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Down syndrome is one of the most frequent chromosomal disorders, with a prevalence of
approximately 1/500 to 1/800, depending on the maternal age distribution of the pregnant
population. However, few reliable protein biomarkers have been used in the diagnosis of this
disease. Recent progress in quantitative proteomics has offered opportunities to discover
biomarkers for tracking the progression and for understanding the molecular mechanisms

of Down syndrome. In the present study, placental samples were analyzed by fluorescence
two-dimensional differential gel electrophoresis (2D-DIGE) and differentially expressed proteins
were identified by matrix assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MYS). In total, 101 proteins have been firmly identified representing 80 unique gene
products. These proteins mainly function in cytoskeleton structure and regulation (such as
vimentin and Profilin-1). Additionally, our quantitative proteomics approach has identified
numerous previously reported Down syndrome markers, such as myelin protein. Here we present
several Down syndrome biomarkers including galectin-1, ataxin-3 and sprouty-related EVH1
domain-containing protein 2 (SPRED?2), which have not been reported elsewhere and may be
associated with the progression and development of the disease. In summary, we report a
comprehensive placenta-based proteomics approach for the identification of potential biomarkers

for Down syndrome, in which serum amyloid P-component (APCS) and ataxin-3 have
been shown to be up-regulated in the maternal peripheral plasma of Down syndrome cases.
The potential of utilizing these markers for the prognosis and screening of Down syndrome

warrants further investigation.

“ Department of Obstetrics and Gynecology,
Mackay Memorial Hospital, Taipei, Taiwan

b Department of Medical Research, Mackay Memorial Hospital,
Taipei, Taiwan

¢ Department of Biotechnology, Asia University, Taichung, Taiwan

4School of Chinese Medicine, College of Chinese Medicine, China
Medical University, Taichung, Taiwan

¢ Institute of Bioinformatics and Structural Biology & Department of
Medical Sciences, National Tsing Hua University, No.101,
Kuang-Fu Rd. Sec.2, Hsinchu, 30013, Taiwan.

E-mail: hichan@life.nthu.edu.tw,; Fax: 886-3-5715934;

Tel: 886-3-5742476

T Department of Obstetrics and Gynecology, MacKay Memorial
Hospital, Hsinchu Branch, Hsinchu, Taiwan

& Department of Nursing, Yuanpei University, Hsinchu, Taiwan

" Department of Pathology & Laboratory Medicine,

~MacKay Memorial Hospital, Hsinchu Branch, Hsinchu, Taiwan

! Institute of Biochemistry and Biotechnology,

Chung Shan Medical University, Taichung, Taiwan

/ Department of Medical Laboratory Science and Biotechnology,
Yuanpei University, Hsinchu, Taiwan

K Department of Applied Science, National Hsinchu University of
Education, Hsinchu, Taiwan

+ These authors contributed equally to this work.

Introduction

Down syndrome is one of the most frequent chromosomal
disorders, with a prevalence of approximately 1/500 to 1/800,
depending on the maternal age distribution of the pregnant
population.! Current protein-based screening tests for Down
syndrome are based on the determination of the concentra-
tions of the plasma protein markers: pregnancy-associated
plasma protein A, alpha fetoprotein (AFP), human chorionic
gonadotrophin, unconjugated estriol (uE3) and inhibin A in
maternal plasma. These tests can detect approximately 80-90%
of Down syndrome cases, but has a 5% false positive rate.”> By
taking a large scale approach for biomarker discovery through
the use of proteomics, it is anticipated that a greater panel of
biomarkers will be identified to improve the screening and
diagnosis of Down syndrome.

All mammalian placentas have the same fundamental function
to nourish the growing fetus by establishing contact with the
maternal blood circulation. Meanwhile, the placenta acts as a
protective barrier to prevent molecules such as drugs, chemical
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compounds or stress hormones passing over to the fetus.
Moreover, the placenta expresses an intricate pattern of major
histocompatibility complex molecules to prevent and immunize the
mother against the foreign fetal tissue. During pregnancy the
placenta also has the capacity to translocate embryonic cells, fetal
proteins, nucleic acids, growth factors, hormones such as human
chorionic gonadotropin and human placental lactogen®” into the
maternal circulation system. Thus, it is reasonable to investigate the
fetal diseases via discovery of disease markers in maternal serum.

After the human genome was sequenced, the elucidation of
protein function has become one of the most important issues
in the post-genomic era and proteomics has been used as a tool
to globally study the behavior of gene expression. 2-DE
combined with MALDI-TOF MS is currently a key proteomic
strategy in profiling thousands of protein signatures within
biological samples, as well as playing a role complementary to
LC/MS-based proteomic analysis.® Our current 2D-DIGE
platform is a reliable analysis tool to quantitatively compare
protein expression alteration across gels.”'® In this study, a
sample preparation protocol and the proteomic analysis of
placental proteins has been optimized. After these, placental
proteins from 5 normal and 5 Down syndrome cases have been
extracted and analyzed with 2D-DIGE and MALDI-TOF MS.
A panel of placental proteins, differentially expressed between
Down syndrome cases and normal cases, were elucidated and
their expressions were also validated with placental tissues and
maternal peripheral plasma.

Materials and methods

Chemicals and reagents

All primary antibodies used in this study were purchased from
GeneTex (Hsinchu, Taiwan), while reagents for 2D-DIGE
were purchased from GE Healthcare (Uppsala, Sweden). All
the biochemicals and chemicals used in this study were of
analytical grade.

Placental sample collection and purification

From Jan 2011 to Dec 2011, five normal (2 female fetuses and
3 male fetuses) and five Down syndrome (2 female fetuses and
3 male fetuses) placentas/maternal peripheral plasma in a
single hospital (Mackay Memorial Hospital, Taipei, Taiwan)
were enrolled in the study. Placentas and maternal peripheral
plasma from pregnancies with Down syndrome fetuses and
from chromosomally normal fetuses in between 16th—18th
week of gestation were collected. Written informed consent
was obtained from all subjects and the research protocol
has been approved by the ethics committee of the Mackay
Memorial Hospital. Immediately after induced labor, placentas
were intensively washed in cold normal saline to eliminate any
contaminating blood; five different punches from various areas
of each placenta were pooled and stored in —80 °C until protein
extraction.

To improve the performance of the proteomic analysis of
the placental samples, the homogenized placental tissues were
precipitated by adding 1 volume of 100% TCA (at —20 °C) to
4 volumes of sample and incubated for 10 min at 4 °C. The
precipitated protein was then recovered by centrifugation

at 13000 rpm for 10 min, and the resulting pellet was washed three
times with ice-cold acetone. Air-dried pellets were resuspended
in 2-DE lysis containing 4% w/v CHAPS, 7 M urea, 2 M
thiourea, 10 mM Tris-HCI, pH 8.3 and 1 mM EDTA.

Sample preparation for 2D-DIGE and gel image analysis

The placental protein extracts were dissolved in 2-DE lysis buffer.
A pool of 5 normal placentas (five different punches from various
areas of each placenta) and a pool of 5 Down syndrome placentas
(five different punches from various areas of each placenta) were
prepared individually. After protein quantification with Bradford
assay, 200 pg of protein samples from the normal placenta pool
and 200 pg of protein samples from the Down syndrome placenta
pool were labeled with 500 pmol of Cy3 and Cys5, respectively, and
equally distributed into gel 1 and gel 3. In contrast, 100 pg of
protein samples from the normal placenta pool and 100 pg of
protein samples from the Down syndrome placenta pool were
labeled with 250 pmol of Cy5 and Cy3, respectively, and distributed
into gel 2. To facilitate image matching and cross-gel statistical
comparison, a pool of all samples was also prepared and labeled
with Cy2 at a molar ratio of 2.5 pmol Cy2 per pg of protein as an
internal standard for all gels. Thus, the triplicate samples and the
internal standard could be run and quantified on three 2-DE. The
detailed procedures for fluorescence dye-labeling, isoelectric
focusing electrophoresis, two-dimensional electrophoresis,
fluorescence image detection/analysis were described in our
previous publication.!! Spots displayed in all 9 gel images
(3 images per gel) with a = 1.3 average-fold increase or
decrease in abundance and a p-value < 0.05 were selected
for protein identification.

Protein staining, in-gel digestion and MALDI-TOF MS analysis

Colloidal coomassie blue G-250 staining was used to visualize
CyDye-labeled protein features in 2-DE followed by excised
interested post-stained gel pieces for MALDI-TOF MS identifi-
cation. The detailed procedures for protein staining, in-gel diges-
tion, MALDI-TOF MS analysis and the algorithm used for data
processing were described in our previous publication.!! The
spectrometer was also calibrated with a peptide calibration stan-
dard (Bruker Daltonics) and internal calibration was performed
using trypsin autolysis peaks at m1/z 842.51 and m/z 2211.10. Peaks
in the mass range of m/z 700-3000 were used to generate a peptide
mass fingerprint that was searched against the Swiss-Prot/
TrEMBL database (release on 2012_01) with 534 242 entries using
Mascot software v2.3.02 (Matrix Science, London, UK). The
following parameters were used for the search: Homo sapiens;
tryptic digest with a maximum of 1 missed cleavage; carbamido-
methylation of cysteine, partial protein N-terminal acetylation,
partial methionine oxidation and partial modification of glutamine
to pyroglutamate and a mass tolerance of 50 ppm. Identification
was accepted based on significant MASCOT Mowse scores
(p < 0.05), spectrum annotation and observed versus expected
molecular weight and p/ on 2-DE.

Immunoblotting analysis and ELISA analysis

Immunoblotting and ELISA analysis were used to validate the
differential abundance of mass spectrometry identified proteins.
The detailed experimental procedures were described in our

This journal is © The Royal Society of Chemistry 2012

Mol. BioSyst., 2012, 8,2360-2372 | 2361


http://dx.doi.org/10.1039/c2mb25081k

Downloaded by National Tsing Hua University on 03 August 2012
Published on 01 June 2012 on http://pubs.rsc.org | doi:10.1039/C2M B25081K

View Online

previous reports.'>'# All primary antibodies used for expression
validation were purchased from Genetex (Hsinchu, Taiwan).

Results

2D-DIGE and mass spectrometry analysis of the differentially
expressed placental proteome between Down syndrome fetuses
and chromosomally normal fetuses

In order to study the alteration of the placental proteome
in Down syndrome fetuses, comparative proteomics analysis
was performed between Down syndrome and normal fetuses.
The 2-DE images of the samples from the two groups were

A

minimally labeled with Cy3 and CyS5 dyes and distributed on
each gel. A pool of both samples was also prepared for
labeling with Cy2 as an internal standard to run on all gels
to facilitate image matching across gels (Fig. 1). The placental
samples arrangement for a triplicate 2D-DIGE experiment is
shown in Fig. 1A. Thus, the triplicate samples resolved in
different gels can be quantitatively analyzed by means of the
internal standard on multiple 2-DE. After resolving protein
samples with 2D-DIGE, the DeCyder image analysis software
indicated that 174 protein features showed a greater than 1.3-fold
change in expression level with a student #-test (p-value) less than
0.05. MALDI-TOF MS identification revealed that 101 proteins
(corresponding to 80 unique proteins) were differentially expressed

Cy2 Cy3 CyS
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Gel2 Pool Down syndrome  [Normal
Gel3 Pool Normal Down syndrome
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Fig. 1 2D-DIGE analysis of Down syndrome-induced differentially expressed placental proteins. (A) Placental sample arrangement for a
triplicate 2D-DIGE experiment. (B) Placental samples (100 pg each) were labeled with Cy-dyes and separated using 24 cm, pH 3-10 non-linear IPG
strips. 2D-DIGE images of the placental samples from Down syndrome fetus and normal fetus at appropriate excitation and emission wavelengths
were shown (Upper images). The differentially expressed identified protein features are annotated with spot numbers (bottom image).
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Fig. 2 Peptide mass fingerprinting of identified placental proteins (A) Peroxiredoxin-2, (B) Cyclophilin B, (C) Glutamate dehydrogenase 1 and

(D) Keratin, type II cytoskeletal 8.

(Fig. 1B, Fig. 2 and Table 1). Most of these identified proteins
are functionally involved in cytoskeleton regulation (44%),
transport (17%) and gene expression (9%) (Fig. 3).

Representative examples for the evaluation by DeCyder of
alteration in spot intensities using the 2D-DIGE system are
displayed in Fig. 4. To visually display alterations in corre-
sponding spot intensity proportions, selected identified spots
(apolipoprotein A-I, transthyretin, serum amyloid P-component
and reticulocalbin-1) are shown as 3-D images as well as the
associated graph views of standardized abundances of the selected
spots and spot locations.

Validation of identified proteins by immunoblotting and ELISA
analysis of placental proteins and maternal peripheral plasma

To verify the abundances of proteins deduced from the results
of 2D-DIGE and MALDI-TOF MS, the abundance levels
of identified cytokeratin §, ataxin-3, annexin 2, vimentin,
cathepsin D, SPRED2, serum amyloid P-component, glutamate
dehydrogenase and VDAC2 were investigated by immunoblotting
and ELISA, respectively. As is shown in Fig. 5, the 42 kDa of
ataxin-3, 53 kDa of vimentin, 36 kDa of annexin 2, 48 kDa of
SPRED?2, 25 kDa of serum amyloid P-component and 61 kDa
of glutamate dehydrogenase were increased in the Down

syndrome placentas. Additionally, the 54 kDa of cytokeratin 8§,
the 55 kDa of cathepsin D and 32 kDa of VDAC2 were
significantly decreased in the Down syndrome placentas.
These immunoblotting and ELISA results are consistent with
the data from the 2D-DIGE and MALDI-TOF MS, and
further suggest that these identified proteins may be employed
as potential markers for the diagnosis of Down syndrome.
Further study of the maternal peripheral plasma demonstrated
that APCS and ataxin-3 are up-regulated in the maternal
peripheral plasma of Down syndrome cases (Fig. 6). These
data suggest that these proteins may be employed as potential
markers for the diagnosis of Down syndrome.

Discussion

Proteomic analysis of the human diseases usually adopt a
comparative strategy that is defined by the differential expression
of the proteins under different disease conditions. Recent serum
and amniotic fluid proteomic studies of Down syndrome cases
have identified several putative Down syndrome biomarkers.'>"!”
The main advantage of plasma as a starting source is that it can
be obtained safely from a pregnant woman and the amount of
plasma proteins is sufficient to perform numerous experiments.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Functional classification of differentially expressed placental proteins between Down syndrome fetus and normal fetus identified

by 2D-DIGE/MALDI-TOF MS.

However, the dominant problem with plasma is its complexity
and the large dynamic range of individual protein concentra-
tions in plasma. The highly abundant proteins are likely to
mask low-abundancy proteins and complicate their detection.
In addition, amniotic fluid provides important information for
the developing fetus. Its composition is complex and contains
fetal and maternal proteins, amino acids, carbohydrates,
hormones and lipids, which are directly secreted from the fetus.
Thus it is a source to discover disease-specific biomarkers.
However, the drawbacks of amniotic fluid analysis are mainly
due to its invasive property. In present study, the placenta has
been chosen to investigate Down syndrome biomarkers because
it has the same genetic background as the fetus and has the
capacity to secrete important biomolecules such as hormones,
fetal proteins and growth factors into the maternal circulation
system.>'®2! Thus, it is rational to investigate fetal disease
biomarkers in placentas followed by monitoring the fetal diseases
via discovery of disease markers in the maternal circulation
system, such as serum.

During pregnancy there is a continuing accumulation of
glycogen as well as a large amount of lipids in the placentas.?
Lipid and glycogen are well known to disturb IEF-separation
resulting in few spots resolved on 2D-PAGE. Thus, we used
trichloroacetic acid/acetone to precipitate, desalt and enrich
the placental proteins to make them well resolved by 2D-PAGE.
Our results demonstrated that this strategy was not suitable
for good preparation and separation of the placental proteins.
2D-DIGE/MALDI-TOF analysis revealed 101 altered expres-
sions of placental proteins corresponding to 80 unique proteins
(Table 1). The majority of altered proteins belong to two major
functional groups, cytoskeleton structure and regulation and
transport (Fig. 3). Of these, alpha-1-antitrypsin, alpha-crystallin,**

spolipoprotein A—I,* cathepsin D,?® heat shock protein beta-1,%
malate dehydrogenase,”® myelin protein,® peroxiredoxin-2,
peroxiredoxin-6,%' serum amyloid P-component,**> T-complex
protein 1,* transthyretin,* vimentin®** and VDAC2?® have been
reported as Down syndrome markers in previous studies. In
contrast, Ankyrin repeat and SOCS box protein 17, annexin A2,
annexin A5, ataxin-3, calreticulin, chorionic somatomammotropin
hormone, cyclophilin B, DNA repair protein XRCC2, envoplakin-
like protein, eosinophil lysophospholipase, flavin reductase, G
protein-coupled receptor kinase 4, galectin-1, interferon-induced
guanylate-binding protein 2, cytoskeletal 8/18, keratin-like protein
KRT222, killer cell lectin-like receptor, lactoylglutathione lyase,
LMW phosphotyrosine protein phosphatase, MAGUK p55,
microspherule protein 1, mitochondrial RNase P protein 2,
profilin-1, protein disulfide-isomerase, reticulocalbin-1, protein
kinase Nek7, sorcin, SPRED2 and vasoactive intestinal poly-
peptide receptor 1 have not been previously reported as Down
syndrome markers to the best of our knowledge. Further
investigation indicated that the combination of these identified
proteins have not yet been described as Down syndrome markers.
Accordingly, the combination of these identified proteins might be
further evaluated as Down syndrome specific markers.
Ataxin-3, one of the proteins identified in this study, shows
an up-regulation in Down syndrome placentas. This protein is
encoded by the ATXN3 gene on chromosome 14 in humans.
Ataxin-3 has been found to co-localize with Down syndrome
critical region 1 (DSCR1) which is widely expressed in many
neurodegenerative diseases and causes microtubule-dependent
aggresome-like inclusion body formation.?” Hence, we propose
ataxin-3 might play roles in neurodegeneration (including
Down syndrome) and modulate the aggregation of abnormal
peptides in the pathogenesis of the diseases. The increase level
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reticulocalbin-1) between Down syndrome fetus and normal fetus.

of ataxin-3 might be further evaluated as a marker for Down
syndrome or other neurodegenerative diseases in clinical study.

Sprouty-related EVHI domain-containing protein 2 (SPRED?2)
containing a cysteine-rich domain has been shown to inhibit the
Ras/ERK signaling pathway. A recent study indicated that
SPRED2 directly associated with DYRKIA kinase, which is
strongly linked to Down syndrome in humans since DYRKI1A is
localized in the Down syndrome critical region of chromosome 21.

SPRED? inhibits the activity of DYRKI1A through the phos-
phorylation of its substrates, Tau and STAT3. This inhibition
occurs via a protein—protein interaction of the CRD repeats
of the SPRED2 with the kinase domain of DYRKI1A.*® The
up-regulation of SPRED2 in proteomic, immunoblotting and
ELISA analysis suggests the contribution of SPRED2 in
Down syndrome and should be further evaluated as a marker
for Down syndrome.
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amyloid P-component, glutamate dehydrogenase and VDAC?2 for selected differentially expressed proteins identified by placenta proteomic
analysis in between Down syndrome fetus and normal fetus. (A) 20 pg of the pooled placental proteins were loaded and resolved by SDS-PAGE
followed by immunoblotted with cytokeratin 8, ataxin-3, annexin 2, SPRED2, vimentin and cathepsin D and blotted with tubulin beta as an
internal loading control. (B) 20 pg of the individual placental proteins were loaded and resolved by SDS-PAGE followed by immunoblotted with
cytokeratin 8, ataxin-3, annexin 2 and SPRED?2. The individual placental proteins were resolved by corresponding SDS-PAGE followed by
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Fig. 6 Representative immunoblotting analysis of identified proteins APCS and ataxin-3 in maternal peripheral plasma. 5 blood samples were
obtained from normal pregnancies and 5 blood samples were obtained from Down syndrome affected pregnancies in the 16-18 week gestation
period. 20 pg of plasma were loaded and resolved by SDS-PAGE followed by immunoblotted with APCS and ataxin-3 or stained with colloidal

coomassie blue G-250 as an internal loading control.

Down syndrome is linked to developmental disorders of the
central nervous system that lead to Alzheimer-type neurodegenera-
tion and mental retardation. Some of the neurodegenerative
symptoms such as B-amyloid deposition and abnormal dendritic
arborization are almost identical between Alzheimer’s disease and
Down syndrome.®*! In the current study, galectin-1, a member of
carbohydrate-binding proteins with an affinity for B-galactosides,
is over-expressed in our proteomic analysis and has been reported
to induce neuronal process degeneration including Alzheimer’s
neurodegeneration.* Hence, although there is no straightforward
evidence demonstrating the relationship between galectin-1 and
Down syndrome, we propose galectin-1 might involve Alzheimer-
type neurodegeneration in Down syndrome. Further large-scale
studies are required to demonstrate the potential of galectin-1 as a
marker for Down syndrome.

Our 2D-DIGE experiment is based on fluorescence-based
quantitation which can detect sub-nanograms of dye-labeled
proteins; however, our post-staining experiment is based on
modified colloidal coomassie blue staining with a sensitivity
around 10-50 nanograms.*’ For this reason, numerous

differentially expressed dye-labeled low-abundancy placental
proteins can be captured by the fluorescence scanner but failed
to be imaged with colloidal coomassie blue staining. This is the
reason why only 60% of 174 differentially expressed features
on 2-DE can be picked for MALDI-TOF analysis with only 95
placental proteins identified.

Notably, we have reported a proteomics-based approach to
obtain differentially expressed proteins between male and
female aminocytes.** The results demonstrated that 28 unique
proteins were differentially expressed between male and female
amniocytes from three independent batches of amniotic fluid,
in which 4 identified proteins, including 78 kDa glucose-regulated
protein, actin, cytoplasmic 1, cathepsin D and vimentin, were
identified in the current Down syndrome study. Hence, it is
essential to discriminate the differential expression of these
proteins owing to gender-induced changes or Down syndrome-
induced alterations prior to confirming these proteins as Down
syndrome associated disease signatures.

In conclusion, the quantitative placental proteomics analysis
provided a valuable approach for Down syndrome research.

This journal is © The Royal Society of Chemistry 2012
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Our quantitative proteomic approach has identified numerous
previously reported disease markers of Down syndrome.
Additionally, we have presented several putative Down syndrome
biomarkers which may be associated with the progression and
development of the disease and has a potential to serve as a useful
tool for monitoring the course of the disease in convenient sources
such as serum. The potential of utilizing these markers for screening
and treating Down syndrome warrants further investigation.

Abbreviations

2-DE two-dimensional gel electrophoresis
Ab antibody

CCB colloidal coomassie blue

CHAPS 3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate)

ddH,O double deionized water

DIGE differential gel electrophoresis

DTT dithiothreitol

MALDI-TOF MS
matrix assisted laser desorption ionization-time
of flight mass spectrometry

TFA trifluoroacetic acid
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