused a sub-
stantial inhibition of ROS production, suggesting that the
entry of Ca®" in the mitochondrial compartment was at least
partially responsible for the redox imbalance in trisomic cell
samples. Moreover, treatment with RR resulted in enhance-
ment of the respiratory activity in DS-HFF to the level of
N-HFF (Fig. 9C). Similar results were obtained evaluating
mitochondrial calcium levels by a different method based on

a calcium-sensible photoprotein, the aequorin (see Supplemen-
tary Material, Text S1 and Fig. S1).

Mitochondrial biogenesis is affected by Hsa21 trisomy

Lastly, to verify if the observed mitochondrial dysfunction
was associated to a decreased mitochondrial biogenesis, we
quantified the copy number of mitochondrial DNA by absolute
qRT-PCR. There was an average value of ~600 copies per
nuclear genome (i.e. per cell) in N-HFF, 500 in NCDS-HFF
and 400 in CDS-HFF (Fig. 10A). A statistical significance
was attained only for CDS-HFF.

As the mtDNA replication is controlled by PGC-1a, which
is a master regulator of mitochondrial biogenesis (13), we ana-
lysed the correlation between PGC-l/« expression and the
amount of mtDNA. The amount of PGC-/« gene transcripts
was reduced by ~40-50% in trisomic samples versus
N-HFF (Fig. 10B). Western blotting of PGC-/« confirmed
at the protein level a significant decrease in NCDS-HFF and
an even more marked decrease in CDS-HFF when compared
with N-HFF (Fig. 10C). A direct correlation between
PGC-1a expression and amount of mtDNA was observed in
our samples (Fig. 10D).

DISCUSSION

We previously demonstrated that more than 80 genes, encod-
ing mitochondrial enzymes and respiratory chain subunits, are
downregulated in foetal trisomic heart tissues (3). Of these
genes, 40% have consensus DNA binding sites for the
nuclear respiratory factor NRF'/ in their 5 flanking regions,
and 20 % of them show a high affinity for the oestrogen-
related receptor ERR« (see Supplementary Material, Text S2
and Tables S3 and S4). It has been recently demonstrated
that the transcription factors NRFI and ERRa and their
targets are repressed by Hsa2l gene R/P140 and induced by
PGC-1a in a dose dependent manner in neonatal rat cardio-
myocytes (24). Our results indicate that NRFI and PGC-l«a
are significantly downregulated in DS HFF. Western blotting
of PGC-1a confirmed the downregulation also at the protein
level in trisomic fibroblasts. This downregulation correlated
well with the downregulation of complex I activity and with
the mtDNA copy number decrease (more evidently in
CDS-HFF). PGC-Ia function has been investigated in
several specialized cell types and transgenic mouse models,
demonstrating its role in the regulation of mitochondrial oxi-
dative metabolism. PGC-/« null mice show reduced expres-
sion of mitochondrial genes in multiple tissues (25,26).
PGC-1a controls the expression of nuclear-encoded mito-
chondrial genes through interactions with its transcriptional
partners NRFI and ERRa, which are also downregulated in
DS samples.

Morphological analysis of mitochondria in trisomic versus
euploid samples demonstrated ultrastructural changes in
DS-HFF mitochondria. These results provide additional evi-
dence of altered mitochondrial morphology observed in DS
brain tissues and mouse models (8,27). Silencing experiments
demonstrated that the downregulation of IMMT causes a
drastic change in the organization of the inner membrane

€10C ‘€T A1eniqa uo INYHSNI 28 /310°sjeurnolpiojxo  Swy//:dpy woly papeojumoq



A

BIO-21 BIO-23 BIO-27
[T
™
; . -
=

50

BIO-24 BIO-37 BIO-45
[T
L
*
: . -
o
o
=

BIO-22 BIO-36
[T
L
-5
n
a
o

B N-HFFgi0.21

TMRE

False colours

ra

NCDS'HFFB|0_43

]

Human Molecular Genetics, 2013, Vol. 22, No. 6 1223

BIO-29 BIO-30
BIO-48 TMRE

(Pixel Intensity/cell)
0 10 20 30 40 50

CDS'H FFB|Q_22

— Pixel Intensity -

Figure 4. Confocal microscopy analysis of mtAW in DS live fibroblasts. (A) Representative LSCM imaging of the TMRE-related fluorescence of euploid
(N-HFF) and DS (NCDS-HFF and CDS-HFF) fibroblasts. The horizontal histograms on the right show the statistical analysis of the fluorescence 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.
(B) Magnifications of intracellular selected details showing the mitochondrial functional network in representative samples of N-, NCDS- and CDS-HFF. A
false-colours rendering of the TMRE-related fluorescence imaging is also shown.

that formed concentric layers instead of organizing into
tubular cristae (28,29), leading to cristae patterns similar to
those observed in DS samples. It is interesting to note that
IMMT is significantly downregulated in DS fibroblasts.
Mitochondria have a key role in oxygen metabolism and
subsequently they are the major source of ROS formation.
Respirometry experiments conducted in this study demon-
strated that in DS fibroblasts the OCR was significantly

reduced in basal, uncoupled and ATP-synthase-dependent
respiratory conditions, thus suggesting an impairment in oxi-
dative phosphorylation competence, especially pronounced
in DS fibroblasts from cardiopathic foeti. A correlation
between the reduced respiratory activity and the morphologic-
al alterations in DS-HFF mitochondria indicates that the
occurrence of de-structured cristae might partly account for
the dysfunctioning oxidative phosphorylation in trisomic
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Figure 5. Enzymatic activities of the mitochondrial respiratory chain complexes of DS fibroblasts. The specific activities of (A) complex I (NADH-
dehydrogenase), (B) complex III (cytochrome ¢ reductase), (C) complex IV (cytochrome ¢ 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 I activity versus either the OCRgy (left Y
axe) and the cristae morphological features (right Y axe; L.C., longitudinal cristae; C.C., concentric cristae); the values are means + SEM of 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 amount
of protein per cell number are also shown in (D) and (E), respectively. N, DS, NCDS and CDS refer to the fibroblast sampling described in the legend of Figure 3;
the bars are means + SEM of the average determinations for each sample carried out in triplicate; when statistically significant, the difference when compared

with the euploid samples is shown.

samples as also suggested by other authors (30,31). The ana-
lysis of individual complexes in the mitochondrial respiratory
chain showed a strong reduction in the activity of complex I in
DS fibroblasts irrespective of whether they were derived from
cardiopathic trisomic foeti. Similar results have been recently
reported (11). The authors attributed the reduced activity of
complex I to defective cAMP/PKA-dependent phosphoryl-
ation. The impact of the OXPHOS decrease observed in DS
fibroblasts did not result, however, in a severe bioenergetic
failure compromising cell growth. This could be explained
by an adaptive compensatory increase in the glycolytic flux,
as shown in ref. (12), and by the gene-dosage effect of the
Hsa21-harbored regulatory glycolytic enzyme phosphofructo-
kinase PFKL (32).

In the present study, we observed a remarkable alteration in
the redox homeostasis in DS-HFF highlighted by an increased
production of ROS, which localized to an intracellular
compartment resembling the mitochondrial network and
was sensitive to the FCCP uncoupler and to the complex I in-
hibitor DPI. These two features would point to complex I as a
major ROS generator in DS-HFF sustained by a ‘forward
electron transfer’ mechanism (33,34). ROS production in
DS-HFF was substantially suppressed by db-cAMP treatment,

supporting the hypothesis that deregulation of post-
translational modification of complex I is involved in the
redox imbalance observed in DS-HFF.

A feature emerging from the present study is that the redox
imbalance observed in DS-HFF was much larger in fibroblasts
from cardiopathic foeti irrespective of the similar degree of in-
hibition of complex I in NCDS- and CDS-HFF. Release of
ROS has been repetitively reported to be associated with an
overload of Ca®" into the mitochondria, although the mechan-
ism remains to be satisfactorily explained (35,36). Consistent
with this notion, we observed that DS-HFF displayed a
higher steady level of intramitochondrial Ca*" when com-
pared with N-HFF, with the CDS-HFF exhibiting the highest
mtCa®". A linear positive correlation was found between
mtCa’* and ROS generation in the three cytotype samples.
Most notably, blockage of the major mitochondrial Ca**-
transporting system resulted in substantial depression of
ROS overproduction in DS-HFF, whereas it was ineffective
in N-HFF. Moreover, ruthenium red treatment resulted in
full recovery of the respiratory activity in DS-HFF. All to-
gether, these observations would argue for a linkage
between chronic intramitochondrial Ca*" levels, inhibition
of complex I and mitochondrial ROS production. Although
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Figure 6. Confocal microscopy analysis of ROS production in DS live fibroblasts. (A) Representative LSCM imaging of the DCF-related fluorescence of euploid
(N-HFF) and DS (NCDS-HFF and CDS-HFF) fibroblasts. A representative magnification of an intracellular selected detail (white rectangle) of the indicated CDS
sample is shown displaying compartmentalization of the brighter DCF fluorescence signal. (B) Statistical analysis of the fluorescence 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 shown. (C) Correlation plot between the complex I activity normalized to the CS activity and the DCF-related fluorescence signal/cell for

individual and averaged fibroblast samples (see symbol legend, means + SEM).

we have not specifically addressed the cause of the Ca®"
homeostasis deregulation in trisomic cells, a survey of the lit-
erature suggests that cross-talk between PPARy and Ca*" mo-
bilization/signalling (37) may be likely in this case. PGC-/a is
an important coactivator of the PPARs transcription factor
family, mainly PPARy (38,39). Depression of PGC-1« activ-
ity, observed in DS-HFF samples, would consequently affect
the transcriptional efficiency of PPARs-controlled genes.

PGC-1a function is both antagonized and regulated by a
gene mapping to Hsa2l, the nuclear receptor interacting
protein RIP140. This highly conserved gene shows a 1.5- to
4-fold upregulation both in the heart and fibroblasts from DS
subjects. The upregulation of RIP140 protein was also demon-
strated in the DS hippocampus (40). In the same experiment,
the authors demonstrated that SUMO3 (another gene
mapping to Hsa2l) is also upregulated in these cells. It was
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Figure 7. Effect of FCCP, DPI and db-cAMP on ROS production in DS fibro-
blasts. Cultured foetus-derived fibroblasts representative of euploid (BIO23)
and DS non-cardiopathic (BIO45) or cardiopathic (BIO22) samples were
treated for 2h with either of 0.5 um FCCP, 100 wm DPI or 100 pm
db-cAMP and then assessed by LSCM for ROS production by DCF. The
values shown are means + SEM (n=3 under each condition) of the
DCF-related fluorescence intensity/cell normalized for each fibroblast
sample to untreated cells. When statistically significant, the difference
between untreated and compound-treated cells is reported.

demonstrated that the sumoylation of RIP140 modulates its re-
pressive activity (41). The simultaneous upregulation of both
the Hsa2l genes, due to the primary dosage effect, might
exert a synergistic effect. Silencing and re-expression experi-
ments showed that RIP140 expression significantly affects
oxidative metabolism and mitochondrial biogenesis (42).
Even mild RIP140 overexpression repressed nuclear mito-
chondrial genes involved in all the respiratory chain com-
plexes (43). We previously demonstrated that the same
genes were repressed in DS foetal hearts (3).

Two other genes mapping to Hsa2l, the kinase DYRKIA
and the regulator of calcineurin 1 (DSCRI/RCANI), were
demonstrated to control PGC-/« via the Calcineurin/NFAT
pathway, largely through the binding of NFATc to the
PGC-1a promoter (44). The concurrent overexpression of
the Hsa2l genes RIP140, SUMO3, RCANI and DYRKIA
and the downregulation of NFATc genes (45), observed in
DS samples, is expected to result in the depression of
PGC-1a expression.

In this study, we have demonstrated that some mitochon-
drial alterations are more pronounced in fibroblasts derived
from DS foeti with heart defects. It must be pointed out that
not all the subjects with trisomy 21 develop congenital cardio-
pathies, even though a heart developmental delay has been
demonstrated in all DS human embryos at 8—10 gestational
weeks (46). This suggests that a different inter-individual
genetic background may affect the severity of the cardiopathic
outcome in DS patients by impairing the oxidative metabol-
ism. Assuming that altered cardiovascular development in
DS likely originates from the trisomy of a critical Hsa2l
region between Tiaml and Kcnj6 (47), a more severe
cardiac phenotype might be associated with different bioener-
getic phenotypes characterized, at the cellular level, by a
larger mitochondrial Ca®>" load and related ROS generation,
as observed in CDS-HFF. Interesting is the evidence that the
induction of oxidative stress in pregnant mice on day 7.5 dis-
rupts cardiac neural crest migration and causes outflow tract
defects like that observed in DS, and that antioxidant adminis-
tration before the induction prevents the heart defects (48).

Implications of our findings 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 Q10 (49,50).
On the basis of our results, we also plan to investigate the
effects of PPARy agonists and/or of PGC-1la activators. The
combination of these pharmacologically active compounds
might correct mitochondria-related dysfunctions in trisomic
foeti/patients.

MATERIALS AND METHODS
Ethics Statement

Human primary lines of HFF used in this study were obtained
from the ‘Telethon Bank of Fetal Biological Samples’ at the
University of Naples according to protocols approved by the
local Institutional Ethics Committee.

Samples

Skin biopsies were explanted from 13 human foeti after thera-
peutic abortion at 18—22 gestational weeks and were classified
as follows: five euploid human foeti (N-HFF) and eight foeti
with trisomy of Hsa2l (DS-HFF) including four foeti with
CHD, named CDS-HFF and four foeti without heart defects,
named NCDS-HFF (Supplementary Material, Table S1).
Fibroblasts from biopsies were cultured in T25 flasks (BD
Falcon) with Chang medium B+4C (Irvine Scientific) supple-
mented with 1% penicillin/streptomycin (Gibco) at 37°C in
5% CO, atmosphere; all the analyses described throughout
this study were carried out at passages 4—5. Karyotype ana-
lysis was performed by standard G-banding technique.

The presence of CHD was established by colour Doppler
foetal echocardiography followed by direct examination at
the time of tissue explantation and dissection.

RNA extraction and quantitative real-time PCR

Total RNA from each sample was extracted using TRIzol
reagent (Gibco/BRL Life Technologies, Inc., Gaithersburg,
MD, USA) and was reverse-transcribed using the iScript
cDNA Synthesis kit (Bio-Rad Laboratories Inc., Hercules,
CA, USA). Real-time PCR was performed using iQ Supermix
SYBR Green 2X on a Bio-Rad iCycler according to the man-
ufacturer’s protocols. PCR reactions were performed in tripli-
cate. Primer pairs (MWG Biotech, Ebersberg, Germany) were
designed using the Primer 3 software (http://frodo.wi.mit.
edu/primer3) to obtain amplicons ranging from 100 to
150 bp (Supplementary Material, Table S2). GAPDH and
RPL134 housekeeping genes were chosen as reference genes.

Morphological analysis

Fibroblasts from trisomic and euploid foeti were fixed and em-
bedded for the electron microscope, using agarose as an inter-
mediate embedding medium (51). Cells were fixed in petri
dishes with 4% paraformaldehyde and 5% glutaraldehyde in
PBS buffer (0.1 m, pH 7.3) for 30 min at room temperature,
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Figure 8. Confocal microscopy analysis of mitochondrial Ca>* in DS live fibroblasts. (A) Representative LSCM imaging of the Rhod-1-related fluorescence of
euploid (N-HFF) and DS (NCDS-HFF and CDS-HFF) fibroblasts. A representative magnification (white rectangle) of the indicated CDS sample is shown dis-
playing the punctuate compartmentalization of the Rhod-1-fluorescence signal. (B) Statistical analysis of the fluorescence 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 significant, the
difference when compared with the euploid samples is shown. (C) Correlation plot between the Rhod-1- and DCF-related fluorescence signal/cell for averaged

fibroblast samples (see symbol legend, means + SEM).

then washed in buffer, scraped from culture plates and pelleted
by centrifugation for 10 min at 2000g; the supernatant was dis-
carded and the cells were resuspended in 1 ml of 2% liquid
agarose at 65°C. Again, the reaction tube was centrifuged
for 5 min at 1000g to concentrate the cells in agarose. The
agarose-cell pellet was solidified in ice for 30 min, and then
the agarose cone was carefully taken out of the reaction tube
and divided into small pieces (1 mm?®). The agarose-cell
blocks were post-fixed in osmium tetroxide (1% in PBS
buffer) for 1 h at 4°C, dehydrated and transferred first to pro-
pylene oxide, then to a mixture of propylene oxide-Epon (1:1)
and finally embedded in Epon resin. The Epon blocks were
polymerized for 2 days at 60°C and then sectioned with a

diamond knife to give thin sections, 70—80 nm each; the sec-
tions were picked up on 200 mesh copper grids, stained with
uranyl acetate (5% in 50% methanol) and Reynolds lead
citrate (52) and observed on a Philips 208S transmission elec-
tron microscope. Micrographs were acquired with a Mega
View II Soft Imaging System camera. Three N-HFF
(BIO-21, BIO-23, BIO-27) and six DS-HFF samples
(B1024, BIO-36, BIO-37, BIO-44, BIO-48 and BIOS55) were
analysed using the ‘fractionator’ method to obtain a systematic
and uniformly random sampling, which ensures that even for
relatively small samples, the error is so small that it may
safely be ignored (53). Fifty cells per sample were analysed
and 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 fibroblasts. Cultured foetus-derived fibroblasts representative of euploid
(B1023) and DS non-cardiopathic (BIO45) or cardiopathic (BIO22) samples were treated with 10 wM ruthenium red (RR) for 4 h and then assessed by LSCM for
ROS production and mtCa®" by DCF and Rhod-1, respectively. (A) DCF-related fluorescence imaging of untreated and RR-treated fibroblasts (representative of
three different experiments). (B) Statistical analysis of the DCF-related (upper histogram) and Rhod-1-related (lower histogram) fluorescence intensity per cell.
The average values + SEM of about 100 randomly selected different cells for each sample from three different experiments are shown. (C) Effect of RR on the
respiratory activity of the same representative samples of N-, NCDS- and CDS-HFF as in (A). The OCRzr was measured as described in the legend of Figure 3
and treatment with RR as in (A); the bars are means + SEM of the average determinations for each sample (untreated and RR-treated) carried out in triplicate.
When statistically significant, the difference between untreated and RR-treated cells is reported in (B) and (C).

breakages, branched mitochondria and mitochondria with
concentric or longitudinal cristac were determined. Further-
more, for each sample, 25 micrographs were collected to
evaluate the mitochondrial volume density (Vmt, relative
volume of mitochondria on cell volume) and mitochondrial
cristae volume density (Vme, relative volume of mitochon-
drial cristae on mitochondria volume) (54). The volume
density (also named relative volume or volume fraction) is a
ratio between volumes. This is an intuitive parameter, unbia-
sedly estimated by overlaying a test system of points on
images and then counting those falling over the objects of

interest and those over the reference space. The ratio of
points gives the estimation of volume. According to Delesse’s
principle, the volume fraction of an object varies proportional-
ly to their area fraction as measured in random 2D
sections; this means that each point controls an area in a 2D
section and is related to a defined volume in the 3D organ (55).

Western blot analysis

Cells were washed twice with ice-cold PBS and lysed in RIPA
buffer (NaCl 154 mm; Deoxicolic Acid 12 mMm; NaF 0.95 mwm;
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Figure 10. Analysis of the mitochondrial DNA content and expression of PGC-1a in DS fibroblasts. (A) Absolute qRT-PCR analysis of mtDNA (see Materials
and Methods for details). The bars are means + SEM from five euploid and eight DS fibroblast samples; a distinction between non-cardiopathic (NCDS, n = 4)
and cardiopathic (CDS, n = 4) foetus-derived fibroblasts is also reported. (B) Expression analysis of the PGC-1a by qRT-PCR. The values, means + SEM, of the
DS samples are normalized to that of the euploid fibroblasts. (C) Analysis of the PGC-1a protein. (Panel on the left) Western blotting of PGC-1a on 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) Densitometric
analysis of the PGC-1a-related immunodetected bands (means + SEM of two to three assays). To compare different electrophoretic runs, the densitometric value
(normalized to tubulin) of the euploid sample BIO-23 was taken as an internal reference. When statistically significant, the P-value, when compared with the
euploid samples, is shown in (A and B) and (C and D) Correlation plot between the normalized PGC-1a protein expression and the mt-DNA copy number for

averaged fibroblast samples (see symbol legend, means + SEM).

Triton X-100 1%; SDS 2%; PMSF 2 mwm) in phosphate buffer
in the presence of protease inhibitors. The protein concentra-
tion was determined using the Bio-Rad protein assay
(Bio-Rad Laboratories Inc.). For western blot analysis, total
lysates were boiled for 5 min in Laemmli sample buffer and
analysed on 7.5% SDS—PAGE. Gels were then blotted onto
nitrocellulose transfer membranes (Schleicher and Shuell
GmbH, Dassel, Germany) using a Bio-Rad apparatus. After
transfer, the filters were blocked at room temperature for 1 h
with 5% BSA in TTBS (150 mm NaCl, 20 mm Tris-HCI pH
7.5). After washing twice with TTBS (150 mm NaCl, 20 mm

Tris-HCI pH 7.5, 0.1% Tween 20), filters were incubated over-
night at 4°C with rabbit polyclonal primary antibody to
PGC-1a (1:1000, Abcam, Cambridge Science Park, Cam-
bridge, UK). The filters were washed extensively with TTBS
and incubated for 1h at room temperature with anti-rabbit
peroxidase-conjugated secondary antibody (Amersham, Little
Chalfont, Buckinghamshire, UK) diluted 1:1000 in TTBS.
The filters were then washed six times with TTBS and once
with TBS and developed using an ECL western blotting sub-
strate detection method (Pierce, Rockford, IL, USA). For
reprobing, the nitrocellulose filters were re-hydrated and
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stripped for 30 min at 37°C in restore western blotting strip-
ping buffer (Pierce) and washed extensively with TTBS.
Results were standardized to alpha tubulin and analysed
using NIH Image J (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, http://imagej.
nih.gov/ij/, 1997-2012).

Measurement of the respiratory activity in intact cells

Cultured cells were gently detached from the dish by tripsiniza-
tion, washed in PBS, harvested by centrifugation at 500g
for 5 min and immediately assessed for O, consumption with
a high-resolution oxymeter (Oxygraph-2k, Oroboros Instru-
ments). About 1 x 10° viable cells per ml were assayed in
50 mm KPi, 10 mm Hepes, 1 mm EDTA, pH 7.4 at 37°C;
after attainment of a stationary endogenous substrate-sustained
resting oxygen consumption rate (OCRggr), 2 pg/ml of
the ATP-synthase inhibitor oligomycin was added (OCRqy)
followed by addition of 0.5 mm of the uncoupler carbonilcya-
nide p-triflouromethoxyphenylhydrazone (FCCP) (OCRync).
The rates of oxygen consumption were corrected for 2 mm
KCN-insensitive respiration. The RCR was obtained by the
ratio OCRync/OCRgy, the leak by the ratio OCRo /OCRync
and the ATP-synthesis-linked respiration (OXPHOS) by the
ratio (OCRrr-OCRp)/OCRync (56).

Measurement of the activity of mitochondrial respiratory
chain complexes

The specific activities of NADH:ubiquinone oxidoreductase
(complex 1), ubiquinone:cytochrome ¢ oxidoreductase
(complex III) and cytochrome ¢ oxidase (complex IV) were
assayed  spectrophotometrically on frozen-thawn and
ultrasound-treated cells in 10 mm Tris, 1 mg/ml serum
albumin, pH 8.0. Complex I was assayed (in the presence of
1 wg/ml of antymicin A plus 2 mm KCN) by following the
initial 2 pg/ml rotenone-sensitive rate of 50 wm NADH oxida-
tion (£340nm = 6.22mM ' cm ') in the presence of 200 um
decylubiquinone (dUQ) as electron acceptor; complex III
was assayed (in the presence of rotenone plus KCN) by fol-
lowing the initial 1 pg/ml antymicin A-sensitive rate of
50 pwm  ferri-cytochrome ¢ reduction (&s550,m = 21.1 mm !
cm ') in the presence of 200 pum dUQH, as electron donor.
Complex IV was assayed by following (in the presence of
antymicin A) the initial 2 mm KCN-sensitive rate of 20 um
ferro-cytochrome ¢ oxidation under aerobic conditions. The
activities were normalized to the initial cell number and to cel-
lular protein content (57). Citrate synthase catalyses the reac-
tion between acetyl coenzyme A and oxaloacetic acid to form
citric acid. Citrate synthase activity was assayed spectrophoto-
metrically (€412nm = 13.6 mmM ! cmfl) measuring the reaction
between CoA-SH and DTNB (5,5'-dithiobis (2-nitrobenzoic
acid)) to form 5-thio-2-nitrobenzoic acid (TNB) (58).

Laser scanning confocal microscopy (LSCM) live
cell imaging of mitochondrial membrane potential,
ROS and mtCa’*

Cells cultured at low density on fibronectin-coated 35-mm
glass-bottom dishes were incubated for 20 min at 37°C with

the either of the following probes: 2 M tetramethylrhodamine
ethyl ester (TMRE) to monitor mitochondrial membrane po-
tential (AW,,); 10 wMm 2,7-dichlorofluorescin diacetate, which
is converted to dichlorofluorescein by intracellular esterases,
for detection of H,O,; 5 pM X-Rhod-1 AM for mitochondrial
Ca®". 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 a x 60
objective (1.4 NA)] coupled to a Radiance 2100 dual-laser
LSCM system (Bio-Rad). TMRE and Rhod-1 red fluorescence
were elicited by exciting with the He—Ne laser beam (Aex
543 nm), whereas dichlorofluorescein green fluorescence was
elicited with the Ar—Kr laser beam (Aex 488 nm). Acquisition,
storage and analysis of data were performed with LaserSharp
and LaserPix software from Bio-Rad or ImageJ version 1.37.
Superimposed confocal planes were analysed by means of
the ‘stack’ function of the LCS-Analysis Tools, which
produced an xz intensity profile of the average value of
the pixels within marked edges, including a single cell, as a
function of each focal plane. The integrated value of the xz
profile was taken as a measure of the fluorescence intensity
of that individual cell relative to the selected emission
channel. Correction was made for the minimal background
by repeating the procedure in a cell-free field. About 100
single cells were analysed for each imaging analysis (57).

Statistics

The ANOVA test with Bonferroni post hoc correction was
applied to evaluate the statistical significance of differences
measured throughout the data sets presented. Concerning
stereological investigations, the data obtained from each
sample were averaged per group (N-HFF, DS-HFF,
NCDS-HFF and CDS-HFF) and statistical evaluations were
performed by using two nonparametric statistical tests, the
Kolmogorov—Smirnov and the Kruskal-Wallis tests. The
threshold for statistical significance (P-value) was set to 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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