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Comparative integrated omics approach sterically understanding hepatic
metabolic dynamics in mouse model

Shoko Takahashi'?, Huijuan Jia?, Kenji Saito? and Hisanori Kato?*
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ABSTRACT

Currently, omics-fusion, which is the combined analysis of data by employing multiple omics analyses, has been available, and it can enable a
more fundamental understanding of the biological phenomena than a single omics. However, multi-layered combination of multiple omics
technologies involves generation of a large amount of data, which leads to increased complexity and makes comprehension of bio-information
more difficult. The objective of this study was to investigate the utility of incorporating multiple omics technologies in a multi-layered fashion.
Transcriptomic, proteomic, and metabolomic analyses were carried out using a mouse model of diet-induced obesity. The present study
reported the comprehensiveness of three omics analyses and the utility of using multiple omics analyses. Some uniform changes among
different omis were observed, but the majority of changes were specific to each omics approach. This data supports the fact that various
molecules progress through the central dogma at differing speeds. Since the time axis differs for each molecule, combining multiple omics
analyses makes it possible to investigate the reactions in organisms three-dimensionally. At first glance, it simply appears that combining a
number of very large data sets produces even more complexity but, if multi-layered omics data are treated with an awareness of their meaning,
benefits, and limitations, then the combination of multiple omics analyses can be extremely useful for research in molecular biology.

Keywords: transcriptomics, proteomics, metabolomics, multi-omics .

Abbreviations: CE-TOF MS (Capillary electrophoresis time-of-flight mass spectrometry), FDR (False discovery rate), HF (High-fat diet),
TRAQ (Isobaric tags for relative and absolute quantitation), LC-TOF MS (Liquid chromatography time-of-flight mass spectrometry), ND
(Normal diet), PPARg (peroxisome proliferator-activated receptor gamma), RMA (Robust Multi-array Average).

1. Introduction research tasks, such as evaluating the functionality of drug or

food, clarifying its mechanisms of action, and predicting

The Genome Project revealed the genomic sequences a
variety of living organisms, including humans, and this
information has fueled research into the comprehensive
understanding of genomes. Appending the suffix ‘omics’ to
the subject of study gives rise to the specific research area,
such as genomics, transcriptomics, proteomics, and
metabolomics. Such omics studies can aid the understanding
of the influence of drug or food on homeostasis or the
metabolic system, their role in disease prevention, and the
relationship between the individual’s genotype and disease [1
-3]. As this type of omics approach is utilized in various

toxicity, it can be proposed that with the spread of omics
technologies, demand for such research will increase in the
fields of lifescience research. Currently, omics-fusion, which
is the combined analysis of data by employing multiple omics
analyses, has been available, and it can enable a more
fundamental understanding of the biological phenomena
than a single omics. Most recently, omics analysis tool
PGMiner has been published [4]. Furthermore, some
integrated omics studies have been reported, for example,
integration of protein, nRNA and miRNA [5], transcriptome
and metagenome [6], transcriptome and proteome [7-9].

*Corresponding author: Hisanori Kato, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan. Phone number: +81 358411607. Email

Address: akatog@mail.ecc.u-tokyo.ac.jp
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However, multi-layered combination of multiple omics
technologies involves generation of a large amount of data,
which leads to increased complexity and makes
comprehension of bio-information more difficult. The
objective of this study was to investigate the utility of
incorporating multiple omics technologies in a multi-layered
fashion. Our group has been doing various research about
the prevention of lifestyle diseases including diabetes and
metabolic disorder [10]. The utility of multiple omics
technologies may be a powerful tool for the research region
about the prevention of lifestyle diseases like obesity and
metabolic syndrome, in the field of nutriomics like this
study, when the lifestyle choices are properly correlated.
Therefore, transcriptomic, proteomic, and metabolomic
analyses were carried out using a mouse model of diet-
induced obesity, which is one of the most commonly utilized
models in obesity research. Additionally, a verification
experiment on multi-layered omics was performed by
comparison and investigation of these data.

2. Material and Method
2.1. Animal experiments

Male C57BL/6] mice purchased from Charles River
Laboratories Japan, Inc., at 7 weeks of age were divided into
two groups, the normal diet group (ND group) was fed
D12450B (10 kcal% fat, Research Diets) and the high-fat diet
group (HF group) was fed D12492 (60 kcal% fat, Research
Diets). They were housed individually at a controlled
temperature of 23+1°C under a 12-h light-12-h dark cycle.
After fed ad libitum for 9 weeks, on the last day of the
experiment, after a 16-h food deprivation and a 1.5-h re-
feeding, the mice were deeply anesthetized with an
intraperitoneal injection of sodium pentobarbital. The livers
were then excised and proceeded to each omics analysis. The
same samples were analyzed in transcriptomics, proteomics,
and metabolomics studies (n=3 for each group). All animal
experiments were carried out in accordance with the
guidelines of the Animal Usage Committee of the Faculty of
Agriculture of the University of Tokyo.

2.2. Transcriptomics using DNA microarray data

DNA microarray data used in the present study were
obtained in the previous experiment, which were carried out
with Affymetrix GeneChip Mouse Genome 430 2.0 array
(Affymetrix, Santa Clara, CA, USA), which has 45,000 probe
sets and can analyze the expression level of over 39,000
transcripts and variants from over 34,000 well characterized
mouse genes [10]. Briefly, total RNA was isolated from the
livers of these mice using TRIzol Reagent (Invitrogen Life
Technologies, Tokyo, Japan). RNA of each individual was
reverse-transcribed to the first-strand complementary DNA
using SuperScript II RT (Invitrogen Life Technologies,
Tokyo, Japan). Second-strand complementary DNA

synthesis was then carried out using a DNA polymerase.
Biotinylated complementary RNA was generated from the
complementary DNA using a BioArray HighYield RNA
transcript labeling kit (Enzo Life Sciences, Farmingdale, NY,
USA) according to the standard Affymetrix protocols. The
obtained intensity files were analyzed using the statistical
analysis software R. After normalization of the intensity files
was performed with robust multi-array average (RMA)
normalizing [11], and then a clustering analysis was done
with hclust (hierarchical clustering, average linkage). Rank
products was used for intergroup comparison [12]. The
expression change was taken as informative when the false
discovery rate (FDR) value was < 0.1. To obtain detailed
molecular information and infer significant signaling
pathways from global profiling results of DNA microarray
data, we uploaded differentially expressed gene probes
according to the above criteria to DAVID (The Database for
Annotation, Visualization and Integrated Discovery, https://
david.ncifcrf.gov/).

2.3. Proteomics

We performed the differential proteomic analysis of the
mouse livers using Isobaric tags for relative and absolute
quantitation (iTRAQ), the same methods as our previous
study [13]. iTRAQ are a non-gel-based technique used to
quantify proteins from different sources in a single
experiment. It uses isotope-coded covalent tags. Total
protein was extracted by using lysis buffer and separated by
centrifugation at 12,000 x g for 30 min at 4°C. Protein
concentrations were determined using the Bradford assay,
and pooled protein were proceed to iTRAQ experiment Kkit,
performed according to the manufacture’s protocol (AB
SCIEX). Desalted samples were vacuum evaporated, and
added 50 ul of 0.1% formic acid, and 2 pl of samples were
measured with LC/MS/MS (TripleTOFTM 5600 + System
with Eksigent nanoLC). ProteinPilot™ (AB SCIEX) was used
to identify proteins and calculate protein expression levels
by comparing in silico peptide data. The number of peptides
used to identify proteins were shown in Table 2.

2.4. Metabolomics

Frozen mice liver samples were transferred into 500 pL of
methanol containing 50 pM of external standard. After
homogenization by BMS-M10N21 (bms, Tokyo) at 1,500
rpm, 120 s five times, 500 pL of chloroform and 200 pL of
ultra-pure water were added to the homogenate and mixed
well and centrifuged at 2,300 g for 5 min at 4°C. The
resultant water phases were ultrafiltrated by the Millipore
Ultrafree-MC PLHCC HMT Centrifugal Filter Device, 5
kDa (Millipore, Billerica, MA). The filtrates were dried and
dissolved in 50 uL of ultra-pure water. We then subjected the
samples obtained to capillary electrophoresis time-of-flight
mass spectrometry (CE-TOFMS) analysis using the Agilent
CE-TOFMS system (Agilent Technologies, Santa Clara, CA)
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Table 1. GO enriched terms of differentially expressed genes

Increased p-value Decreased p-value
Steroid biosynthesis 7.10E-21 Phosphoprotein 1.80E-09
Sterol biosynthetic process 4.20E-20 Cell fraction 3.50E-07
Steroid metabolic process 5.40E-20 Insoluble fraction 3.90E-06
Sterol biosynthesis 3.50E-19 Cytoplasm 5.20E-06
Steroid biosynthetic process 1.50E-18 Membrane fraction 2.10E-05
Cholesterol biosynthetic process 2.20E-17 Endoplasmic reticulum 3.60E-05
Sterol metabolic process 1.70E-16 Ubl conjugation 9.00E-05
Cholesterol biosynthesis 4.30E-16 Stress response 1.00E-04
Cholesterol metabolic process 8.20E-14 PPAR signaling pathway 1.90E-04
Lipid synthesis 1.50E-13 Endoplasmic reticulum 2.20E-04
Lipid biosynthetic process 1.40E-12 Microsome 2.20E-04
Oxidoreductase 1.60E-12 Membrane 2.40E-04
Endoplasmic reticulum 2.60E-12 Golgi apparatus 2.60E-04
Steroid biosynthesis 4.50E-12 Vesicular fraction 3.00E-04
Oxidation reduction 5.30E-12 Lipoprotein 4.60E-04
Endoplasmic reticulum 1.40E-10 Acetylation 5.00E-04
Terpenoid backbone biosynthesis 4.00E-08 Steroid metabolic process 5.60E-04
Transferase activity, transferring alkyl or aryl 8.90E-08 Regulation of hydrolase activity 7.00E-04
(other than methyl) groups

Microsome 1.80E-07 Basolateral plasma membrane 7.10E-04
Cell fraction 2.00E-07 Cytosol 1.20E-03
Vesicular fraction 2.90E-07 Golgi apparatus 1.20E-03
Isoprenoid metabolic process 3.20E-07 Steroid dehydrogenase activity 1.50E-03
Isoprenoid biosynthetic process 7.70E-07 Nucleotide binding 2.00E-03
Insoluble fraction 9.20E-07 Small GTPase mediated signal transduction 2.10E-03
Membrane fraction 1.30E-06 Trophectodermal cell differentiation 2.50E-03
Binding site:Substrate 3.10E-06 Histone H3 2.60E-03
Peroxisome 5.90E-06 H3 2.70E-03
Microbody 5.90E-06 NADP 2.90E-03
Acetylation 1.40E-05 Leukocyte transendothelial migration 3.00E-03
Peroxisome 1.70E-05 Extrinsic to membrane 3.10E-03

*P-value is Fisher's exact test
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. Protein # of Fold p- . Protein #of Fold p-
Protein Name Protein Name
ID Peptides  Change  value ID Peptides ~ Change  value
. NADP-dependent malic
AL1A1 Retinal dehydrogenase 1 P24549 66 2.001 0.000 MAOX P06801 13 0.357 0.084
enzyme
CAH3 Carbonic anhydrase 3 P16015 71 1.969 0.000 FAS Fatty acid synthase P1909% 75 0.475 0.000
Betaine--h teine S 91V9
BHMT1  mehOmMOGySeNes 35090 76 1907 0000 ACLY  ATP-citrate synthase Q 24 0517 0000
-methyltransferase 1 2
Hemoglobin subunit beta . -
HBBI1 . P02088 79 1.879 0.018 KPYR Pyruvate kinase isozymes R/L P53657 30 0.581 0.001
Acetyl-CoA acetyltrans- Q8QZT Acyl-coenzyme A thioesterase
THIL . X 44 1.548 0.000 ACOT1 055137 4 0.589 0.014
ferase, mitochondrial 1 1
Fatty aldehyde dehydro- Peroxisomal bifunctional QIDB
AL3A2 P47740 17 1.538 0.003 ECHP 49 0.610 0.000
genase enzyme M2
60S acidic ribosomal X Q8KO1
RLA2 . P99027 35 1.524 0.022 OPLA 5-oxoprolinase 3 0.618 0.070
protein P2 0
Ornithi inotransfer-
OAT FIIINE amiNOWansier- o758 27 1518 0.039 GSTP1  Glutathione S-transferase P1  P19157 69 0662 0024
ase, mitochondrial
60S ribosomal protein Glycerol-3-phosphate dehy-
RL7A P12970 5 1.506 0.066 GPDM . . Q64521 8 0.686 0.014
L7a drogenase, mitochondrial
PRDX6 Peroxiredoxin-6 008709 51 1.489 0.003 RS13 40S ribosomal protein S13 P62301 6 0.701 0.025
Non-specific lipid- . .
NLTP K P32020 70 1.475 0.001 APOA4 Apolipoprotein A-IV P06728 6 0.711 0.078
transfer protein
Dihydrolipoyllysine-residue
Protein disulfide- acetyltransferase component Q8BMF
PDIA1 . P09103 57 1.468 0.001 ODP2 9 0.717 0.098
isomerase of pyruvate dehydrogenase 4
complex, mitochondrial
60S ribosomal protein Cytochrome c1, heme pro- Q9DO
RL23A P62751 9 1.448 0.035 CY1 ’ . A 17 0.741 0.070
L23a tein, mitochondrial M3
3-hydro 1-CoA Propionyl-CoA carboxylase 99M
HCD2 yeroxyacy 008756 17 1.403 0.078 PCCB roplony’-L.0f carboxyia Q 14 0747 0.092
dehydrogenase type-2 beta chain, mitochondrial N9
Bifunctional ATP-dependent
Glutathione S-transferase dihydroxyacetone kinase/ Q8VvC3
GSTA3 P30115 22 1.400 0.084 DHAK 35 0.805 0.062
A3 FAD 0
-AMP lyase (cyclizing)
. . . Q8QZY
APOA1  Apolipoprotein A-I Q00623 20 1.380 0.001 GLCTK Glycerate kinase ) 4 0.812 0.061
. Phenazine biosynthesis-like QICXN
GGLO L-gulonolactone oxidase P58710 7 1.378 0.003 PBLD2 i O X 16 0.818 0.098
domain-containing protein 2 7
Pterin-4-alpha- Fructose-bisphosphate al-
PHS . . P61458 13 1.373 0.067 ALDOB QI1Y97 77 0.821 0.035
carbinolamine dehydra- dolase B
Elongation factor 1-alpha .
EF1A1 ) P10126 39 1.369 0.015 ANXA6 Annexin A6 P14824 14 0.839 0.086
Estradiol 17 beta- 1,4-alpha-glucan-branching QID6Y
DHB5 P70694 31 1.367 0.051 GLGB 11 0.839 0.057
dehydrogenase 5 enzyme 9
Dihyd imidine dehydro- 8CHR
DHSO  Sorbitol dehydrogenase Q64442 45 1359 0003 DPYD ihydropyrimidine dehydro-  Q 7 0843 0087
genase [NADP+] 6
Aspartate aminotransfer- Pyruvate carboxylase, mito-
AATM ) A P05202 45 1.356 0.000 PYC ) Q05920 73 0.870 0.041
ase, mitochondrial chondrial
2,4-di 1-CoA reduc- 9CQ6 Carb: 1-phosphat - 8C19
DECR jenoyl-CoA reduc- - QICQS ), 1331 0.029 CPSM AIDAMOYFPROSPRITE SV Q 360 0872 0.004
tase, mitochondrial 2 thase [ammonia], mitochon- 6
Tetratri tid t 8VB
TTC3s  crratricopeptiderepeat  Q 18 1329 0.044
protein 36 W8
TALDO  Transaldolase Q93092 8 1.315 0.083
GLNA Glutamine synthetase P15105 30 1.313 0.011
FAAA Fumarylacetoacetase P35505 44 1.286 0.004
Ester hydrolase Cllorf54 ~ Q91V7
CK054 10 1.275 0.054
homolog 6
CALR Calreticulin P14211 28 1.273 0.046
Protein disulfide-
PDIA3 P27773 50 1.263 0.042

isomerase A3
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at 4°C. The alignment of detected peaks was performed
according to the m/z value and normalized migration time.
The relative area value of each peak was calculated and used
for the intergroup comparison. Samples that were obviously
characterizing outliers were eliminated from the analysis.
Metabolite extraction, MS analysis, and data analysis were
performed in Human Metabolome Technologies.

2.5. Integrated analysis of transcriptomics and metabolomics

We used the web-based tool Keggle (http://keggle.jp), a
novel tool for the visualization of omics-data created by the
author’s group [14]. Transcriptome and metabolome data
were mapped onto KEGG (Kyoto Encyclopedia of Genes
and Genomes, http://www.genome.jp/kegg/) pathways on
the web.

3. Results
3.1. Animal experiments

The final body weights were higher in the HF group
compared to the ND group. The C57BL/6] mouse used in
this study is regarded as relatively sensitive to high-fat diets
and suitable as a non-genetic obese animal model when fed a
high-fat diet. The body weight gain of the mice fed a high-fat
diet (60% energy) for 9 weeks was 17.2 g, whereas that of the
mice fed a normal diet was 4.59 g, suggesting that the mice
fed a high-fat diet in this study can be regarded as a valid
obesity model for research (Supplemental Figure S1).

3.2. Results of DNA microarray data

Among the total 817 differentially expressed gene probes,
480 gene probes showed increases, and 337 gene probes
showed decreases in HF group. These differentially
expressed genes were uploaded to DAVID functional
annotation tools and the enrichment analysis was performed
(Table 1). The top 10 of enriched terms of increased genes
were Steroid biosynthesis, Sterol biosynthetic process,
Steroid metabolic process, Sterol biosynthesis, Steroid
biosynthetic process, Cholesterol biosynthetic process, Sterol
metabolic process, Cholesterol biosynthesis, Cholesterol
metabolic process, Lipid synthesis, lipid biosynthetic
process.

3.3. Results of proteome analysis using iTRAQ method

The proteome of mouse liver were analyzed using iTRAQ
labeling and LC/MS/MS. Among identified 1043 proteins,
50, 23 proteins were significantly increased and decreased by
HF, respectively (p-value < 0.1). In these proteins which
showed changes, the most differentially expressed proteins
were shown in Table 2. Among the increased proteins,
ALDHI1A1, HSD17B10, APOAIl, AKR1C4, GOT2 and
ACSLI are related to the oxidation of fat. Furthermore, lipid

transport proteins, including SCP2, APOA1l, GOT2 and
ACSLI, and oxidative stress proteins including PRDX2 and
PRDX6 were increased. In the decreased proteins, there were
APOA4, ACLY, FASN and DECRI1, which related to fatty
acid synthesis, PKLR and PCX, which related to glucose
metabolism, ME1 and ACLY, which related to TCA cycle.
These alterations mean that lipid oxidation, transport and
oxidative stress were increased and TCA cycle, fatty acid
synthesis and glucose metabolism were decreased in the liver
tissue of obese mouse.

3.4. Results of metabolome analysis

We performed a metabolome analysis to explore the
hepatic metabolic alterations underlying the effects of HF
diet. Among the peaks obtained from the CE- and LC-TOF
MS analysis, 385 peaks were identified according to the value
of m/z and MT from metabolite database. Of these
metabolites, 26 showed changes, 10 were increased and 16
were decreased (Table 3). N-acetylglutamate (N-AcGlu),
which is a positive regulator of the urea cycle, was decreased
by the high-fat diet. Similar changes were found in the
abundance of ornithine, citruline, argininosuccinate
(ArgSuccinate), and arginine, which are the intermediates of
the urea cycle, and the final product, urea. In diet-indused
obese animal, it is well known that the urea production is
decreased by the dysfunction of urea cycle related enzymes
[15].

Furthermore, the abundance of choline was decreased by
HF diet. Choline is known to be a nutrient, which prevent
the accumulation of hepatic triglyceride, and reported to be
decreased in hepatosteatosis mouse liver [16].

4. Discussion

It is widely accepted amongst molecular biologists that
analysis based on these omics analyses is extremely effective,
and rapid technological innovation such as high-throughput
DNA sequencing and high-precision electron impact mass
spectrometry as well as improvements in DNA microarray
chips have led to its frequent utilization in various fields.
Prior to the popularization of omics technology, research
was carried out by focusing on a target molecule from a
wider range of biomolecules, but the utilization of omics has
led to a significant increase in the number of molecules that
can be captured. Omics analysis is not a tool for arriving at
conclusions, but is rather an approach for unbiased
screening. Even though currently DNA microarray probably
would've been easier to analyze data through many analysis
tools, using RNA-seq technology would become less biased.
Furthermore, taking into account the complexity of the
interactions between food, pharmaceuticals, and the
organism, methods that provide a complete overview of the
influences on the biomolecules should lead to rapid research
progress. However, while the use of omics technology has
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Table 3. The list of increased or decreased metabolites by high-fat
diet

KEGG ID Compound name Fold p-value
change

No ID 1H-Imidazole-4-propionic acid ~ 3.693 0.006
C00167 UDP-glucuronic acid 2.565 0.018
C00149,C00497, .

C00711 Malic acid 2.048 0.029
C00122 Fumaric acid 2.014 0.037
C01879 5-Oxoproline 1.863 0.010
No ID Heptadecanoic acid 1.649 0.037
C00307 CDP-choline 1.503 0.032
C00262 Hypoxanthine 1.503 0.034
No ID Stearoyl ethanolamide 1.435 0.016
C01081 Thiamine phosphate 1.376 0.017
No ID 2-Hydroxyisobutyric acid 0.852 0.014
C00780 Serotonin 0.831 0.010
C00086 Urea 0.786 0.022
C00114 Choline 0.753 0.032
No ID Homoserinelactone 0.669 0.014
C03425 Methyl oleate 0.643 0.029
C00042 Succinic acid 0.641 0.049
C00601 Phenylacetaldehyde 0.632 0.036
C01026 N,N-Dimethylglycine 0.569 0.029
C05568 Imidazolelactic acid 0.465 0.007
C03406 Argininosuccinic acid 0.440 0.007
C02835 Imidazole-4-acetic acid 0.424 0.042
No ID AC(22:0) 0.412 0.008
C02592 Taurolithocholic acid 0.321 0.030
C00489 Glutaric acid 0.273 0.015
C01921 Glycocholic acid 0.241 0.035

spread to molecular biology and numerous studies utilizing
omics technology have been conducted, this technology was
not employed effectively in a large number of studies.
Therefore, it is important to have a clear understanding of
the problems that omics can solve.

Fundamentally, when the research objective or task (the
‘why’) is clear, the four aspects of ‘where’, ‘when’, ‘what’, and
‘how’ on which the analysis will be carried out are of
importance. For example, in an experiment conducted in
this study, these aspects are—what will be fed and on which
organ or cell the changes will be observed (where), when will
the analysis take place in the experiment schedule (when),
which molecule is observed in the selected cell or time
(what), and how the data will be analyzed (how). If, the
research design is broken down into these four aspects, the
factor that omics can solve is the ‘what” factor, i.e., a large
number of biomolecules can be captured at once. In
molecular biology research, omics technology does not solve
the ‘where’ or ‘when’, overwhelmingly solves the ‘what’, and
makes solving the how’ more difficult. Employing multiple
omics in a multi-layered fashion will broaden the field of
observation for the ‘what’ and make the ‘how’ more difficult

due to increased complexity. Because a large amount of data
on biomolecules can be gathered, knowledge about
bioinformatics becomes necessary and a situation arises
where the acquired data is so vast that it becomes difficult to
analyze. The discernment of false-negatives and false-
positives also becomes a problem. Even though a variety of
tools for performing omics analysis have become prevalent,
and tools such as the Ingenuity pathway analysis (IPA,
http://www.ingenuity.com),  KeyPathwayMiner  (http://
tomcat.compbio.sdu.dk/keypathwayminer/) [17, 18] and
DAVID are used in most research labs, the problem of ‘how’
still remains a challenge for the future. Despite the presence
of these kinds of benefits and challenges, when the
complexity of the central dogma is taken into consideration,
it can be proposed that there would be large benefits from
employing omics in a multi-layered fashion at multiple levels
such as mRNA, protein, and metabolite.

In this experiment, omics analysis was performed at three
levels—gene expression, protein expression, and metabolite
formation. When considering the comprehensiveness of
these omics approaches, it is first necessary to consider that
the number and characteristics of the molecules, which are
the targets of these omics, are all different. Figure 1
represents the molecule count for the subject of analysis and
the number of molecules that were detectable in this
experiment for the three stages (molecule count is presented
as logarithm). The number of genes in the mouse used in
this animal experiment is said to be approximately 30,000
[19], with over 20,000 being detectable using DNA
microarray. DNA micro array is said to have a higher
comprehensiveness than other omics, but the reason for this
is that the molecules of interest all have the same properties.
Additionally, it is said that there are between 500,000 to 1
million types of proteins, with approximately 1,000 being
able to be detected by proteomics in this experiment (Figure
1)—the lowest comprehensiveness as compared to

Number of molecules

Differently expressed
B molecules

Transcriptomics B Detected molecules

B Speculated total
molecules in body

Approximately
20000-30000

Proteomics

Approximately
500000-1000000

Metabolomics

Approximately
7000

0 1

2 3 4 5 6 T
Logarithm of the number of molecules (log10)

Figure 1. The comprehensiveness of each omics technique.
Molecule count for the subject of analysis and the number of
molecules that were detectable in this experiment for the three
stages are represented (molecule count is presented as logarithm).
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Figure 2. A correlation plot of the change in scaling factors of the transcriptomics and proteomics data.
(A)The plot of the whole data, (B) Extracting and plotting the significant changes in the transcriptomics and proteomics data.

transcriptomics. The reason for this is that physical
properties of each protein differ, and from a technical point
of view, a method with high comprehensiveness has not yet
been established. Furthermore, according to a study by
Wishart et al. (2007) [20], approximately 7,000 molecules
(approximately 2500 metabolites, 1200 pharmaceuticals, and
3500 food based elements) existed as target metabolite
molecules in metabolomics. As the physical properties of
metabolites differ by each molecule, there is no one
technique, which can comprehend everything at the same
time. In this experiment, metabolomics was carried out
through the combination of CE-TOF/MS and LC-TOF/MS,
resulting in the successful detection of 385 metabolites
(Figure 1). Comparing the comprehensiveness of the three
omics analyses, we noted that proteomics has the lowest
comprehensiveness. However, there are striking innovations
in current proteome analysis technology including the
iTRAQ method employed in this study, which is a shotgun
method in proteomics that uses stable radioactive isotopes.
Currently, differences in comprehensiveness do exist but
they will be resolved over time as technology improves.
When conducting research involving multiple omics, it is
necessary to be aware that the molecule counts will differ
and for technological reason, large differences in
comprehensiveness will exist between various omics
analyses. Specifically, attention should be given to the
method of applying multiple omics data. It is essential to
understand that there is a reason for the common change
that exists in the multiple omics data and to approach the
issue from this point. As noted above, the reason for this is
that there are large differences in the comprehensiveness
between omics; to have a common difference means to be
tied to the weakness of the statistical power of the omics
approach with the lowest comprehensiveness. The next

section discusses the presence of uniform changes for
different omics approaches at different stages when dealing
with multiple omics data.

This study compared the transcriptomics and proteomics
data in order to consider the uniformity between results of
different omics. First, a correlation plot of the change in
scaling factors of the transcriptomics and proteomics data
was created (Figure 2). The plot of the whole data does not
show any particular correlation (Figure 2-A). Extracting and
plotting the significant changes in the transcriptomics and
proteomics data reveals a high level of correlation (Figure 2-
B). Molecules exhibiting changes in the same direction
(increase/decrease in expression) were extracted from the
data and those exhibiting common changes for both
transcriptomics and proteomics, were listed in Supplemental
Table S1. There were eleven molecules where a common
change was noted in the mRNA and protein levels, summing
up to 15.1% of the number of changes in protein count
observed through proteomics.

As is the case for the molecules in Supplemental Table SI,
a number of things can be said about the fact that a common
change can be observed among multiple stages. Because they
possess a quality, which makes it possible to observe the
same change at multiple stages at the exact moment the
analysis occurs, it can be said that there is no need to
conduct analyses at multiple stages for molecules with the
same observed change. However, in fact, the same change
can be observed which will increase the reliability of the
data. The fact that the changes in the mRNA level can also be
observed in the protein level (which catalyzes the actual
response in the organism) makes it easier to understand the
meaning of the mRNA change. Further, the change in
mRNA also provides support as to why the change in
protein level occurs. Obtaining a single change from
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Figure 3. The metabolic and transcriptomic change in the urea cycle.
The metabolic and transcriptomic change in the urea cycle were represented by mapping simultaneously on a KEGG metabolism map using
Keggle analysis tool. Decreased expression of transcripts or metabolites showed green color.

multiple stages enables observation from a three-
dimensional perspective. One needs to be aware of the above
point regarding the comprehensiveness when considering
uniformity. While it is true that uniformity in multiple
omics data leads to higher reliability, this will not mean that
high reliability of data will lead to uniform results. The
molecules given in Supplemental Table S1 were not
extracted because of the high reliability of their changes; they
also were not extracted because they were the most
meaningful out of all those present in the reactions in the
organism. In fact, the molecules were extracted because they
constituted an overlapping portion of the low
comprehensiveness of the proteomics with the
comprehensiveness of the transcriptomics. Certainly, it is a
type of important information, but it is not useful in terms
of sensitivity of screening. Evidence exists that carrying out
multiple omics analyses enables observation. For example, in
this study, performing metabolomics made it possible to
capture the metabolite change in the urea cycle. Figure 3
represents the metabolic and transcriptomic change in the
urea cycle, mapped simultaneously on a KEGG metabolism
map. There was no up-regulation in the urea cycle pathway.
It was not possible to focus only on the urea cycle
throughout the results of transcriptomics and proteomics,
but being able to observe the metabolite change enabled the
detection of a new change. The fact that there are aspects
that can only be observed when multiple omics approaches
are applied can be viewed as a disadvantage of using a single
omics technique. However, in this context, multi-layered
omics data should be interpreted with an understanding of
its meaning, benefits, and limitations.

In contrast to the above results, the results for multi-
layered omics approaches are not uniform. This section
discusses the meaning of a non-uniform change. The

transcriptomics and proteomics data given above reveal that
they are almost non-uniform. While high correlation was
observed between changes that were statistically significant,
in almost all of the cases, one was not significantly different.
The protein levels observed to be changed in the proteomics
data were 15.1%, which were also observed to be changed in
the transcriptomics data. From a reverse perspective,
approximately 85% changes are specific to proteomics and
are non-uniform between the two sets of omics data. In this
case, when different results are derived from multiple omics,
the differences in detection sensitivity—post-translation
modification, oxidization of the protein, the stability of the
protein, or metabolite—are the focus of debate and it is
definitely true that such causes also play a large part.
However, the essential meaning can be understood as the
deviation in the time axis of the central dogma for each of
the molecules. For example, in the case of molecule A and
molecule B reacting to some kind of stimulus, the speed of
the response to the stimulus and the speed of the
transcription will differ. In the case of an immediate early
gene, which rapidly responds to stimulus, the amount of
mRNA will peak at an early stage after receiving the
stimulus. However, a two-dimensional gene, which is
transcriptionally controlled by some kind of transcriptional
product, will slow down. In a study published in Nature,
analysis of the speed of translation to protein was carried out
on individual genes; the results showed that the speed of
translation differed for each molecule [21]. Accordingly, for
multiple omics data analyzed at the same time point it is
impossible for all molecules to exhibit the same change. This
is the paradox of multi-layered omics. Even though we tried
to capture multiple stages of the biomolecule
comprehensively, the fact that each molecule has a different
speed means that it is impossible to comprehensively capture
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the central dogma of the biomolecule.

However, this paradoxical aspect of multi-layered omics
may actually be its largest benefit. If all molecules exhibited
the same change, then there would be no need to use
multiple omics. Precisely, because various molecules
progress through the central dogma at differing speeds, it is
extremely unlikely that the changes in all molecules would
be uniform under multiple omics approaches and that the
changes should not be uniform. This is why there is a
necessity to use multiple omics analyses. The fundamental
importance of using multiple omics approaches is not
because it is possible to observe differing stages, it is because
the time axis differs for each molecule that it is possible to
capture the meaning of an organism which cannot be
grasped using a single omics analysis.

5. Concluding Remarks

The present study reported the comprehensiveness of
three omics analyses (transcriptomics, proteomics, and
metabolomics) and the utility of using multiple omics
analyses. Because comprehensiveness differs widely across
these omics approaches, it is necessary to be aware of this
when using multiple omics approaches. Furthermore,
uniform changes were observed among changes at all stages
but the majority of these specific to the omics approach. This
data supports the fact that various molecules progress
through the central dogma at differing speeds. Because the
time axis differs for each molecule, combining multiple
omics analyses makes it possible, for the first time, to
investigate the reactions in organisms three-dimensionally.
At first glance, it simply appears that combining a number of
very large data sets produces even more complexity but, as
discussed in this paper, if multi-layered omics data are
treated with an awareness of their meaning, benefits, and
limitations, then the combination of multiple omics analyses
can be extremely useful for research in molecular biology.
We hope that the knowledge shared in this paper can be of
value in future research utilizing multiple omics analyses.

6. Supplementary material

Supplemental Figure S1. The food intake and the body
weight of each group. (A) total food intake, (B) body weight.

Supplemental Table S1. The list of molecules that
showed common changes between transcriptomics and
proteomics.
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ABSTRACT

Despite the ease of collection, heparinized whole blood is underutilized in proton nuclear magnetic resonance spectroscopy-based
metabolomics particularly because of the lack of sample homogeneity. Drabkin’s reagent, an aqueous solution of potassium ferricyanide,
potassium cyanide, and sodium bicarbonate, causes hemolysis and has been used for quantification of hemoglobin. The objectives of this study
were to determine if the use of Drabkin’s reagent with heparinized whole blood for metabolomics samples would result in consistent
hemolysis, while being invisible to proton nuclear magnetic resonance spectroscopy and quenching metabolic activity. Heparinized whole
blood from a chicken (Gallus gallus domesticus) and a horse (Equus caballus) was used. All heparinized whole blood samples were mixed 1:10
(volume:volume) heparinized whole blood:Drabkin’s reagent. Lyophilized Drabkin’s reagent rehydrated with a 100% deuterium oxide solution
was invisible to proton nuclear magnetic resonance spectroscopy. Standard (10 min incubation, 20 min centrifugal filtration) and delayed (120
min incubation, 20 min centrifugal filtration) samples were prepared for both animal species. The only differences in spectra noted were
minor differences in the amplitude of the major peaks of the metabolites 3-methylhistidine and betaine in the chicken samples. Comparison of
standard and delayed samples via two-sample Kolmogorov-Smirnov tests found no significant differences between spectra for either animal
species (chicken p = 1, horse p = 0.9887). Use of Drabkin’s reagent resulted in consistent, complete hemolysis, while being invisible to proton
nuclear magnetic resonance spectroscopy and quenching metabolic activity for at least 140 min at room temperature. This protocol should be
considered when the investigator is interested in questions specific to erythrocyte metabolism and/or when heparinized whole blood is the only
sample type available.

Keywords: Equus caballus; Gallus gallus domesticus; heparinized whole blood; metabolomic quenching; metabolomic sample handling; proton
nuclear magnetic resonance spectroscopy.

Abbreviations: 1D: one-dimensional; 'H: proton; D,0: deuterium oxide; DR: Drabkin’s reagent; Hb: hemoglobin; HWB: heparinized whole
blood; K-S: Kolmogorov-Smirnov; NMR: nuclear magnetic resonance; TSP: trimethylsilyl propanoic acid; v:v: volume:volume.

and low impact on patients or research animals, particularly
when repetitive sampling is necessary. Biofluids also can

1. Introduction

Biofluids, such as plasma, used in 'H-NMR-based
metabolomics studies provide a snapshot of the metabolic
state of an organism. Advantages of biofluids, over most
other tissues, include the relative ease of sample collection

often be analyzed via NMR with minimal to no sample
preparation.

The application of metabolomics techniques to ecological
questions where sampling wildlife may be necessary presents
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some special sample handling challenges over more routine
clinical or laboratory settings. Particularly in the field, where
electrical power and standard centrifuge use is often not
practical, timely collection of plasma may not be possible.
HWB is then a preferred sample. Measuring each HWB
sample’s hematocrit using battery powered minifuges or
gravity methods allows the final spectral data to be
normalized to the percentage of erythrocytes present in the
blood. Unfortunately, the key first step of quenching the
metabolism of metabolomics samples [1], commonly
achieved in the field by immediate freezing with dry ice or
liquid nitrogen, introduces variability to HWB samples
because the amount of hemolysis induced in the freeze and/
or thaw may not be consistent across samples.

Additionally, sedimentation and movement of intact
erythrocytes during NMR analysis can complicate quality
control [2,3]. A potential solution to these issues is to create
homogeneous samples by completely hemolysing the
sample, releasing all erythrocyte intracellular contents into
the plasma.

Complete hemolysis of HWB samples for metabolomics
also offers the opportunity to address research questions
specifically about erythrocyte metabolism. For example,
various metabolites, such as glutathione, have been shown to
have much greater intraerythrocytic concentrations
compared to plasma [4].

In a pilot study designed to evaluate possible methods for
achieving reliable complete hemolysis of HWB, established
solvents used in sample extractions for NMR metabolomics,
such as chloroform and methanol, as well as other solvents,
including deionized water, acetone, and ammonia, either did
not produce complete hemolysis or physically changed the
samples by greatly increasing viscosity, thereby inhibiting
further manipulation (Niemuth, unpublished dataset).
Chloroform, methanol, deionized water, and acetone were
tested at 1:1, 2:1, 5:1, and 10:1 solvent:HWB sample (v:v).
Ammonia was tested in a range of concentrations from 1 M
to 14.8 M. Deionized water and ammonia less than 3 M did
not produce complete hemolysis. Chloroform or ammonia
greater than 3 M resulted in a gelatinous sample, while
samples treated with methanol or acetone caused clumping.
Physical disruption methods using various
homogenizers, lyophilization, and sonicators were
inconsistent, required extensive time per sample, and
increased sample temperature, which without a permanent
quenching method could perturb the resulting
metabolomes.

DR is a commercially available aqueous solution of
potassium ferricyanide, potassium cyanide, and sodium
bicarbonate  developed for the cyanhemoglobin
spectrophotometric =~ method  of  quantitative = Hb
determination [5]. DR causes hemolysis and conversion of
Hb to cyanmethemoglobin [6-8].

The objectives of this study were to determine if the use of
DR with HWB for metabolomics samples would result in
consistent hemolysis, while being invisible to 'H-NMR and

tissue

quenching metabolic activity. Heparinized chicken (Gallus
gallus domesticus) and horse (Equus caballus) whole blood
was employed to allow comparison of results with nucleated
and non-nucleated erythrocytes, respectively.

2. Material and Methods
2.1. Biological samples and chemical reagent

HWB for this study was obtained from a horse and a
chicken during routine clinical diagnostics and euthanasia,
respectively. HWB was frozen after collection, stored at -80
°C, and thawed at room temperature (20-21 °C) before use.
Commercially available DR (Ricca Chemical Company,
Arlington, TX, USA) was used and the pH measured
(accumet Basic AB15 Plus, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).

2.2. Determination of sample and reagent incubation time

To determine necessary incubation time, a HWB sample
from chicken and horse was individually mixed 1:10 (v:v)
HWB:DR. The absorbance of each sample was measured
with a spectrophotometer (Nanodrop 1000, Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 540 nm
approximately every 5 min for a total of approximately 45
min. Plain DR was used as the blank for the
spectrophotometer. Change in absorbance over time was
used to determine the incubation time for the remainder of
the study.

2.3. Determination of Hb extraction efficacy

To evaluate efficacy of Hb extraction, another HWB
sample from each animal species was individually mixed
1:10 (v:v) HWB:DR. Both samples were incubated at room
temperature for 10 min then centrifuged (3000 g; 5 min;
room temperature). The supernatant was collected and
saved (stored away from light at room temperature) until
analysis. A new aliquot of DR was added to the HWB pellet,
vortexed, and the incubation and centrifugation steps were
performed as before. These steps were repeated until a total
of 5 supernatants were collected from both samples. The
absorbance of each supernatant was measured with a
spectrophotometer at 540 nm. Change in absorbance over
time was used to determine the efficacy of DR Hb extraction
and the necessity of multiple washes per sample for the
remainder of the study. A HWB chicken sample was also
mixed 1:10 (v:iv) HWD:DR, incubated (10 min; room
temperature) and examined via light microscopy as air-
dried, Wright’s stained smears.

2.4. 'H-NMR sample preparation

Amicon Ultra 10K 0.5 mL centrifugal filters (Millipore,
Carrigtwohill, County Cork, Ireland) were prepared before
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use by soaking in ultrapure water for a minimum of 8 h,
washed 4 times with 0.5 mL ultrapure water (14,000 g; 20
min; room temperature), and stored in fresh ultrapure water
if not used immediately (room temperature; used within 1
day). All samples were filtered prior to NMR analysis
(14,000 g; 20 min; room temperature), including an aliquot
of plain DR.

For chicken and horse samples, 40 uL. HWB and 400 pL
DR were mixed, incubated for 10 min at room temperature,
and centrifuged (as above). The resulting filtrate was
promptly frozen at -80 °C until lyophilization. Hereafter,
these are referred to as standard samples. A second set of
samples was prepared in the same manner, but was held at
room temperature for 120 min prior to centrifugation.
Hereafter, these are referred to as delayed samples. Frozen
filtrates were lyophilized (-50 °C; FreeZone 2.5, Labconco,
Kansas City, MO, USA) until dry (approximately 6 h), sealed
with laboratory wax film (Parafilm, Beemis NA, Neenah WI,
USA), and returned to -80 °C until NMR analysis.

Sealed lyophilized samples were thawed at room
temperature. All samples were rehydrated with 70 uL D,O
with 20 mM phosphate buffer, 0.1 mM TSP, and 1 mM
formate. Formate was used as second reference standard in
case of interaction between TSP and plasma proteins [9].
Rehydrated samples were filtered (Fisherbrand SureOne 10
uL, extended, filter, low retention, universal fit pipet tips,
Thermo Fisher Scientificc, Waltham, MA, USA) via
centrifugation (3,000 g; 2 min; room temperature) into vials
and capped. For quality assurance, blank samples of the
D,0 solution were run before and after each animal species’
samples.

2.5. 'H-NMR data collection, processing, and analysis

Samples were analyzed with a Varian Inova 600 MHz
multinuclear INOVA NMR spectrometer (Varian Medical
Systems, Palo Alto, CA, USA) equipped with a Protasis
microcoil NMR probe (Protasis Corporation, Marlboro,
MA, USA) to obtain 1D, 'H-NMR spectra at 25 °C with a 1.1
sec acquisition time. The sweep width of 7,193 Hz acquired
8,189 complex points and 4,096 transients. Prior to
insertion into the spectrometer, sample pH was measured
and no practical differences in pH that would require
adjustment of technique were noted.

NMR spectra were processed using ACD labs 12.0 1D
NMR Processor (Advanced Chemistry Development,
Toronto, Ontario, Canada). Spectra were zero-filled to
16,000 points and Fourier transformed. Spectral phasing

Formate

and baselines were corrected automatically and adjusted, if
necessary. All spectra were referenced to the internal
standard TSP peak at 0 ppm. Peak identification was
performed with Chenomx NMR suite 8.1 (Chenomx,
Edmonton, Alberta, Canada) and the Human Metabolome
Database [10].

Prior to statistical analysis, dark regions for each animal
species were set to eliminate upstream/downstream areas
without metabolites (including TSP peaks) and the water
peak. Spectra for each animal species were grouped and
intelligent bucketing was performed with a bin width of 0.04
ppm and 50% width looseness. This resulted in 214 and 204
bins for the chicken and horse samples, respectively.
Integrals were normalized for each sample by dividing each
bin value (i.e. integral) by the sum of the bins for that
particular sample. Spectra for each animal species were
compared statistically via a two-sample K-S test (two-sided,
a = 0.05) with R version 3.2.3[11].

3. Results

Measured pH of DR was 8.610. The alkaline pH of the
samples did not appear to interfere with peak identification
using reference spectra made with standard solvents.

Spectrophotometric evaluation of incubated DR treated
samples revealed little change in absorbance after
approximately 10-15 min. All samples thereafter were
incubated for 10 min after DR addition before further
processing, except where noted.

Absorbance of the second through fifth collected
supernatants was decreased by >95% versus the initial
supernatant. All samples thereafter were subjected to a
single 1:10 (v:v) HWB:DR treatment to achieve extraction.
The aliquot of the chicken sample used in this portion of the
study developed a small gelatinous mass after DR treatment
similar to what has been described in trout blood by Larsen
and Snieszko [7]. The mass lightened in color after each
subsequent DR aliquot. Examination via light microscopy of
air-dried, Wright’s stained smears resulted in subjectively
uniform hemolysis.

DR was invisible to 'H-NMR (Figure 1). Blank samples
run prior to and after samples from each animal species did
not demonstrate any contamination that carried over into
the test samples. Standard and delayed samples for both
animal species did not appear considerably different, either
in regards to metabolite presence/absence or relative
metabolite concentrations. Subjectively, the greatest
difference appeared to be with the major peaks of the

8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5

4.0 35 3.0 25 20 15 1.0 05 0

Chemical Shift {(ppm)

Figure 1. 'H-NMR spectrum of filtered DR. The water peak has been deleted. TSP and formate were added to all samples as reference

standards.
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Figure 2. '"H-NMR spectra of DR treated chicken HWB. The water peak has been deleted. The standard sample was incubated at room
temperature for 10 min with DR prior to 20 min of centrifugal filtration. The delayed sample was incubated at room temperature for 120 min
with DR prior to 20 min of centrifugal filtration. Subjectively, the greatest difference appeared to be with the major peaks of the metabolites
betaine (singlet at approximately 3.3 ppm, methyl group protons) and 3-methylhistidine (singlet at approximately 3.7 ppm, methyl group
protons with minor overlap contribution from components of a multiplet and doublet representing single protons on carbons 7 and 8,

respectively).

metabolites betaine (approximately 3.3 ppm) and 3-
methylhistidine (approximately 3.7 ppm) in the chicken
samples (Figure 2). Both horse spectra were very similar
(Figure 3). Provisional metabolite identifications and
reference chemical shifts based on database comparisons are
included as Table 1. Comparison of standard and delayed
samples via two-sided, two-sample K-S tests found no
significant differences with either animal species (chicken p
= 1, horse p = 0.9887; both are approximate due to the
presence of ties).

4, Discussion

The results of this study demonstrate that DR can be used
as a component of an effective and simple extraction method
for chicken and horse HWB samples for 'H-NMR
metabolomics. DR is commercially available, inexpensive,
and has minimal storage requirements (protection from
light, freezing, and contact with acids). The amount of
potassium cyanide and potassium ferricyanide in 1 L of
Drabkin’s reagent is much lower than the lowest-observed-
adverse-effect level for an average 70 kg human [12].

Depending on the investigator’s metabolites of interest,
the native pH of DR and the resultant HWB filtrate may
require the development of a specific database for DR
samples. With our spectra, we were able to identify
metabolites using standard reference spectra with minimal
to no chemical shift changes. However, the chemical shift of
a particular metabolite could be influenced by pH as the
molecule is protonated or deprotonated [13]. Titration to a
more neutral intracellular pH could be a potential approach
to allow peak identification for such metabolites using
existing databases. For unknown metabolites, investigators
may have success identifying chemical shifts through the
calculation of titration curves [13]. However, caution should
be exercised as the addition of acid to DR can release
hydrogen cyanide [14]. The potential for pH differences
between samples should also be considered, especially when
studying any physiologic or disease condition resulting in
acidosis or alkalosis of the patient [15]. Lastly, one may need
to consider the body temperature of the animal species being
studied and the temperature at which pH measurements are
made. For example, in poikilothermic and ectothermic
animal species, such as reptiles, it is necessary to apply a
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Figure 3. 'H-NMR spectra of DR treated horse HWB. The water peak has been deleted. The standard sample was incubated at room
temperature for 10 min with DR prior to 20 min of centrifugal filtration. The delayed sample was incubated at room temperature for 120 min
with DR prior to 20 min of centrifugal filtration. Subjectively, both spectra appear very similar.

environmental
many clinical

correction for the animal’s body or
temperature to accurately evaluate
measurements, including blood pH [16].
The incubation time of 10 min used in this paper is in
agreement with a 5 to 10 min minimum reported in other
published protocols for use of DR for hemolysis [5-7]. Hb is
a large molecule with a diameter of approximately 5 nm and
a total molecular weight of 64,000 Daltons [17]. Our
metabolites of interest generally have molecular weights less
than 10,000 Daltons. Therefore, we would expect that
extraction of Hb from the erythrocyte would also allow for
the release of intracellular metabolites. The results of
evaluation of blood smears made from DR treated HWB

suggested complete hemolysis. This was supported by the
near complete extraction of Hb after a single application of
DR.

The small gelatinous mass observed in one of the chicken
samples during extraction testing was consistent with what
has been described in trout [7]. The mass did not interfere
with supernatant collection and while no masses were
observed in the samples used for NMR analysis, they would
have been removed by the filtration step. The formation of
these masses has been noted when using DR for hemoglobin
quantification and it has been recommended that they be
removed (e.g. if within a spectrophotometer cuvette) with a
wooden applicator stick [18].

Table 1. Provisional metabolite identifications and reference chemical shifts [10]. Absolute metabolite confirmation would require
additional NMR experiments. (s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet, dd: doublet of doublets, tt: triplet of triplets).

Metabolite Chemical Shift (ppm) & Peak Shape Chicken Equine
3-Aminoisobutyrate 1.16-1.21 (d), 2.57-2.64 (m), 3.00-3.05 (dd), 3.06-3.16 (dd) ° °
3-Hydroxyisovalerate 1.26 (s), 2.35 (s) ° °
3-Methylhistidine 3.24 (m), 3.70 (s), 3.93 (dd), 7.05 (s), 7.92 (s) °

Acetate 1.91 (s) ° °
Alanine 1.47 (d), 3.77 (q) ° °
AMP 4.01 (dd), 4.36 (dd), 4.50 (dd), 6.12 (d), 8.23 (s), 8.58 (s) *

Betaine 3.25(s), 3.89 (s) ° °
Creatinine 3.03 (s), 4.05 (s) * °
Formate* 8.44 (s) ° °
Glucose iéii ((((ii)(f);z.;s?tzd()m), 3.458 (m), 3.524 (dd), 3.728 (m), 3.824 (m), 3.889 (dd), o
Glutathione 2.15 (m), 2.54 (m), 2.97 (dd), 3.78 (m), 4.20 (q) ° °
Glycerol 3.551 (m), 3.644 (m), 3.775 (it) °
Inosine 3.832 (dd), 3.902 (dd), 4.257 (dd), 4.420 (dd), 4.798 (s), 6.055 (d), 8.187 (s),

8.305 (s)

Lactate 1.32 (d), 4.10 (q) ° °
Leucine 0.948 (t), 1.700 (m), 3.722 (m) * *
Methanol 3.34 (s) * *
Sarcosine 2.73 (s), 3.60 (s) °

Succinate 2.39 (s) *

Valine 0.976 (d), 1.029 (d), 2.261 (m), 3.601 (d) . .
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One of the main reasons for selecting DR versus other
commercially available hemolysis agents was that we
hypothesized DR would be NMR-friendly, expecting
lyophilization to remove the only protons in the solution.
'H-NMR analysis of filtered and lyophilized DR confirmed
that DR is invisible (Figure 1).

Visually there were only subtle differences in singlet peak
amplitudes between the standard and delayed chicken
sample spectra. 3-Methylhistidine is an aromatic
heteromonocyclic related to muscle breakdown [10], while
betaine is involved in glycine, serine, and threonine
metabolism [19]. We are not able to determine if the
differences in 3-methylhistidine and betaine are due to true
sample change or are the result of some other unidentified
variability. The Kolmogorov-Smirnov test is used to detect
differences in location and shape and did not indicate that
either the chicken or horse standard or delayed samples were
from different distributions. If it is anticipated that a delay
greater than the 20 min necessary for centrifugal filtration
will be a required part of a study protocol, it would be
prudent to run test samples to determine what, if any,
metabolites may be impacted.

5. Concluding Remarks

Use of DR with chicken and horse HWB for metabolomics
resulted in consistent, complete hemolysis, while being
invisible to "H-NMR and quenching metabolic activity for at
least 140 min at room temperature. This protocol was
equally effective with nucleated and non-nucleated
erythrocytes of the chicken and horse, respectively, and
should be considered when HWB is the only sample type
available and/or if the investigator is interested in questions
specific to erythrocyte metabolism.
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ABSTRACT

NEKs (NIMA-related kinases) are a group of kinases that share high amino acid sequence identity to NIMA (Never in mitosis gene A), which
exists as a single member in the fungi Aspergillus nidulans and is functionally involved in the initiation of mitosis. NEK3 is a 506 amino acid
serine/threonine kinase, localizes both to the nucleus and cytoplasm, and has an N-terminal catalytic domain and a C-terminal regulatory
domain. NEK3 is also involved in cell motility and invasiveness of breast cancer tumor cells through interaction with regulators of the Rho
GTPases Racl and RhoA, mediated by prolactin induced association of NEK3 to the human Prolactin Receptor (PRLR). A screening for
interaction partners was performed and 27 different proteins were found. The identified candidate interacting proteins are functionally
involved in processes, which are related with the most important steps of cancer progression and can be used to understand NEK3 function
and behavior. One of the most important cytoplasmic NEK3 interactors is RhoGDI2 (RhoGDP-dissociation inhibitor 2). RhoGDI2 as well as
VAV2, are regulators of RhoGTPases and inhibit Racl and RhoA activation with effects not only in bladder cancer, but also promotes invasion
of breast cancer cells. Another GTPase, RhoA, is the main component of the cleavage furrow and is required for proper cytokinesis. In this
respect, NEK3 was found in the furrow of ingression and its depletion is associated to cytokinesis delay due to DNA bridges, that is related to
aneuploidy, tetraploidy, micronuclei. Also, NEK3 has a role in the promotion of tubulin acetylation, which in turn suggest that the role for
NEK3 in DNA bridge formation may be related to microtubule stabilization and consequently, chromosomal instability. According to this,
NEKS3 also has a role in cell cycle regulation, which help to elucidate one of the roles for NEK3 in cancer.

Keywords: NEK3, Kinases, Yeast Two-Hybrid Screening, RhoGDI2, RhoA.

Abbreviations: NEK3: NIMA-related kinase 3; RhoGDI2: RhoGTPase dissociation inhibitor 2; VAV2: Guanine Exchange Factor 2; HEK293T:
Human Embryonic Kidney 293T; GEF: Guanine Exchange Factor; GAP: GTPase Activating Protein; GDI: Guanosine nucleotide dissociation
inhibitors; GFP: Green Fluorescent Protein. PIAS1: Protein Inhibitor of Activated STAT 1, SGIP1: SH3-containing GRB2-like protein 3-
Interacting Protein 1, CNTN1: Contactin-1, FBN1: Fribrilin-1, MED17: Mediator of RNA polymerase II transcription subunit 17, PA2G4:
Proliferation-associated protein 2G4 e COMMD1: COMM domain-containing protein 1.

domain and a C-terminal regulatory domain rich in
regulatory motifs: Coiled-coil domain, responsible to mediate
protein-protein interactions (as in Nekl and Nek9) and

1. Introduction

NEKs (NIMA-related kinases) are a group of kinases that
share high amino acid sequence identity to NIMA (Never in
mitosis gene A), which exists as a single member in the fungi
Aspergillus nidulans, functionally involved in the initiation of
mitosis. NIMA is a 79 kDa protein with an N-terminal kinase

possibly its dimerization (as found -at least for: Nekl, Nek2,
Nek9); and two PEST sequences related to regulated protein
degradation [1-4]. Activation of this serine/threonine kinase
at the G2/M transition of the cell cycle is required for entry
into mitosis. Upon deletion of the gene encoding NIMA, cells

*Corresponding author: Jorg Kobarg, Institute of Biology, Departamento de Bioquimica e Biologia Tecidual, University of Campinas-UNICAMP, 13083-
862 Campinas, SP, Brazil; E-mail address: jorgkoba@unicamp.br, phone +55-19-3521-1443
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arrested in G2, whereas when the protein was over-
expressed the cells were driven into mitosis from any point
in the cell cycle [2,4-8].

Most of the 11 mammalian NEKs already studied, are
functionally related to NIMA but some degree of neo-
functionalization also took place. Aside their participation in
the context of NIMAs function in cell cycle progression and
regulation, we can further annotate Neks in associated roles
with a) centrosome disjunction b) primary cilia function and
c) DNA damage response checkpoints and regulation of
repair pathways [9].

Failure from cell cycle checkpoints results in genomic
instability (GIN), a cellular state that leads to an increase in
genetic alterations which are classified by: nucleotide
instability and chromosomal instability (CIN). Among the
causes leading to genomic instability, CIN is the most
common. The main consequence of CIN is aneuploidy, that
for decades has been related to tumorigenesis [10]. It has
been reported that both aneuploidies and DNA alterations
(mutation, chromosomal translocation and gene
amplification) result in cell heterogeneity, which in turn
support tumor adaptation environmental changes, a
hallmark of human cancer [11-13].

So far, it is known that the role of NEKs in genomic

stability goes beyond their participation in DNA repair.
NEK2, due to serine phosphorylation of Hecl, promotes the
proper chromosome segregation [14,15]. Cells from NEK1
knockout mice presented errors in DNA repair associated
with breakage and irregular size of chromosomes,
chromosome lagging and aberrant cytokinesis, which
reinforce its role in checkpoint DNA repair. NEK1 knockout
cells also presented polyploidy after only a few passages, as a
consequence of aberrant cytokinesis [16].

NEK3 is a 506 amino acid long serine/threonine protein
kinase that localizes both in the nucleus and cytoplasm
[17,18] and which gene localizes to 13q14.2 chromosome.
Structurally, NEK3 has an N-terminal catalytic domain and
a C-terminal regulatory domain which contains residue
Thr475 in its PEST domain that is phosphorylated upon
activation [19]. Expression of mutant NEK3 without Thr475
or PEST domain causes changes in cellular morphology and
polarity of neuronal cells [20].

Functionally, NEK3 is also involved in cell motility and
invasiveness of breast cancer tumor cells through interaction
and possibly direct phosphorylation of VAV2, a GEF type
regulator of the Rho GTPases. VAVI and VAV2 are
regulators of Racl, Cdc42 and RhoA GTPases. Proteins of
this family are molecular switches that alter between active

Figure 1: The role of NEK3 in prolactin signaling pathway. NEK3 interacts with prolactin receptor (PRLR) and VAV2. Active Vav2 is a
GEEF for Racl and leads to its activation (Rac-GTP). This in turn activates Stat5 that promotes transcriptional activation of several genes in
the nucleus that lead to the inhibition of apoptosis, cell proliferation, differentiation and in gall bladder cancer cells to diminished metastatic

potential. Adapted from McHale, [42].
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(bound to GTP) and inactive states (bound to GDP) and
have key functions in cancer cell proliferation, apoptosis/
survival, cell polarity, cell adhesion and plasticity of cell
migration [21,22]. A clear connection can be established
between Rho proteins over-expression and a large variety of
human tumors [23,24]. In turn, Racl is described to be
involved in prolactin receptor and NEK3 mediated signaling
[17] (Figure 1). In this context, the association of NEK3 to
the intracellular domain of the human Prolactin Receptor
after extracellular binding of the prolactin hormone to its
receptor, possibly results in the activation of NEK3. VAV2
on the other hand has been shown to activate RhoGTPase
Racl, leading to activation of the Stat pathway and
ultimately causing gene transcription activation in the
nucleus [25,26].

In cell proliferation, RhoGTPases contribute through cell
cycle progression, which depends on cyclin-dependent
protein kinases which activity increases and decreases
periodically during the growth and division of cells [27].
RhoA, for example, plays a role during cytokinesis leading to
the contraction of the actin ring, through myosin light chain
phosphorylation. Once the midbody is formed, RhoA must
be inactivated since its excess may cause abscission arrest
[53]. Also, to ensure proper cytokinesis progression, RhoA’s
cortical localization must be controlled spatially and
temporally [54].

In the present study, we identified several new interaction
partners for NEK3 by a yeast two hybrid assay, that are
related to processes involved in cancer progression and
aggressiveness  through ~ GTPases regulation.  Our
experiments suggest that NEK3 has also a role in the cell
cycle, specifically in cytokinesis since its suppression is
related to DNA bridge formation and consequent delay in
cytokinesis.

2. Material and Methods
2.1. Yeast Two-Hybrid Screening

Protein-protein interactions are highly important to
understand the role of the protein in cellular context. We
cloned the full-length NEK3 wild type cDNA in fusion with
the GAL4 DNA Binding Domain (GAL4-BD) in pGBKT7?
vector, which also contains TRPI, a selection marker for
auxotrophic growth. This construct was transformed into
Y2H Gold Saccharomyces cerevisiae yeast strain that
contains heterologous genes AURI-C, HIS3, ADE2, and
MELI under GAL4 transcriptional factor control. Another S.
cerevisiae yeast strain, Y187, contains heterologous genes lacZ
and MELI previously transformed with the Universal
Human (Normalized) cDNA Library constructs in pGADT?7
-RecAB with LEU2 expression marker gene and GAL4 DNA
Activation Domain (GAL4-AD). These two haploid yeast
strains were mated and plated on a selective quadruple
dropout medium containing also Aureobasidin A and X-a-
Gal (QDO-XA). Positive blue colonies indicated that

proteins were expressed and interacted with Nek3 to
reconstitute the functional complete GAL4 transcription
factor.

2.2. Confirmation of Positive Interactions

After sequencing and BLAST analysis, S. cerevisige strains
were co-transformed with both pGBKT7-NEK3 and
pGADT7-prey  according to  Yeastmaker  Yeast
Transformation System User Manual. The positive control
(pGBKT7-p53 and pGADT7-T) and negative control
(PGBKT7-Lam and pGADT7-T) were also co-transformed.
Blue colonies were compared to control and determined to
confirm positive interactions.

2.3. Integrated Interactome System - IIS

Blue colonies from yeast two-hybrid screening were
sequenced, processed and integrated to annotated
interaction networks using the “Integrated Interactome
System” developed at the National Laboratory of Biosciences

and State University of Campinas, Brazil (http://
bioinfo03.ibi.unicamp.br/Inbio/IIS2/) [28]. Biological

processes and cellular components were obtained from the
Gene Ontology database (http://www.geneontology.org)
integrated to IIS. The enriched biological processes from the
Gene Ontology GO database were calculated in each
network using the hypergeometric distribution [28]. The
final layout and cellular component allocation were obtained
with the Cytoscape online software [29] and the CellNetVis

software (http://www.Ige.ibi.unicamp.br/cellnetvis).

2.4. Analysis of NEK3-depletion phenotypes by short hairpin
RNA

Viral transduction was performed using the lentiviral
system with short-interfering rRNAs (shRNAs) designed for
NEK3 (shRNA-Nek3.1: TRCN0000001471, 5-
GCAGTCCCATAGAACAGAAAT-3’, for CDS of NEK3);
(shRNA-Nek3.2: TRCN0000001473, 5-
CGAAGCATAACACACCAAGAA -3, for 3UTR of
NEK3). shRNA-GFP was used as a control plasmid. shRNAs
sequences were obtained from The RNAi Consortium (TRC,
IRB-Barcelona). Lentiviral particles were transduced with
lug/mL polybrene in HeLa cells and stable lines were
selected with puromycin 3pg/mL.

HeLa cells or HeLa stable cell line of sShRNA-GFP, shRNA
-Nek3.1 or shRNA-Nek3.2 were cultivated onto coverslips in
6-well plate for immunofluorescence assay under incubation
in a humidified chamber at 37°C with 5% CO2 in
Dulbecco’s modified Eagle’s medium, DMEM (Gibco),
supplemented with 10% certified fetal bovine serum (Gibco)
and penicillin/streptomycin (100 units/mL, Gibco). All cells
were mycoplasma tested regularly and before all experiments
were proceeded.

Cells were fixed with ice-cold 100% methanol for 30 min,
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Figure 2: NEK3 yeast two-hybrid interactome network and subcellular localization. (A) Most of the NEK3 interactors are localized in the
nucleus, cytosol and plasma membrane. (B) The main cellular processes associated to NEK3 interactors. The enriched biological processes
from the Gene Ontology GO database were calculated in each network using the hypergeometric distribution [28].
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gently washed with 1xPBS (Phosphate buffer saline) and
fixed specimens were permeabilized and blocked for 30 min
at room temperature in blocking solution containing 1%
BSA; 0.5% Triton X-100 into PBS.

Cells were incubated for 1 hour with the following
primary antibodies diluted in blocking solution: rabbit anti-
B-Tubulin (1:1000; ab15568; Abcam); rabbit Nek3 (1:200;
AP8075C; Abgent); mouse RhoA; sc-418; Santa Cruz
Biotechnology), all diluted in blocking solution. Next, the
cells were incubated for 40 min in secondary fluorescent-
labeled antibody: chicken anti-rabbit Alexa Fluor 488;
chicken anti-mouse Alexa Fluor 647 (Life Technologies)
diluted in blocking solution for concentration of 1:500. DNA
was stained with Hoechst 33258 dye and coverslips were
mounted on glass slides using ProLong Gold mounting
media (Life Technologies).

Image data were collected in a Zeiss LSM 780 NLO
Confocal Microscope (Carl Zeiss AG, Germany) using 40X
or 100X lens. Series of Z stack images were captured from
0.7 pm thick sections and the entire cell volume was
processed for 3-D rendering using Imaris (Bitplane). The
numbers of HeLa cells were manually counted under a
fluorescence  microscope  Leica = DM2500 (Leica
Microsystems). Statistical analysis was performed by the
Student t-test and graphics plotted using GraphPad Prism
software.

3. Results and Discussion
3.1. The construction of a NEK3 protein interaction map

The in silico analysis at the IIS and BLAST search resulted
in 27 different proteins (Supplementary Table S1). The

> Y

7%

identified candidate interacting proteins are functionally
involved in sumoylation, ubiquitinylation, transcriptional
regulation, RNA processing, and the regulation of cell
proliferation. A yeast co-transformation assay with NEK3-
pGBKT7 and the prey proteins analyzed by the Integrated
Interactome System was performed and, from 27 proteins
initially found, some had their interaction confirmed in the
yeast two-hybrid system itself like PIAS1, CNTN1, MED17
(CRSP77), PA2G4 (EBP1) (Supplementary Figure S1).

Using the Cytoscape software and CellNetVis, the Nek3
protein and its interaction network with subcellular
localizations were performed (Figure 2A). Some interaction
partners for NEK3 are mostly localized to the nucleus (29%)
such as MED17 and PIASI, but also to cytosol and to the cell
membrane (21%). Importantly, the preys localized to the cell
membrane are lipid anchored proteins or attached proteins,
such as VAVs and SGIP1, which thus are proteins oscillating
between the plasma membrane and cytosolic localizations.

One of the most expected Nek interactors, from the
signaling context of Nek3, was RhoGDI2 / ARHGDIB
(RhoGDP-dissociation inhibitor 2) (Figure 2). RhoGDI2 as
well as VAV2, are negative regulators of the RhoGTPases
Racl and RhoA which has been reported to suppress
metastasis in bladder cancer, but also increased invasion of
breast cancer cells [20]. A biphasic expression pattern of
RhoGDI2 itself in breast cancer was found, where a
correlation of its decreased expression in lymph node
metastasis was reported [21]. Furthermore, another work
found RhoGDI2 expression was up-regulated in human
ovarian tumors of different histological subtypes [22]. These
findings suggest that RhoGDI2 biology in cancer may
depend on its interaction partners, including NEKS3.
RhoGDI2 may be alongside VAV2 and Racl/RhoA an
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additional new player in the signaling pathways regulated

through the PRLR/Nek3.
PIASI (protein inhibitor of activated STAT-1) is an
important component of SUMO (small ubiquitin

modification protein) complex and acts as an E3 ubiquitin
ligase adding SUMO to the substrate [30]. Recent works
have shown that SUMOylation is also involved with Ran
GTPase regulation and has important functions in nuclear
traffic at interphase and mitotic spindle assembly [31]. The
interaction between Nek3 and PIASI raise the possibility of
an involvement of Nek3 in the SUMOylation process.
MED17 (CRSP77) is a member of mediator complex, a co-
activator involved in transcription regulation of almost all
RNA polymerase II-dependent genes. MED17 works as a
bridge to transmit information from gene-specific regulatory
proteins to RNA polymerase II transcription basal
machinery. In this regard, MED17 is recruited by promotors
through direct interactions with regulatory proteins and acts
as a scaffold of pre-initiation complex with RNA polymerase
IT and its transcription factors [24]. Jeon and colleagues
demonstrated for the first time a possible involvement of
Neks in transcription. NEK6 phosphorylate STAT3 on
Ser727 affecting the maximal transcription of a cancer cells

[32].

Proliferation-associated protein 2G4 (PA2G4) or
ErbB3-binding protein 1 (EBP1), is a modulator of the ErbB-
3 transduction pathway - member of Epidermal Growth
Factor (EGF) family - by interaction with its cytoplasmic
domain [25]. EBP1 is also involved in first and late steps of
RNA processing by association to 28S, 18S e 5.85 rRNA
subunits [27].

Contactinl (CNTN1) is a cell adhesion GPI-anchored
protein, belonging to immunoglobulin superfamily [33].
This protein associates with other cell surface proteins like
L1 or NCAM via homophylic interactions, and acts in signal
transduction in neurons [34]. Contactin 1 is also related to
invasion and metastasis in lung adenocarcinoma by RhoA
activation [35], and its suppression increases cancer cell
invasion and metastasis [24].

All for all, the NEK3 preys were related to a variety of
processes involving cancer progression and aggressiveness,
from cell cycle regulation to cell migration and invasion.
Since molecular interactions help us to understand protein
function and behavior, we can propose a complex role for
NEK3 in different steps of cancer development.

Figure 3: Localization of NEK3 during cytokinesis of HeLa cells. Confocal images showing NEK3 accumulation at the furrow of ingres-
sion during anaphase (A) and at the midbody ring along with RhoA during cytokinesis (B). Images are presented as maximal intensity pro-
jections of multiple z-slices. Scale bar is indicated in the images (A: 5 uM, B: 10 uM). At least 170 randomly selected anaphase or cytokinesis
cells were observed and all analyzed cells showed the NEK3 localization pattern represented in the images.
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3.2. Study of cell cycle phenotypes in NEK3 knock-down HeLa
cells

Formation of the mitotic cleavage furrow is dependent
upon both microtubules and activity of the small GTPase
RhoA [36]. Since NEK3 interact with RhoA we raised the
hypothesis that NEK3 may have functions during cell
division.

To explore this idea, we characterized the localization of
NEK3 during cytokinesis. To this end, HeLa cells were
stained for immunofluorescence of B-tubulin and NEK3 and
analyzed by confocal microscopy. NEK3 was found enriched
at the furrow of ingression during anaphase (Figure 3A), and

at the midbody along with RhoA (Figure 3B) during
cytokinesis pointing to their potential functional interplay
during cell division.

These results led us to further investigate functional roles
of NEK3 during cytokinesis. For this purpose, we employed
lentivirus-delivered NEK3 silencing by RNAi in HeLa. The
NEK3 suppression resulted in cytoplasmic bridges
containing DNA (Figure 4A) Accordingly, there was an
increase in the frequency of cells blocked in cytokinesis
under these conditions indicating that NEK3 suppression
delays cells at cytokinesis (Figure 4B). The cytokinesis delay
due to DNA bridges may be related to aneuploidy,
tetraploidy and micronuclei formation, which can lead to

Figure 4: Nek3-depletion induces DNA bridges during cytokinesis. (A) Confocal images show bridges containing DNA connecting the
cells. DNA bridge are indicated by arrowheads in the images and enlargements of the cytoplasmic bridge region. Images are presented as
maximal intensity projections of multiple z-slices in 3D rendering. Scale bars (lower row: 10 uM or 15 uM in the upper two rows) are indi-
cated in the images. HeLa cells were counted through the microscope, and plotted in the graphic (right) using GraphPad Prism software . At
least 65 cytokinesis cells per condition were counted in each duplicated of two independent experiments. *P<0.05 was considered as statisti-
cally significant. (B) Nek3-depleted cells delay for completion of cytokinesis. The number of HeLa cells were manually counted through the
fluorescence microscope from immunofluorescence coverslips and plotted in the graphic. More than 400 cells per condition were counted in
each duplicate of two independent experiments. Graphs were created and analysis of statistical significance was performed by the Student t-
test using GraphPad Prism software. *P<0.05= statistically significant.

Frequency of cells with DNA bridge (%)

10

. ®
B ?:s
27
3
£ s
s
2 s
34
25
22
1
¢ 2
&
ﬁ“?

oF
Fa

195 15-22: 20



JIOMICS | VOL 7 | ISSUE 1 | JUNE 2017 | 195 | 15-22

both cancer mutations and chromosomal instability [37].

Some interactors for NEK3 found in its yeast two hybrid
assay are also related to the observed cell cycle phenotypes.
Cullin 1 is involved in ubiquitination, degradation pathway
that regulate proteins which controls cell division by two
complexes: SCF and APC. This NEK3 partner together with
SKP1, RBX1 and F-Box forms the SCF complex, which
stimulates ubiquitination of cell cycle proteins such as CDKs
in addition to control the transition between G1/S and G2/
M.

Roles in cytokinesis for NEKs have been widely proposed.
For example, Nek6 and Nek7 may similarly regulate the
localization of factors required for cytokinesis. In this
respect, either NEK6 or NEK?7 is localized at the midbody
and depletion or expression of a kinase dead mutant protein
together with mitotic spindle checkpoint inhibitors resulted
in cytokinesis arrest for both kinases, [38]. In addition,
NEK?7 mouse knockout cells presented chromosome lagging,
micronuclei formation, cytokinesis delay and aneuploidy
[39]. In HeLa cells, genistein treatment, responsible for
tubulin polymerization inhibition, also promotes DNA
bridges and cytokinesis delay [40].

NEK3 has been described to be involved in neuronal
morphology due to tubulin acetylation [20]. The suggested
new role for NEK3 in DNA bridge formation and
chromosomal instability may be also related to microtubule
stabilization. Since chromosomal instability leads to
mutations which result in tumor progression and also in
cancer cell heterogeneity that drive multidrug resistance
[41], the results shown in this work reinforce the roles for
NEKS3 in all stages of carcinogenesis.

4. Concluding Remarks

In this work, we performed a large scale screening for
interaction partners of NEK3 by using the yeast two-hybrid
system. We identified candidates interacting proteins that
were functionally  involved in SUMOylation,
ubiquitinylation, transcriptional regulation, RNA
processing, regulation of cell proliferation, invasiveness and
metastasis. These processes are also involved with several
steps of cancer progression and can be used to understand
NEK3 function and behavior. NEK3 was found at the furrow
of ingression and its depletion is associated to cytokinesis
delay due to DNA bridges, that is related to aneuploidy,
tetraploidy and micronuclei formation [37]. The role of
NEK3 in DNA bridge formation may be related to
microtubule stabilization, possibly via tubulin acetylation as
observed for Nek3 signaling in neuronal cells [21].

In resume, this work has shown that NEK3 and its
interaction partners are involved in multiple cancer stages
through regulation of GTPase functions, among other
signaling events. Different from other NEKs, NEK3 levels do
not increase during cell cycle and its localization is not
related to cilia function, but it is involved with DNA bridges
formation and its knock down causes a cytokinesis delay.

Also, this kinase localizes along with RhoA in the midbody,
which has been previously described as essential for the
cleavage furrow formation. Therefore, NEK3 may have novel
important roles in the context of cytokinesis and the
relevance of this new function in the context of cancer
biology should be further explored.

5. Supplementary material

Supplementary data and information is available at http://
www.jiomics.com/index.php/jio/rt/suppFiles/195/0

Supplementary Figure S1: NEK3 interactors in Yeast Two
Hybrid Screening.

Supplementary Table S1: NEK3 interactome after Yeast
two hybrid screen
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ABSTRACT

We present here the GENARA-A space experiment performed on board of the International Space Station (ISS) devoted to
evaluate the qualitative and quantitative changes in membrane proteins supposed to be mainly associated with cell signaling in
response to microgravity (ug) conditions. A selective and sequential extraction of proteins from microsomes prepared from
seedlings grown on ISS, using salts, nonionic-detergent, chaotropic agents and ionic detergents provided us with various sets of
protein extracts that were analyzed using LC MS/MS and quantified using a label-free method [1]. Among 1484 proteins
quantified, 80 were significantly over-represented and 69 under-represented. Proteins linked to auxin metabolism and
trafficking were depleted in membranes whereas proteins involved in stress responses, defense and metabolism were more
abundant in pg conditions. Deeper analyzes of proteins whose abundance in membranes was not affected by microgravity but
affected by lg conditions between space and ground, indicated that large families of proteins were responsive to other
parameters than gravity in space [2]. We discuss the possible consequences of such changes in abundance of proteins on the
behavior of plants grown in space conditions. Increasing of such knowledge appears crucial in the future perspective to use
plants as life support for long-term human spaceflights and space exploration.
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ABSTRACT

Background: Despite known differences between the atria and the ventricles, researchers have been using atrial tissue to
investigate ventricular cardiac molecular remodelling associated with congenital disease [1]. Ventricular septal defect (VSD), a
hole in the septum between the left and right ventricle (RV) of the heart, is a common acyanotic congenital cardiac
malformation that allows blood to pass from the left ventricle to the right ventricle of the heart. Due to the resulting increase in
right ventricular pressure, pulmonary hypertension and RV hypertrophy develop. Mitochondrial remodelling occurs during
ventricular hypertrophy. We hypothesise that disease induced remodelling in the hypertrophic ventricle is different to that of the
atrium. Therefore, in this study we measured mitochondrial proteome in tissues collected from the right atrium (RA) and RV of
patients with VSD to determine differences between these sites.

Methods: During open-heart surgery, biopsies of both the right atrium (RA) and right ventricle (RV) of age-matched infant
VSD patients (n=5) were taken. Protein extracts were labelled with isobaric TMT reagents and underwent proteomic analysis.
For phosphoproteomics analysis samples additionally underwent TiO, enrichment. A pooled sample was used as an internal
control. Raw data files were processed and quantified using Proteome Discoverer v1.4 (Thermo Scientific) and searched against
the UniProt Human database. All data were filtered to satisfy the FDR of 5%. Significant differences (paired t-test) between
protein quantities (as a ratio of the pooled sample) of each chamber were determined and fold-changes + 1.3 deemed of
importance. Differences between individual phosphorylation sites of proteins were also compared. Analysis (PANTHER
Database Version 11.1 [2]) of significantly changed proteins determined that mitochondrial proteins were overrepresented.
Based on this outcome we focussed on the mitochondrial proteome by searching the dataset for the keyword ‘mitochondria*’
and using protein lists associated with the mitochondrial respiratory chain, derived from the HGNC database [3].

Results: Proteomic analysis yielded 3605 cardiac proteins of which 401 (11.1%) were mitochondrial. Of these, 30 (7.5%) were
different between RA and RV; all being lower in the RA. These represented proteins involved in metabolic processes, assembly of
respiratory chain complex IV, and mitochondrial translation, with the majority (30 proteins) having catalytic activity (Panther
Overrepresentation Test). 414 phosphoproteins were identified in both chambers (represented by 700 individual
phosphorylation site matches), however none were significantly altered.

Discussion: Despite being from the same patients, we have seen large differences in mitochondrial proteins from the different
heart chambers. This may represent lower energy metabolism requirements due to the less contractile nature of the RA, or it
may represent an overcompensation of the mitochondria in the RV due to increased pressure loading. There are clearly
differences in the mitochondrial proteome between the RV and RA in patients with VSD. As such, caution should be used when
drawing conclusions based on analysis of the RA and extrapolating to the hypertrophied RV in different pathologies.
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ABSTRACT

Dp71 and Dp40 are the shorter dystrophin isoforms of the Duchenne muscular dystrophy (DMD) gene. Dp71 protein is the
most abundant product of this gene in the brain and the disruption of its expression has been related to the severity of the
cognitive impairment observed in DMD patients [1]. The Dp71 gene generates several isoforms through alternative splicing,
including dystrophin Dp40 which could play an important role in presynaptic function [2]. However, the specific function of
each one of these dystrophins is unknown. With the aim of understanding the role of dystrophins Dp71 and Dp40, we partially
characterized the proteome of PC12 cells overexpressing Dp71e, and mutants Dp71A78-79 and Dp40-L170P. We generated the
mutant dystrophin Dp71A78-79 that lacks the two last exons because the C-terminal end corresponds to a region that differs
between Dp71 isoforms. We reported that the Dp71A78-79 affects the expression of several proteins and stimulates neurite
outgrowth mainly through upregulation and phosphorylation of HspB1 [3]. In this work, we evaluated the role of dystrophin
Dp71e, an isoform expressed in PC12 cells, which lacks exons 78 and 79 and has 34 bp of intron 77. We found that the Dp71e
overexpression stimulates the neurite outgrowth and promotes the upregulation of proteins involved in the differentiation
process, in the cytoskeletal structuration as HspB1, S100A6 and K8, and in the neurotransmitter synthesis as HCNP as well as
the neuronal marker TH. Additionally, we studied the dystrophin mutants Dp40-L170P and Dp40-AL170 (L3238, according to
dystrophin Dp427). The deletion A3238 has been reported in patients with cognitive impairment [5]. Interestingly, both mutants
Dp40-L170P [4] and Dp40-AL170 are predominantly distributed in the nucleus of transiently transfected PC12 cells. A
morphometric analysis showed that the stably transfected PC12 Tet-On/Dp40-L170P cells are deficient in the neurite outgrowth
compared to control PC12 cells. Through proteomic analysis of PC12 Tet-On/Dp40-L170P cells, we found that all proteins with
differential expression were upregulated. One of these proteins was a-internexin, which is overexpressed when the axons are
hindered to reach its target [6]. In summary, these results support the notion that the dystrophins Dp71e, Dp71A78-79 and
Dp40 have a role in the regulation of proteins involved in the neurite outgrowth and this function is affected by the deletion of
L170 in Dp40 (Dp40-AL170).
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Figure 1| Cellular distribution of Dp71e and morphometric analysis in NGF-differentiated (9 days) PC12 Tet-On/Dp71e cells. (A) PC12 Tet-
On/Dp71e and (B) control PC12 Tet-On (empty vector) cells observed by confocal microscope using anti-Myc monoclonal antibody (green).
Nuclei were stained with DAPI (blue). The scale bar is equal to 25 pm. (C) Percentage of differentiation and (D) length of neurites in PC12
Tet-On/Dp71e cells compared to control PC12 Tet-On cells. ***P < 0.0001 denote statistical significance calculated using unpaired Student’s

t test.
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ABSTRACT

The thylakoid membrane is the site of the light-dependent reactions of photosynthesis. It harbors four main photosynthetic
protein complexes: Photosystem I (PSI) and PSII, together with their antenna systems LHCI and LHCII, Cytochrome b6f and
ATP-synthase. These complexes interact with supplementary proteins to ensure the metabolic flexibility required by plants to
cope with ever-changing environmental conditions.

In this study, an extensive analysis of the Pisum sativum thylakoid membrane proteome was performed by thylakoid isolation
from pea leaves, followed by protein extraction, in-solution trypsin digestion, mass spectrometry, and bioinformatics. A
SWATH-MS (sequential window acquisition of all theoretical spectra-mass spectrometry) -based quantitative proteomic
analysis [1] has been applied to investigate the thylakoid membrane proteome remodeling upon long-term acclimation of plants
to low (LL), moderate (CL) and high (HL) light intensities. By exploiting transcriptomic data available for Pisum sativum, whose
genome is only partially sequenced, a total 180 proteins were identified and quantified. Despite the evidence of a PSI/PSII ratio
unaffected by long-term changes in light intensity, roughly half of the proteins was over-expressed in HL. Among them, there
were several proteins involved in PSII disassembly and repair cycle, the ATP-synthase and the monomeric antenna Lhcb4.3.
Conversely, the expression level of the major LHCII antenna proteins was reduced in HL.

In summary, SWATH analysis enabled a precise label-free comparative quantification on a thylakoid proteome scale. Taken
together, our results demonstrate that the dynamics of the thylakoid membranes in plants grown at different light intensities is
due to changes at the proteomic level, that ultimately determine the mechanisms by which plants can thrive in changing light

conditions. These changes are a result of the fine-tuning of gene expression adopted by plants in response to long-term
acclimation.
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ABSTRACT

Tropomyosin is a component of thin filaments that constitute myofibrils, the contractile apparatus of striated muscles. In
vertebrates, except for fish, four TPM genes TPM1, TPM2, TPM3, and TPM4 are known. In zebrafish, there are six TPM genes
that include the paralogs of the TPM1 gene (TPM1-1 & TPM1-2), the paralogs of the TPM4 gene (TPM4-1 & TPM4-2), and two
single copy genes TPM2 and TPM3. However, the functional significance of this diversity and how it may affect interactions with
other sarcomeric proteins is not clear partly due to our incomplete knowledge of tropomyosin isoform diversity. To date, it is
still not explicitly established whether TPM3a protein is expressed in human hearts. Interestingly, only one isoform of TPM3
encoding a high molecular weight protein with 285 amino acid residues has been reported, which we call TPM3a. Recently, we
have cloned and sequenced two more TPM3 isoforms TPM3v and TPM3¢ both encode a protein with 285 amino acid residues.
Of the two, one is termed TPM3v and the other is called TPM3¢ (Figure 1). TPM3v contains exon 6A in place of 6B and exon 9D
in place of exon 9B as in TPM3a. Our other novel finding is the expression of TPM3¢ encoding identical protein like TPM3« but
having a different 3’-UTR region — TPM3& contains 9D whereas TPM3a contains exon 9B . Our conventional RT-PCR data
indicate that both isoforms are expressed in human heart and skeletal muscle and we are in the process of quantifying the
expression level of these isoforms. As the expression of TPM3a protein in human heart is still disputed, we performed 2D
Western blot analyses with human heart extract using CH1 monoclonal antibody that recognizes all sarcomeric isoforms with
exon 9A. We detected 5 spots with positive signals. Next, each of the protein spots were analyzed by LC-MS/MS analyses. The
amino acid sequences thus obtained show the presence of TPM3(in two spots. However, we failed to detect the sequence of exon
6A in either of the spots. Hence, we do not know whether TPM3{ protein is expressed in human hearts. If it is expressed at such
a low level that we are unable to detect this protein. In order to prove whether TPM3a is essential for cardiac contractility, one
has to have a suitable animal model. However, using RNA PCR and 2D Western blotting and subsequent LC-MS/MS analyses
we have established the expression of small quantities of TPM3a« transcripts and protein in zebrafish hearts. We have not yet
detected TPM3v in zebrafish. We have , however quantified the expression of TPM3« transcripts in zebrafish hearts. We believe
we will be able to use zebrafish as an animal model to study whether TPM3a« is involved in contractility in vertebrate hearts.

Figure 1. Three alternatively spliced isoforms TPM3e, H}—1] . . ] . g‘, . -1 & 8 ]
TPM3v, and TPM3¢ of the TPM3 gene. Primers P1& P2 e : ' ‘
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ABSTRACT

Human saliva proteomics gained interest in the last two decades, mostly due to the non-invasive nature of this fluid and its
potential for the diagnosis of different oral and systemic pathologies. Curiously, despite saliva being the fluid that first contacts
with food, only recently it has been an increased interest in the relationship between this fluid and ingestive behavior. The
relevance of saliva protein composition in food acceptance and preferences is evidenced by the observation that individuals
differing in oral food perception present particularities at level of salivary proteome. Individuals with different sensitivities for
astringency diverge in the levels of several salivary proteins [1]. The same is true concerning the perception of basic tastes,
namely bitter [2], [3] and sweet (Rodrigues et al., not published). Even aroma perception depends on saliva protein composition
[4]. Interestingly, some of the proteins observed to differ in function of oral food perception are proteins that present variations
with Body Mass Index (BMI) [5]. Besides this potential role of saliva in driving food choices, this fluid may have also potential as
a source of biomarkers of ingestion. Although less explored, until now, there are evidences of changes in saliva protein
composition based on the type of diet: diets rich in polyphenols induce modifications in saliva composition, in animal models
[6], [7]; high-fat diets were also observed to change the levels of salivary alpha-amylase in rats [8]. It is interesting to note that
the study of the link between salivary proteomics and ingestive behavior is useful in humans, but also in animal studies. Animal
saliva has been less well explored, but it is gaining interest. However, there are some particularities that need to be considered,
both at level of sample collection, treatment and protein identification [9]. These different points will be focused and critically
discussed in the present presentation.
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ABSTRACT

Crotalus durissus snakes are widely distributed in Brazilian territory[1,2] and show great variability in their venom composition,
which can implicate in venom toxicity [3]. This feature may result in difficulties to select venoms to antivenom production
[4,5,6,7]. Therefore, assessing these individual variations is necessary to understand the snakebite envenoming as well as to
improve the antivenom production in order to obtain a more effective serum [5,8]. In this way, the aim of this study was to
perform a comparative analysis of venom composition from 22 specimens of C. d. collilineatus using proteomics techniques
following biochemical and immunological parameters evaluation in mice with the five venoms presenting the most variability in
electrophoretical and chromatographic profiles. The venoms from 22 C. d. collilineatus snakes were fractionated on a RP-FPLC
system using a C18 column [9] followed by SDS-PAGE [10] and mass spectrometry analysis. Although they have presented
significant quantitative and qualitative differences in venom components, the chromatographic and electrophoretical profiles
were similar. Nevertheless, it was possible to identify for the first time some components as NGF, ACE, phosphodiesterase, 5'-
nucleotidase, carboxypeptidase, glutaminyl cyclase, glutathione peroxidase, NADH dehydrogenase and phospholipase B in C. d.
collilineatus venoms by proteomic techniques. Furthermore, after the experimental crotalic envenoming in mice, it was observed
that different venoms may lead to diverse biochemical and immunological effects, for example, the CK levels were different for
each group of envenoming mice and only one of the venoms was able to induce significant production of NO. Thus, the victims
of snakebite envenoming may present different clinical conditions. This study revealed unreported protein components C. d.
collilineatus venom and demonstrated that differences in the venom composition of the same subspecies may lead to different
pathophysiological effects during snakebite envenoming.
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ABSTRACT

Duchenne muscular dystrophy is the most frequently inherited neuromuscular disorder of early childhood and characterized by
primary abnormalities in the Dmd gene, which causes the almost complete absence of the membrane cytoskeletal protein
dystrophin of 427 kDa [1]. The full-length dystrophin isoform Dp427 forms a large protein complex in the plasma membrane of
certain cell types in skeletal muscles, the heart and the central nervous system. Over the last few years, a large number of
proteomic studies have investigated the dystrophin-glycoprotein complex and the secondary effects of the loss of dystrophin in
X-linked muscular dystrophy [2]. Our laboratory has focused on the comparative proteomic profiling of the mdx and the mdx-
4cv mouse models of dystrophinopathy with special emphasis on the elucidation of proteome-wide changes in various skeletal
muscles, the heart, the brain and blood serum [3-6]. Proteomic findings from gel- and mass spectrometry-based investigations
were verified by comparative immunoblotting surveys, enzyme-linked immunosorbent assays and immunofluorescence
microscopy. New proteomic markers of (i) cellular degeneration and myofibrosis in dystrophic skeletal muscles, (ii)
dystrophinopathy-associated cardiomyopathy, (iii) reactive gliosis in the dystrophin-deficient brain, and (iv) sterile
inflammation in the serum were identified by mass spectrometry. These novel biomarker candidates can now be evaluated for
their usefulness to improve diagnostic procedures, prognostic methods and therapeutic drug monitoring of X-linked muscular
dystrophy.
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ABSTRACT

Enveloped viruses comprise a large number of dangerous pathogens entering the host cell via fusion of their lipid envelope with
a target cellular membrane. The influenza virus hemagglutinin (HA) is a Class I prototypic glycoprotein responsible for this
reaction. There is X-ray crystallography and cryoelectron microscopy data available for the HA ectodomain revealing its spiky
architecture. In contrast, the HA anchoring segment is not resolved. This segment includes a transmembrane domain and a
cytoplasmic tail that are post-translationally modified with long fatty acids. Using MALDI-TOF mass spectrometry, we studied
differential S-acylation of influenza virus HA with palmitate and stearate. The isolation of hydrophobic peptides for the analysis
involved either (1) enzyme proteolysis of purified virus particles followed by extraction with chloroform/methanol (ch/met)
(Figure 1); (2) HA digestion within micelles of non-ionic detergent followed by ch/met extraction; or (3) HA electro-blotting to
nitrocellulose membrane followed by in situ trypsin digestion, hexafluoroisopropanol (HFIP) and ch/met extraction. We have
found site specific S-acylation of influenza virus HA: the location of the acylation site relative to the membrane border is the
decisive factor for the attachment of stearate [1]. Various lipidated proteins might be analyzed with the developed approaches to
get valuable structural information.
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ABSTRACT

Paediatric patients with congenital heart disease can be cyanotic or acyanotic depending on the malformation. Tetralogy of
Fallot (TOF) and ventricular septal defect (VSD) are relatively two common pathologies that are associated with right
ventricular hypertrophy. However, TOF can be chronically hypoxic and therefore considered as high risk during open heart
surgery [1,2]. Understating cardiac molecular and cellular remodelling in these pathients provides important information that
can help in the design of therapeutic interventions aimed at reducing reperfusion injury following cardioplegic arrest during
open heart surgery. Loss of control over calcium (Ca?*) mobilisation is key trigger of reperfusion injury. There are very few
studies investigating pathology-induced changes in ventricular protein expression linked to Ca?*-mobilisation. Therefore this
study investigated the differences in the Ca’* cycling proteins proteome and phosphproteome of TOF and VSD patients
undergoing open heart surgery. Right ventricular tissues were collected from both pathologies. Patients (n=6/group) were
matched for age. Protein extracts labelled with Tandem Mass Tag ten plex reagents (Thermo Fisher Scientific), were fractionated
by high pH reversed-phase chromatography and analysed using nano-LC MSMS. Titanium dioxide (TiO2)-based
phosphopeptide enrichment was used for phosphoproteomic analysis. Fold-change differences between protein values (ratio of
pooled samples) were calculated and significance between groups was determined using unpaired t-test. Differentially expressed
proteins (n=36) were detected. Six proteins were significantly higher in the TOF group which include adenylate cyclase,
calcium/calmodulin-dependent protein kinase, phospholamban (PLN) &  the ryanodine receptor. The following
phosphoproteins were lower in TOF: PLN at S16, sarcoplasmic reticulum histidine-rich calcium-binding protein at S145 &
Junctophilin-2 at T490. However, phosphorylated cardiac troponin I at S199 was higher in TOF. The finding for PLN-S16 is
similar to other studies and was linked to effects of hypoxia and hypertrophy. The novel findings for the rest of the proteins/
phosphoproteins provide further evidence for maladaptation of the right ventricle in cyanotic TOF patients with implications
for increased vulnerability to reperfusion injury during open heart surgery.
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ABSTRACT

Antimicrobial peptides from plants present mechanisms of action that are different from those of conventional defense agents.
They are under-explored but have a potential as commercial antimicrobials. Bell pepper and egg-plant leaves are discarded after
harvesting the fruit and are sources of bioactive peptides. This work reports the isolation by peptidomics tools and the partially
characterization by computational tools of two antimicrobial peptides, one from bell pepper (Capsicum annuum) leaves, called
HEV-CANN, and one from egg-plant (Solanum melongena L.) leaves, called CPI-SMEL, and evidences dificulties regarding the
in silico analysis for the study of plant peptides. Mass spectrometry, automated peptide sequencing and bioinformatics tools
were used alternately for identification and partial characterization of HEV-CANN, a Hevein-like peptide with 40 amino acid
residues, 4258 Da, theoretical pI-value of 8.78, and four disulfide bonds, and for identification of CPI-SMEL, a Carboxypeptidase
inhibitor peptide with 37 amino acid residues, 4089 Da, theoretical pI-value of 8.65 and three disulfide bonds. Computational
tools used for proteomics and databases are not adjusted for short sequences, which hamper peptide identification. The
adjustment of statistical tests in large databases for proteins is an alternative to promote the significant identification of peptides.
The development of specific databases for plant antimicrobial peptides, with information about peptide sequences, functional
genomic data, structural motifs and domains of molecules, functional domains, and peptide-biomolecule interactions are
valuable and necessary.

Figure 1. Three-dimensional structures of the Hevein-like pep-
tide from Capsicum annuum leaves (HEV-CANN, A) and the
Carboxypeptidase inhibitor peptide from Solanum melongena
L. Leaves (CPI-SMEL, B), both obtained by PHYRE?
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ABSTRACT

Two-dimensional gel electrophoresis (2DE) coupled with downstream “bottom-up” mass spectrometry (MS) continues to
represent the most rigorous and practicable combination for an altogether routine Top-down approach to Proteomics. 2DE
affords the highest available proteome resolution, offering sufficient resolving power to separate proteoforms in a single,
reproducible assay[1]. Nonetheless, in-gel protein detection sensitivity (DS) must be rigorously addressed to ensure that gel-
based methods provide optimal data for Discovery Proteomics. Experimental variables which impact DS must be controlled and
optimized where possible to provide meaningful outcomes and further progression of this Top-down analytical approach|[2].

Using protein standards independently assessed for purity, and resolved via modified 1DE models and 2DE - as well as 2DE of a
native proteome - we demonstrate that the DS for intact 2DE-resolved proteins rivals that of MS for peptide detection, and is
accomplished with common and cost-effective protein detection methods, i.e. an optimized colloidal Coomassie Brilliant Blue
(cCBB) staining protocol coupled with near-infrared fluorescence detection [3-5], or densitometry. The data suggest that DS
outcomes are highly dependent on image analysis software and associated methods for protein quantitation, and that image
acquisition criteria are critical to enabling the most comprehensive mining of the resolved proteome. Optimizing imaging
parameters and thus data input to provide the best possible analytical output enables more effective exploitation of the
unprecedented and exceptional 2DE DS achievable with ¢CBB. Simply, the field now has access to high resolution, high
sensitivity Top-down Proteomics that is both reasonably simple and cost effective.
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ABSTRACT

There are two main factors that influence the formation of alpha helices and beta strands by polypeptide chains: intrinsic
properties of amino acid residues and their combinations, and the influence of other parts of the same protein that are making
contacts with a given fragment of a chain. In this study we showed that the last factor plays significant role, especially, in the
formation of beta strands.

We used the set of 542 3D structures of bacterial proteins [1]. The proteins have been picked from proteomes of GC-poor and
GC-rich bacteria, as well as from those with average genomic GC-content.

Amino acid usage in beta strands situated between two other beta strands is drastically different from the one in beta strands
situated between two alpha helices. The usage of such hydrophilic amino acid residues, as Glu, Lys, Arg, Ser, Thr, Asn and Gln,
as well as Tyr and Trp, are significantly higher in beta strands situated between two beta strands. The usage of the strongest beta
strand forming amino acids (Val and Ile), as well as of Leu, Ala, Met and Cys are significantly higher in beta strands situated
between two alpha helices. Beta strands situated between two alpha helices must be much more stable than those situated
between beta strands. In the last case beta strands situated around can turn a hydrophilic sequence into another beta strand.

The differences between alpha helices situated between two other alpha helices and those situated between two beta strands are
listed below: Lys, Asn, Gly and Cys are used significantly more frequently in alpha helices between beta strands, while Arg, Leu
and Trp are used significantly more frequently in alpha helices between two other alpha helices. Alpha helices situated between
alpha helix and beta strand also show some specific features relative to alpha helices situated between beta strand and alpha helix
(Arg? ; Glnt ; Gly| ; Tyr| ), and relative to alpha helices situated between two alpha helices (Lys? ; Asnt ; Ala] ; Tyr] ;

Trpl ).

We calculated the frequencies of combinations of two amino acids in all the types of alpha helices and beta strands and built
propensity scales for the most stable beta strands (those situated between two alpha helices), and for the most stable alpha
helices (those situated between two beta strands, and between alpha helix and beta strand). These scales together with the scale
for the most stable coil (between two beta strands [1]) have been inserted into the PentaFOLD algorithm (http://
chemres.bsmu.by). That algorithm has been used for the design of a prion peptide CC36 that contains a reconstructed part of a
beta hairpin from a pathological form of prion protein [2].
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ABSTRACT

Rationale: It has previously been demonstrated that cardiac recovery following ischemia-reperfusion injury displays a biphasic
pattern of change over the course of postnatal development, with the greatest degree of functional recovery seen in rats of
approximately 14 days of age (Figure 1A1). The underlying cause for these differences in vulnerability to cardiac insult are
currently unknown, and the majority of mechanisms proposed do not account for the precise biphasic pattern of change seen.
Due to the importance of pathways such as Reperfusion Injury Salvage Kinase (RISK) & Survivor Activating Factor
Enhancement (SAFE) in promoting cell survival following cardiac insult, as well as in current methods of cardioprotection, we
hypothesise that it is differences in such signalling pathways and their constituent proteins at different stages of postnatal
development that account for these biphasic changes in cardiac recovery.

Methods: Three runs of Tandem Mass Tag 10-plex (TMT10plex) analysis were performed on cardiac extracts from 7 day (n=4),
14 day (n=8), 28 day (n=_8) and adult (n=7) rats, each sample labelled with a unique reporter group (126 N/C, 127 N/C, 128 N/C,
129 N/C, 130 N/C), before pooling into a single sample (131). Following LC-MS/MS analysis, proteins involved in survival
signalling pathways were identified within the resulting proteomic output, and analysed for statistically significant changes using
Oneway-ANOVA.

Results: Over 300 proteins linked to key survival signalling pathways, either as direct effectors or as upstream or downstream
targets, were found to display statistically significant biphasic changes in expression, peaking or dropping at 14 days of age. Of
particular interest, crucial components of the RISK and SAFE signalling pathways such as Aktl, ERK1, JAK1 and STATS3, as well
as downstream targets such as PKCe, showed the greatest expression in 14 day old hearts.

Conclusion: Our data indicate a strong correlation between the expression of survival signalling related proteins and the
biphasic changes in cardiac vulnerability to ischemia-reperfusion injury seen in rat hearts. Whilst further investigation will be
required to determine a causal role further to this currently associative relationship, our findings provide support for the
mechanistic role of survival signalling pathways in the improved recovery following injury seen in 14 day old rats, and highlight
potential proteins of interest for future therapeutic strategies in the treatment of this form of cardiac insult.
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Figure 1| A. The biphasic change in functional recovery following Ischemia-Reperfusion injury during postnatal development in rats (RPP
= Rate-Pressure Product).! B. Examples of biphasic changes in the expression of key survival signalling-related proteins.
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ABSTRACT

The Cdc42 proteins (Cell Division Cycle 42), a member of the Rho family of GTPases, are intracellular signaling molecules well known for
their role in the cytoskeleton regulation [1]. This protein cycles between an active state (GTP-bound) and an inactive state (GDP-bound) and
this regulation is modulated by proteins known as GEFs, GAPs and GDIs. Recent studies demonstrated roles for Cdc42 in apoptosis and
senescence, cellular responses commonly triggered by genotoxic stress [2]. More specifically, in some tumor cells the Cdc42 constitutively
active mutant, Cdc42-V12, was shown to act as anti-proliferative GTPase [3]. This work sought to identify Cdc42 interactions with other
proteins possibly involved in DNA damage response and repair mechanisms. To reach these aims we used HeLa and MRC-5 cell lines
submitted to treatments with ultraviolet C radiation to induce DNA damage. Two experimental conditions were used for each cell line, with
different times and doses post UV irradiation, in order to search for proteins involved in either rapid or delayed response to the installed DNA
damage. Cell lysates obtained from these treatments were subjected to pull-down experiments using recombinant proteins GST, GST-Cdc42-
WT (Wild type) and GST-Cdc42-V12. Purified proteins were digested by trypsin, analyzed by mass spectrometry and the obtained data were
used for the construction of protein-protein interaction (PPI) networks. Among the identified proteins those seemingly more relevant to the
aims of this work are: Prohibitin-2 (PHB2), found in samples incubated 48 hours post irradiation; Cullin-4A (CUL4A) and P53, found in
samples incubated 5 minutes after radiation. These proteins have roles in apoptosis and DNA repair and were observed in close proximity to
Cdc42 in PPI networks, in addition to other proteins belonging to canonical DNA repair mechanisms, making them interesting targets for
future validation by different experimental approaches. These findings are in accordance with biological assays showing that cells over
activating Cdc42 are more sensitive to DNA effects of UV radiation.
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ABSTRACT

A major problem for the acceptance of two-dimensional (2D) protein gel electrophoresis for proteome analysis has been the lack
of comparability of gel images among different laboratories or even within the same working group. Now, the generation of a
reference grid of marker proteins in parallel to the separation of the analyte allows the correction of protein coordinates both in
x (protein isoelectric point)- and y (molecular weight)-direction. This is achieved by use of multiple fluorescent dyes for
standards and samples on the same gel. A net of ~100 marker nodes spans the gel and provides reference points for triangulation
(Figure 1). The deviation from mean is improved by an order of magnitude. The technology termed Comparative 2D
Fluorescence Gel Electrophoresis (CoFGE) can be carried out in both vertical and horizontal electrophoresis instrumentation
with the latter being much more comfortable. With CoFGE, archiving of coordinates of proteins identified by mass
spectrometry in databases has become reality and a Repository of Gel-Separated Proteins (ReGeSeP) was generated for storing
and searching protein IDs, coordinates and proteome gel images. The technology was licensed and awarded with the WWU
Transfer Prize 2013/2014. [1-4]

Figure 1| False-color image ofa horizontal CoFGE experiment (E. coli - red, marker grid - green).
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ABSTRACT

Omics technologies, such as proteomics or metabolomics, have to date been applied in the field of nanomaterial safety
assessment to a limited extent. To address this dearth, we developed an integrated approach combining the two techniques to
study the effects of two sizes, 5 and 30 nm, of gold nanoparticles (AuNPs) in Caco-2 cells. We observed differences in cells
exposed for 72 h to each size of AuNPs: 61 responsive (up/down-regulated) proteins were identified and 35 metabolites in the
cell extract tentatively annotated. Several altered biological pathways were highlighted by integrating the obtained multi-omics
data with bioinformatic tools. This provided a unique set of molecular information on the effects of nanomaterials at cellular
level. This information was supported by complementary data obtained by immunochemistry, microscopic analysis and
multiplexed assays. A part from increasing our knowledge on how the cellular processes and pathways are affected by
nanomaterials (NMs), these findings could be used to identify specific biomarkers of toxicity or to support the safe-by-design
concept in the development of new nanomedicines [1].
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ABSTRACT

The study of the mechanisms that lead to the formation of new species is of special interest in marine ecosystems due to the lack
of obvious barriers to gene flow. Mussels of the genus Mytilus are marine organisms with external fertilization able to hybridize
where the distribution of two species overlap, allowing the study of reproductive isolation mechanisms in a natural scenario.
Because the formation of hybrids is so frequent between Mytilus spp., it is likely that different types of reproductive barriers,
both at pre- and post-zygotic levels, might be playing a role to preserve the genome integrity of each species. The relative
contribution and underlying molecular mechanisms of each are far from clear. Choosing reproductive tissue or gametes as the
main research target should help to elucidate some of these basic aspects in reproductive and evolutionary biology. An
integrated approach combining results from different -omic levels represents the preferred strategy in order to reach more
realistic conclusions. I will present results from ongoing research in my lab with different populations of two Mytilus spp.,
including mussels from a hybrid zone. Results will be discussed from an evolutionary ecology viewpoint.
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ABSTRACT

Burkitt’s lymphoma (BL) and diffuse large B-cell lymphoma (DLBCL) are pathologically and clinically distinct subtypes of
aggressive non-Hodgkin B-cell lymphoma. A comprehensive metaboproteomic approach was conducted to study both
established cell lines as well as cryopreserved tissue sections. Therefore, NMR- and MS-based metabolome analyses were
complemented by SWATH-MS-based quantitative proteomics. Furthermore, the proteomic approach was also extended to
formalin-fixed paraffin-embedded (FFPE) tissue sections of BL and DLBCL. Thereby, a comprehensive analysis on both
metabolomics and proteomic level was accomplished which allows deeper insight into tumour- and tumour-environment-based
processes. Moreover, we were able to show comparability and relevance of cell culture findings in different tissue specimens as
well as transferability of marker proteins from the SWATH-analyses to further techniques like immunohistochemistry.
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