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Landscape of heart proteome changes in a diet-induced obesity model
Danielle F. Vileigas1*, Victoria M. Harman2, Paula P. Freire3, Cecília L. C. Marciano1, 

Paula G. Sant’Ana1, Sérgio L. B. de Souza1, Gustavo A. F. Mota1, Vitor L. da Silva1, 

Dijon H. S. Campos1, Carlos R. Padovani4, Katashi Okoshi1, Robert J. Beynon2, 

Lucilene D. Santos5 & Antonio C. Cicogna1*
Obesity is a pandemic associated with a high incidence of cardiovascular disease; however, the 

mechanisms are not fully elucidated. Proteomics may provide a more in-depth understanding of the 

pathophysiological mechanisms and contribute to the identification of potential therapeutic targets. 

Thus, our study evaluated myocardial protein expression in healthy and obese rats, employing two 

proteomic approaches. Male Wistar rats were established in two groups (n = 13/group): control diet 

and Western diet fed for 41 weeks. Obesity was determined by the adipose index, and cardiac function 

was evaluated in vivo by echocardiogram and in vitro by isolated papillary muscle analysis. Proteomics 

was based on two-dimensional gel electrophoresis (2-DE) along with mass spectrometry identification, 

and shotgun proteomics with label-free quantification. The Western diet was efficient in triggering 

obesity and impaired contractile function in vitro; however, no cardiac dysfunction was observed 

in vivo. The combination of two proteomic approaches was able to increase the cardiac proteomic 

map and to identify 82 differentially expressed proteins involved in different biological processes, 

mainly metabolism. Furthermore, the data also indicated a cardiac alteration in fatty acids transport, 

antioxidant defence, cytoskeleton, and proteasome complex, which have not previously been 

associated with obesity. Thus, we define a robust alteration in the myocardial proteome of diet-induced 

obese rats, even before functional impairment could be detected in vivo by echocardiogram.Obesity is a complex metabolic disease that may lead to severe damage to health, and its prevalence worldwide 

has nearly tripled since 1975, according to the World Health Organization1. In 2016, over 650 million adults were 

obese, and if this current trend continues, it will reach increasingly alarming numbers1,2. Obesity has been con-

sidered a common global pandemic disease, imposing a heavy burden on public health with a profound impact 

on morbidity and mortality, and health care costs3.Considerable clinical and experimental evidence has associated obesity with an increased risk for the devel-

opment of various comorbidities4. Furthermore, obesity is recognized as an independent and increasingly preva-

lent risk factor for cardiovascular disease (CVD)5. The excess of adipose tissue may promote maladaptation that 

results in alterations in cardiac structure and systolic and, particularly, diastolic function, which subsequently 

may progress to heart failure depending on the severity and duration of obesity6,7. The mechanisms underlying 

functional impairment of the heart in obesity are complex and incompletely elucidated, and disturbances in 

pathways at the cardiomyocyte level, myocardium, and heart chambers may be involved8. Indeed, alterations in 

cardiac energy metabolism of the cardiomyocyte, particularly involving fatty acids, play a significant impact on 

cardiac function and efficiency, contributing to the development of obesity-related cardiomyopathies9.1Department of Internal Medicine, Botucatu Medical School, São Paulo State University (UNESP), Botucatu, São 
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Protein biosynthesis is energetically costly, is tightly regulated and is coupled to stress

conditions including glucose deprivation. RNA polymerase III (RNAP III)-driven transcription

of tDNA genes for production of tRNAs is a key element in efficient protein biosynthesis.

Here we present an analysis of the effects of altered RNAP III activity on the

Saccharomyces cerevisiae proteome and metabolism under glucose-rich conditions. We

show for the first time that RNAP III is tightly coupled to the glycolytic system at the

molecular systems level. Decreased RNAP III activity or the absence of the RNAP III nega-

tive regulator, Maf1 elicit broad changes in the abundance profiles of enzymes engaged in

fundamental metabolism in S. cerevisiae. In a mutant compromised in RNAP III activity,

there is a repartitioning towards amino acids synthesis de novo at the expense of glycolytic

throughput. Conversely, ce
lls lacking Maf1 protein have greater potential for glycol

ytic flux.

Introduction
Regulation of glycolytic flux is a long-standing, but still

highly relevant, issue in biology and pathobiol-

ogy. Glycolytic performance is connected to enzymes abundance, cell fermentative activity and prolifer-

ation, all hallmarks of the ‘Warburg effect’. Both Saccharomyces cerevisiae and mammalian cells can

sense glycolytic state/flux intracellularly, a dominant signal over that of ex
ternal nutritional status [1–

4]. In S. cerevisiae under favorabl
e growth conditions, high glycolytic activity elicits rapid cell growth,

due to the robust synthesis of proteins
and biomass expansion [5–7 ]. Nutrient-limited growth, on the

other hand, is associated with a down-regulation of transcription and protein synthesis to reduce

demands on the ribosomal machinery and an appropriate supply of amino acids and tRNAs.

As key players in protein synthesis, transfer RNAs ar
e synthesized by RNA polymerase III (RNAP

III), which is also responsible for the transcription of other specific products such as ribosomal 5S

rRNA and spliceosomal U6 snRNA. RNAP III activity is regulated by extracellular glucose leve
ls [8 ,9 ].

The only known direct regulatory factor of RNAP III in S. cerevisiae is the protein Maf1, a mediator

of a range of stress signals [10 –13 ] co
nserved from yeast to human [14]. Yeast Maf1 inhibits RNAP

III activity reversibly under carbon source starvation and oxidative stress, reducing tRNA transcript

levels [15]. Although the MAF1 gene is not essential for yeast viability, maf1Δ cells are unable to

repress RNAP III [15–18 ].

Under favorable growth conditions, Maf1 is an interaction partner of several cytoplasm
ic proteins

playing different biological functio
ns (Figure 1A,B), but its function in the cytoplasm is unknown.

Maf1 is a target of several kinases and phosphorylation patterns may dictate cellular localization

[15,41–47 ] (Figure 1B).
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Neutrophil Extracellular Traps (NETs) are implicated in the development of auto-immunity

in diseases such as rheumatoid arthritis (RA) and systemic lupus erythematosus

(SLE) through the externalization of intracellular neoepitopes e.g., dsDNA and nuclear

proteins in SLE and citrullinated peptides in RA. The aim of this work was to use

quantitative proteomics to identify and measure NET proteins produced by neutrophils

from healthy controls, and from patients with RA and SLE to determine if NETs can be

differentially-generated to expose different sets of neoepitopes. Ultra-pure neutrophils

(>99%) from healthy individuals (n = 3) and patients with RA or SLE (n = 6 each) were

incubated ± PMA (50 nM, PKC super-activator) or A23187 (3.8µM, calcium ionophore)

for 4 h. NETs were liberated by nuclease digestion and concentrated onto Strataclean

beads prior to on-bead digestion with trypsin. Data-dependent LC-MS/MS analyses

were conducted on a QExactive HF quadrupole-Orbitrap mass spectrometer, and

label-free protein quantification was carried out using Progenesis QI. PMA-induced NETs

were decorated with annexins, azurocidin and histone H3, whereas A23187-induced

NETs were decorated with granule proteins including CAMP/LL37, CRISP3, lipocalin

and MMP8, histones H1.0, H1.4, and H1.5, interleukin-8, protein-arginine deiminase-4

(PADI4), and α-enolase. Four proteins were significantly different between PMA-NETs

from RA and SLE neutrophils (p < 0.05): RNASE2 was higher in RA, whereas MPO,

leukocyte elastase inhibitor and thymidine phosphorylase were higher in SLE. For

A23187-NETs, six NET proteins were higher in RA (p < 0.05), including CAMP/LL37,

CRISP3, interleukin-8, MMP8; Thirteen proteins were higher in SLE, including histones

H1.0, H2B, and H4. This work provides the first, direct comparison of NOX2-dependent

(PMA) and NOX2-independent (A23187) NETs using quantitative proteomics, and the

first direct comparison of RA and SLE NETs using quantitative proteomics. We show

that it is the nature of the stimulant rather than neutrophil physiology that determines

NET protein profiles in disease, since stimulation of NETosis in either a NOX2-dependent
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Abstract 

Antiepileptogenic	ag
ents	that	prevent	th

e	development	of	ep
ilepsy	following	a	br

ain	

insult	remain	the	ho
ly	grail	of	epilepsy	th

erapeutics.	We	have
	employed	a	label‐fr

ee	

proteomic	approach
	that	allows	quantifi

cation	of	large	numb
ers	of	brain‐express

ed	

proteins	in	a	single	a
nalysis	in	the	mouse

	(male	C57BL/6J)	ka
inate	(KA)	model	of	

epi‐

leptogenesis.	In	addi
tion,	we	have	incorp

orated	two	putative	
antiepileptogenic	dr

ugs,	

postsynaptic	densit
y	protein‐95	blockin

g	peptide	 (PSD95BP
	or	Tat‐NR2B9c)	and

	a	

highly	selective	 indu
cible	nitric	oxide	sy

nthase	 inhibitor,	140
0W,	to	give	an	 insig

ht	

into	how	such	agent
s	might	ameliorate	e

pileptogenesis.	The	
test	drugs	were	adm

in‐

istered	after	the	ind
uction	of	status epilepticus	(SE)	and	the	anima

ls	were	euthanized	

at	7	days,	their	hippo
campi	removed,	and

	subjected	to	LC‐MS
/MS	analysis.	A	tota

l	of	

1
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Molecular complexity of the major urinary protein system of the Norway rat, Rattus norvegicusGuadalupe Gómez-Baena1, Stuart D. Armstrong1, Josiah O. Halstead2, Mark Prescott1, 

Sarah A. Roberts2, Lynn McLean1, Jonathan M. Mudge3, Jane L. Hurst  2 & Robert J. Beynon  1

Major urinary proteins (MUP) are the major component of the urinary protein fraction in house mice 

(Mus spp.) and rats (Rattus spp.). The structure, polymorphism and functions of these lipocalins have 

been well described in the western European house mouse (Mus musculus domesticus), clarifying their 

role in semiochemical communication. The complexity of these roles in the mouse raises the question 

of similar functions in other rodents, including the Norway rat, Rattus norvegicus. Norway rats express 

MUPs in urine but information about specific MUP isoform sequences and functions is limited. In this 

study, we present a detailed molecular characterization of the MUP proteoforms expressed in the urine 

of two laboratory strains, Wistar Han and Brown Norway, and wild caught animals, using a combination 

of manual gene annotation, intact protein mass spectrometry and bottom-up mass spectrometry-

based proteomic approaches. Cluster analysis shows the existence of only 10 predicted mup genes. 

Further, detailed sequencing of the urinary MUP isoforms reveals a less complex pattern of primary 

sequence polymorphism in the rat than the mouse. However, unlike the mouse, rat MUPs exhibit added 

complexity in the form of post-translational modifications, including the phosphorylation of Ser4 in 

some isoforms, and exoproteolytic trimming of specific isoforms. Our results raise the possibility that 

urinary MUPs may have different roles in rat chemical communication than those they play in the house 

mouse. Shotgun proteomics data are available via ProteomExchange with identifier PXD013986.
Physiological production of substantial protein in the urine is well known in both rats and house mice1,2. The pro-

tein fraction is dominated by 18–19 kDa, eight stranded beta-barrel lipocalins known as major urinary proteins 

(MUPs, also named as α2u-globulins when first identified in rats2,3). In the mouse, Mus musculus domesticus, uri-

nary MUPs are a heterogeneous mixture of multiple isoforms that are very similar in mass and isoelectric point4, 

where they play critical roles in olfactory communication. First, they act as carriers for low molecular weight 

pheromones and other constituents, delaying their release from urinary scent marks5,6. In the house mouse, MUP 

polymorphism also provides an identity signal for individual and kin recognition7–9 and may play a role in species 

recognition4. Finally, MUPs act as pheromones in their own right9–11.
The structure and functions of MUPs in the house mouse are well established and serve to emphasise the 

significantly lower degree of understanding of the MUP system in rats, which differ in social organization from 

house mice12. Evidence is emerging that rat MUPs are likely to be important in male sexual and/or competitive 

communication, with urinary MUP output appearing around male puberty and increasing with a surge in tes-

tosterone levels13,14. Male rats that are preferred by females express a greater amount of urinary MUP, and female 

rats are attracted to spend time near the high molecular weight fraction of male urine that contains rat MUPs and 

other urinary proteins15. Females also spend longer sniffing glass rods painted with castrated male urine if recom-

binant MUPs are added to the urine at normal physiological concentration14. Exposure to recombinant MUPs 

stimulates increased expression of the immediate early gene c-fos in the accessory olfactory bulbs of females and 

in brain areas known to be involved in pheromone-induced sexual behaviours14. However, the specific functions 

played by rat MUPs in sexual and/or intrasexual competitive communication have yet to be addressed, and it is 

not known whether different MUP isoforms play different roles as among mice.1Centre for Proteome Research, Institute of Integrative Biology, University of Liverpool, Crown Street, L697ZB, 

Liverpool, United Kingdom. 2Mammalian Behaviour and Evolution Group, University of Liverpool, Leahurst Campus, 

Neston, United Kingdom. 3EMBL-EBI, Wellcome Genome Campus, Hinxton, Cambridgeshire, CB10 1SD, United 

Kingdom. Correspondence and requests for materials should be addressed to R.J.B. (email: r.beynon@liverpool.ac.uk)
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ABSTRA
CT: Carbohy

drates po
ssess a v

ariety of
distinct

features
with stereoch

emistry playing
a particula

rly

importan
t role in distingui

shing their structure
and

function
. Monosacch

aride building
blocks a

re defined
by

a high density
of chiral centers.

Addition
ally, the

anomeri
city and

regioche
mistry o

f the gly
cosidic l

inkages

carry im
portant b

iological
informat

ion. Any
carbohyd

rate-

sequenci
ng meth

od needs to
be precis

e in determin
ing all

aspects o
f this ste

reodiver
sity. Rec

ently, se
veral adv

ances

have been made in developi
ng fast and

precise a
nalytical

techniqu
es that have the potentia

l to address
the

stereoch
emical complex

ity of carbohyd
rates. This per-

spective
seeks to

provide
an overview

of some
of these

emerging
techniqu

es, focus
ing on those th

at are ba
sed on

NMR and MS-hybrid
ized technolo

gies including
ion

mobility
spectrom

etry and
IR spectrosc

opy.

■ INTROD
UCTION

Intricate
ly fine-tune

d glycans
decorate

all cells
and have a

plethora
of function

s ranging
including

mediatin
g cell−cell

adhesio
n, cell motility,

protein
folding,

and immune

response
.1,2 Thei

r functio
ns are m

ediated e
ither by

recogniti
on

with a glycan
-binding

protein (GBP) o
r throug

h the inhe
rent

chemica
l proper

ties of the saccharid
e including

altering
the

propertie
s of any

conjugat
e to which they are

bound.
1 Natural

glycans
are typically

heteroge
neous, w

ith the abundan
ces of

these diff
erent gly

coforms
varying o

ver time,
from individua

l to

individua
l, by nut

ritional s
tate, and

from the cell e
nvironm

ent,

along with many other factors that are still poo
rly under-

stood.
3,4 These gl

ycans ar
e exploit

ed during p
athogene

sis, and

aberrant
glycan structure

s are associate
d with a number

of

disease s
tates.

5 Glycofor
ms may

also change d
uring the

course

of disea
se progress

ion, so
identifyin

g these changes
enables

early treatmen
t and treatmen

t stratifica
tion.

6 Given the

establish
ed connecti

on between
their structure

and their

function
, full characte

rization
of unknown

carbohyd
rates

ideally with minimal
sample derivatiz

ation/lab
eling, is

critical

and repr
esents on

e of the m
ajor road

blocks w
ithin the

progress

of the gl
ycoscien

ces.
7 Furtherm

ore, the
developm

ent of gl
ycan

and glycocon
jugate therapeu

tics will necessita
te accurate

,

precise,
sensitive

, and high-thro
ughput

analytics
to unequiv-

ocally ch
aracteriz

e the car
bohydra

te struct
ure.

Carbohy
drates possess

unparall
eled levels of structura

l

complex
ity compare

d to other cla
sses of b

iological
molecule

s

and are found free, adh
ered to proteins

and lipids, a
nd as

polysacc
harides.

This complex
ity normally

arises from the

number
of chemica

lly similar (and often isomeric
) mono-

saccharid
e building

blocks,
the position

and orientati
on of

glycosidi
c linkage

s, and br
anching

(Figure 1
). The b

iosynthe
sis

of carbo
hydrates

is not te
mplate-d

riven; alt
hough the com

plex

biosynth
etic pathway

s of glycocon
jugates

have been exten-

sively studied,
in particula

r for human
glycans

that are all

derived
from 10 monome

ric building
blocks,

and many

structure
s contain

conserve
d cores.

As a resu
lt, many

analytica
l

approach
es rely on these studies t

o infer che
mical str

uctures.

Where the pathway
s are less predicta

ble or unknow
n

altogethe
r, such

as in plant me
tabolites

or bacte
rial glyc

ans,

analysis
is still ve

ry slow. M
any analytica

l approa
ches req

uire

highly p
urified standard

s (somet
imes in

amounts
greater t

han

biologica
lly availa

ble) that
are diffic

ult to ob
tain by is

olation o
r

synthesis
, necessi

tate derivatiz
ation to facilitate

separatio
n or

detection
, and often employ

cocktails
of glyco

sidases,
which

are not available
for every linkage.

As a result,
our

understa
nding of endogen

ous carbohyd
rate structure

and

function
still lags

behind that of o
ther bio

molecule
s, despit

e

carbohyd
rates rep

resenting
the most

abundan
t biologi

cal class.
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ABSTRACT

The chemokine-like peptide, chemerin, stimulates chemotaxis in several cell 

types. In this study we examined the expression of putative chemerin receptors 

in gastric cancer and the action of chemerin on cancer cell migration and invasion. 

Immunohistochemical studies of gastric tumors identified expression of two putative 

receptors, chemokine-like receptor-1 (CMKLR1) and G-protein coupled receptor 

1(GPR1), in cancer cells; there was also some expression in stromal myofibroblasts 

although generally at a lower intensity. The expression of both receptors was 

detected in a gastric cancer cell line, AGS; chemerin itself was expressed in 

cultured gastric cancer myofibroblasts but not AGS cells. Chemerin stimulated (a) 

morphological transformation of AGS cells characterized by extension of processes 

and cell scattering, (b) migration in scratch wound assays and (c) both migration 

and invasion in Boyden chamber chemotaxis assays. These responses were inhibited 

by two putative receptor antagonists CCX832 and α-NETA. Inhibition of receptor 

expression by siRNA selectively reduced CMKLR1 or GPR1 and inhibited the action 

of chemerin indicating that both receptors contributed to the functional response. 

Using a proteomic approach employing stable isotope dynamic labeling of secretomes 

(SIDLS) to selectively label secreted proteins, we identified down regulation of tissue 

inhibitors of metalloproteinease (TIMP)1 and TIMP2 in media in response to chemerin. 

When cells were treated with chemerin and TIMP1 or TIMP2 the migration response 

to chemerin was reduced. The data suggest a role for chemerin in promoting the 

invasion of gastric cancer cells via CMKLR1 and GPR1at least partly by reducing TIMP1 

and TIMP2 expression. Chemerin receptor antagonists have potential in inhibiting 

gastric cancer progression.

INTRODUCTION

Gastric cancer is considered to be the second 

commonest cause of cancer mortality worldwide [1]. Early 

detection favours survival but nevertheless the prognosis 

is dismal for most patients with 5 year survival in many 

parts of the world of about 20% [2]. It is well established 

that infection with Helicobacter pylori carries an increased 

risk of gastric cancer but progression occurs over many 

decades following a well document sequence of chronic 

inflammation, atrophy, metaplasia and dysplasia [3, 4]. 

While genetic, dietary and environmental factors may all 

www.oncotarget.com                                            Oncotarget, 2019, Vol. 10, (No. 2), pp: 98-112
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Rapid identification of species, sex and

maturity by mass spectrometric analysis of

animal faecesNicola B. Davidson1†, Natalie I. Koch2†, Joscelyn Sarsby2†, Emrys Jones3, Jane L. Hurst1* and Robert J. Beynon2*

Abstract
Background: We describe a new approach to the recovery of information from faecal samples, based on the

analysis of the molecular signature generated by rapid evaporative ionisation mass spectrometry (REIMS).

Results: Faecal pellets from five different rodent species were analysed by REIMS, and complex mass spectra were

acquired rapidly (typically a few seconds per sample). The uninterpreted mass spectra (signatures) were then used

to seed linear discriminant analysis and classification models based on random forests. It was possible to classify

each species of origin with a high rate of accuracy, whether faeces were from animals maintained under standard

laboratory conditions or wild-caught. REIMS signatures were stable to prior storage of the faecal material under a

range of different conditions and were not altered rapidly or radically by changes in diet. Further, within species,

REIMS signatures could be used to discriminate faeces from adult versus juvenile mice, male versus female mice

and those from three different laboratory strains.

Conclusions: REIMS offers a completely novel method for the rapid analysis of faecal samples, extending faecal

analysis (previously focused on DNA) to an assessment of phenotype, and has considerable potential as a new tool

in the armamentarium of the field biologist.

Keywords: Faecal analysis, Faeces, Mass spectrometry, Species identification, Rodents

IntroductionFaeces are a common ‘calling card’ left by animals in the

wild, and such deposits have proven to be a valuable

source of information regarding species [1, 2], sex [3],

diet [4] and physiological status, notably stress hormone

metabolites [5]. Identification of species in the field is re-

quired for a variety of reasons, including pest control,

conservation and scientific research [1, 6, 7]. Collection

of faeces is less labour intensive than methods to detect

or capture live animals; furthermore, faeces may be the

only material available to identify cryptic species [1, 8].

The predominant modes of faecal analysis are based on

a visual categorisation of macroscopic dietary remains

(such bones or wing carapaces) or by analysis of DNA,

both of which can be protracted and require expert skills

[9, 10]. There is a scope for novel approaches to faecal

analysis to supplement and support such methods, espe-

cially for new methods that are rapid and easily applied.

One of the major areas of development in biological

mass spectrometry has been the development of new

ambient ion sources that permit mass spectral data to be

collected without prior sample preparation [11–13]. The

relatively new technique of rapid evaporative ionisation

mass spectrometry (REIMS) provides a new potential

method for the analysis of information contained in fae-

ces. In REIMS acquisition, samples are subjected to a

high-frequency alternating current that generates heat in

the sample which, in turn, creates an aerosol containing

biological molecules. The molecules are then subjected

to ‘soft’ ionisation that generates information-rich mo-

lecular ions [14]. To date, REIMS has found applications

in the provision of new information during surgical dia-

thermy (electrosurgery) [11, 14–16], in the examination

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0

International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and

reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver

(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Abstract

Acute pancreatitis (AP) is acute inflammation of the pancreas, mainly caused by gallstones

and alcohol, driven by changes in communication between cells. Heparin-binding proteins

(HBPs) play a central role in health and diseases. Therefore, we used heparin affinity prote-

omics to identify extracellular HBPs in pancreas and plasma of normal mice and in a caeru-

lein mouse model of AP. Many new extracellular HBPs (360) were discovered in the

pancreas, taking the total number of HBPs known to 786. Extracellular pancreas HBPs form

highly interconnected protein-protein interaction networks in both normal pancreas (NP)

and AP. Thus, HBPs represent an important set of extracellular proteins with significant reg-

ulatory potential in the pancreas. HBPs in NP are associated with biological functions such

as molecular transport and cellular movement that underlie pancreatic homeostasis. How-

ever, in AP HBPs are associated with additional inflammatory processes such as acute

phase response signalling, complement activation and mitochondrial dysfunction, which

has a central role in the development of AP. Plasma HBPs in AP included known AP bio-

markers such as serum amyloid A, as well as emerging targets such as histone H2A. Other

HBPs such as alpha 2-HS glycoprotein (AHSG) and histidine-rich glycoprotein (HRG) need

further investigation for potential applications in the management of AP. Pancreas HBPs are

extracellular and so easily accessible and are potential drug targets in AP, whereas plasma

HBPs represent potential biomarkers for AP. Thus, their identification paves the way to

determine which HBPs may have potential applications in the management of AP.
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Myoblast Ph
osphoprot

eomics as a To
ol to Inves

tigate Glob
al

Signaling
Events Du

ring Myogenesis

Fiona K. Jones, G
emma E. Hardman, Samantha Ferries, Cl

aire E. Eye
rs,

and Addolorata
Pisconti

Abstract

Protein phosphor
ylation is a universal

covalent c
hemical modificatio

n of amino acids invo
lved in a large

number of bio
logical pro

cesses inc
luding cell signal

ing, metabolism
, prolifera

tion, diffe
rentiation

, survival/

death, ag
eing, and

many more. Regu
lation of protein

phosphor
ylation is essential

in myogenesis
and

indeed, w
hen the enzymatic activi

ty of protein
kinases is

distrupted
in myoblasts,

myogenesis
is affected

.

In this chapt
er we des

cribe a method to profile the
phosphop

roteome of myoblasts u
sing mass spectr

ome-

try. Phosp
hate groups ar

e labile and easily lost durin
g the processin

g of samples for m
ass spectr

ometry.

Thus, effe
ctive methods to

enrich for phosp
hopeptide

s from protein extracts h
ave been

developed
. Here,

we discus
s and present in

detail two
such methods th

at we rou
tinely employ. The

se methods ar
e based on a

sample enrichment step performed on titanium
dioxide matrices followed

by label-free
tandem mass

spectrom
etry and semi-quantita

tion.

Key words Myogenesis
, Phospho

proteomics, Myoblasts,
Muscle stem cells, Lab

el-free proteomics,

Phosphor
ylation

1 Introductio
n

Protein phosphor
ylation is the add

ition of a phos
phate gro

up to a

protein and is catalyzed
by a family of enzymes called protein

kinases. A
lthough the most commonly studied phosphor

ylation

events are
those invo

lving serine, th
reonine, a

nd tyrosine r
esidues,

in principle
several other amino acids can be phosphor

ylated,

including
histidine,

arginine,
lysine, asp

artate, glu
tamate, and cys-

teine [1].
Reversible

protein phosphor
ylation is vital for

the contro
l

of cellula
r processe

s and the adaptatio
n of cells to

their envi
ron-

ment. The
addition

of a phosphat
e group to a protein can cause

changes in conformation, loc
alized charge, a

nd electrosta
tic and

hydropho
bic interactio

ns. Thus,
protein phosphor

ylation modu-

lates inter- and intra-cellu
lar signaling,

protein stability,
protein

binding, a
nd subcellula

r localizat
ion [2, 3].
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Quantitative Proteomics of Enriched Esophageal and Gut Tissues
from the Human Blood Fluke Schistosoma mansoni Pinpoints
Secreted Proteins for Vaccine Development
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*S Supporting Information

ABSTRACT: Schistosomes are blood-dwelling helminth parasites that
cause schistosomiasis, a debilitating disease resulting in inflammation and,
in extreme cases, multiple organ damage. Major challenges to control the
transmission persist, and the discovery of protective antigens remains of
critical importance for vaccine development. Rhesus macaques can self-
cure following schistosome infection, generating antibodies that target
proteins from the tegument, gut, and esophagus, the last of which is the
least investigated. We developed a dissection technique that permitted
increased sensitivity in a comparative proteomics profiling of schistosome
esophagus and gut. Proteome analysis of the male schistosome esophagus
identified 13 proteins encoded by microexon genes (MEGs), 11 of which
were uniquely located in the esophageal glands. Based on this and
transcriptome information, a QconCAT was designed for the absolute
quantification of selected targets. MEGs 12, 4.2, and 4.1 and venom allergen-like protein 7 were the most abundant, spanning
over 245 million to 6 million copies per cell, while aspartyl protease, palmitoyl thioesterase, and galactosyl transferase were
present at <1 million copies. Antigenic variation by alternative splicing of MEG proteins was confirmed together with a
specialized machinery for protein glycosylation/secretion in the esophagus. Moreover, some gastrodermal secretions were
highly enriched in the gut, while others were more uniformly distributed throughout the parasite, potentially indicating
lysosomal activity. Collectively, our findings provide a more rational, better-oriented selection of schistosome vaccine candidates
in the context of a proven model of protective immunity.
KEYWORDS: Schistosoma mansoni, esophageal gland, gastrodermis, microexon genes, quantitative proteomics, QconCAT

■ INTRODUCTION
Schistosomes are blood-dwelling helminth parasites respon-
sible for a chronic and debilitating disease in individuals living
in tropical and subtropical regions.1 At least 165 million people
are estimated to be infected in Africa alone, largely based on
the detection of eggs in urine or feces. However, the recent use
of more sensitive diagnostics in areas of low transmission
(<50% prevalence) indicates that cases of schistosomiasis may
be underestimated by a factor of 1.5- to 6-fold when circulating
cathodic antigen tests are compared to the classical Kato−Katz
technique.2 A single drug, Praziquantel, is currently available to
treat infected individuals but has limitations, notably its lack of
activity against juvenile worms.3 Chemotherapy invariably is
started when the inflammatory responses against the eggs
lodged in the host liver, intestines, and bladder have already

been established. In addition, data for 2016 suggest that
annually the drug is only reaching ∼ 36% of people needing
treatment. In this situation, a protective vaccine to prevent
infection remains of critical importance in the battle to combat
schistosomiasis.4

The rhesus macaque (Macaca mulatta) is unusual among the
various vertebrate hosts that schistosomes can infect, in that it
can eliminate adult worms. A mature Schistosoma mansoni
population establishes with oviposition peaking at week 9
before a gradual decline between 12 and 18 weeks.5 Recovery
of surviving worms by perfusion of the hepatic portal system
reveals that they have ceased feeding and are starving to death.
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Covalent Aurora A regulation by the metabolic integrator coenzyme A
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Aurora A kinase is a master mitotic regulator whose functions are controlled by several regulatory interactions and post-translational modifications. It is frequently

dysregulated in cancer, making Aurora A inhibition a very attractive antitumor target. However, recently uncovered links between Aurora A, cellular metabolism and

redox regulation are not well understood. In this study, we report a novel mechanism of Aurora A regulation in the cellular response to oxidative stress through

CoAlation. A combination of biochemical, biophysical, crystallographic and cell biology approaches revealed a new and, to our knowledge, unique mode of Aurora A

inhibition by CoA, involving selective binding of the ADP moiety of CoA to the ATP binding pocket and covalent modification of Cys290 in the activation loop by the

thiol group of the pantetheine tail. We provide evidence that covalent CoA modification (CoAlation) of Aurora A is specific, and that it can be induced by oxidative

stress in human cells. Oxidising agents, such as diamide, hydrogen peroxide and menadione were found to induce Thr 288 phosphorylation and DTT-dependent

dimerization of Aurora A. Moreover, microinjection of CoA into fertilized mouse embryos disrupts bipolar spindle formation and the alignment of chromosomes,

consistent with Aurora A inhibition.Altogether, our data reveal CoA as a new, rather selective, inhibitor of Aurora A, which locks this kinase in an inactive state via a “dual anchor” mechanism of

inhibition that might also operate in cellular response to oxidative stress. Finally and most importantly, we believe that these novel findings provide a new rationale

for developing effective and irreversible inhibitors of Aurora A, and perhaps other protein kinases containing appropriately conserved Cys residues.1. Introduction
Aurora kinases are Ser/Thr kinases that play well-documented roles

in eukaryotes, where they control meiosis, mitosis and cell division [1].
Aurora kinases differ in relative expression levels, stability and sub-
cellular localization, the latter linked to single amino acid differences
that dramatically affect biological distribution and function [2–4]. In
vertebrates, the Aurora family of protein kinases are grouped into two

distinct sub-families composed of Aurora A and Aurora B and C [5].
Aurora kinases contain a conserved C-terminal kinase domain, which
phosphorylates substrates with a minimal R-X-S/T consensus motif
[6,7]. The Aurora kinase domain is itself regulated by a critical au-
tophosphorylation event in the activation loop [8–11], which is asso-
ciated with catalytic activation and timely execution of different phases
of mitosis [12–15] and meiosis [16]. During the cell cycle, Aurora A has
canonical roles in centrosome duplication, spindle bipolarity,

https://doi.org/10.1016/j.redox.2019.101318Received 10 April 2019; Received in revised form 14 August 2019; Accepted 1 September 2019
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Abstra
ct

Phosph
orylati

on is a key regula
tor of protein

functio
n under

(patho
)physio

logical
condit

ions, and definin
g site-sp

ecific
phos-

phoryl
ation is esse

ntial to
unders

tand basic and disease
biology

. In

verteb
rates,

the investi
gative

focus has primarily been on serine,

threon
ine and tyrosin

e phosph
orylati

on, bu
t mountin

g eviden
ce

sugges
ts that phosph

orylati
on of other

“non-c
anonic

al” amino

acids also regula
tes cri

tical a
spects

of cell
biology

. However, s
tan-

dard
methods

of phosph
oprote

in charac
terisat

ion are largely

unsuit
able for the analys

is of non
-canon

ical ph
osphor

ylation
due

to their r
elative

instabi
lity under

acidic
condit

ions an
d/or el

evated

temperatu
re. Con

sequen
tly, the

complete landsc
ape of pho

sphory
-

lation
remains unexpl

ored. H
ere, w

e report
an unbias

ed phosph
o-

peptid
e enrich

ment str
ategy based

on strong
anion exchan

ge (SAX)

chrom
atogra

phy (UPAX)
, which permits identif

ication
of hist

idine

(His), a
rginine

(Arg),
lysine

(Lys), a
sparta

te (Asp),
glutam

ate (Glu)

and cystein
e (Cys) phosph

orylati
on sites on human protein

s by

mass spectro
metry-ba

sed phosph
oprote

omics. Re
markabl

y, und
er

basal c
onditio

ns, and
having

accoun
ted for false site localis

ation

probab
ilities,

the number of
unique

non-ca
nonica

l phosp
hosites

is

approx
imately

one-th
ird of the number of observ

ed canoni
cal

phosph
osites.

Our resour
ce reveals

the previou
sly unapp

reciate
d

diversi
ty of prot

ein phosph
orylati

on in human cells, a
nd opens

up

avenue
s for high-th

roughp
ut explora

tion of non-ca
nonica

l phos
-

phoryl
ation in all org

anisms.

Keywords mass spe
ctrometry; no

n-cano
nical p

hospho
rylation

; phosp
hohis-

tidine;
phosph

oprote
omics; stro

ng anion exchan
ge chro

matograp
hy
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Introdu
ction

It is ve
ry well est

ablish
ed that p

ost-tra
nslatio

nal modifica
tion (PTM)

of protei
ns by phosp

horyla
tion rapidl

y and revers
ibly regula

tes

cellula
r signa

lling functio
ns, im

pingin
g on cataly

tic act
ivity, p

rotein
:

protei
n/DNA

/RNA
interac

tions,
protein

localis
ation

and stabili
ty

(Cohe
n, 200

2; Hun
ter, 20

12). M
oreove

r, prot
ein phosp

horyla
tion is

an essent
ial PTM

that ha
s been

identif
ied across

the kin
gdoms of lif

e

and whose dysreg
ulation

in human cells is closely
associ

ated with

diseas
es such as cancer

and diabet
es. Un

til rec
ently,

phosp
horyla

-

tion of the
hydro

xyl-co
ntainin

g amino acids
serine

(Ser),
threon

ine

(Thr)
and tyrosin

e (Tyr)
was though

t to be the primary mode of

phosp
horyla

tion-m
ediate

d signal
ling

in non-p
lant

eukary
otes.

However,
a growing body

of eviden
ce (Besan

t & Attwood, 2012;

Fan et al,
2012;

Fraczy
k et al,

2015;
Fuhs

et al,
2015;

Shen
et al,

2015;
Wieland

& Attwood, 2
015; P

anda et al,
2016;

Srivas
tava et al,

2016;
Xu et al,

2016a
,b; Fu

hs & Hunte
r, 201

7) indica
tes that p

hos-

phory
lation

of other
amino acids,

termed here “non-c
anonic

al”

phosp
horyla

tion, i
ncludi

ng His, A
sp, Glu

, Lys,
Arg and Cys [in

addi-

tion to pyroph
ospho

rylatio
n of Ser

and Thr to
form ppSer

and ppThr

(Chan
duri e

t al, 2
016; H

armel & Fiedle
r, 201

8), an
d Lys polyph

os-

phory
lation

(Bentl
ey-DeS

ousa & Downey, 2
019)],

may also regula
te

protei
n signal

ling functio
ns. Of note,

the genera
tion of both site-

specifi
c and

generi
c antib

odies
agains

t phos
phohis

tidine
(pHis)

(Kee

et al,
2013,

2015;
Fuhs et al,

2015;
Lilley

et al,
2015)

has recent
ly

allowed mammalian cell-ty
pe indepe

ndent
roles for thi

s PTM to be

elucid
ated (Fuhs

et al,
2015)

in proces
ses as

divers
e as ion

chann
el

regula
tion (Sriva

stava
et al, 2

016) a
nd T-cell

signal
ling (Pand

a et al,

2016),
and during

cell pr
olifera

tion, d
ifferen

tiation
and migratio

n. In

contra
st, and despit

e occasi
onal report

s in the literat
ure (Besan

t

et al,
2009;

Attwood et al,
2011),

the preval
ence (or otherw

ise) of

other
non-ca

nonica
l prot

ein phosp
horyla

tion events
has not been

reliabl
y confirm

ed in human cells, a
nd so specifi

c infor
mation about

the ex
tent an

d details
of the

sites o
f modifica

tion is lack
ing.
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ABSTRACT: Ligaments are prone to injury and degeneration in humans

and animals, however the healing potential of ligament is poor and current

treatment options ineffective. Stem cell-based therapies hold potential for

treatment of ligament injuries. This study aimed to characterize a ligament

progenitor cell (LPC) population and to identify specific niche components

which could promote the survival and function of LPCs. LPCs were isolated

from canine cranial cruciate ligament and characterized for clonogenicity,

multipotency and marker expression. The extracellular matrix (ECM)

composition was characterized by the novel application of a metabolic

labeling and mass spectrometry technique. LPCs demonstrated clonoge-

nicity, multipotency, and stem cell marker expression. A number of different

collagens, glycoproteins, and proteoglycans were identified in the LPC niche

using proteomics. Metabolic labeling of cells demonstrated unique turnover

profiles for distinct ECM protein groups, indicating the importance of certain

niche components for LPC survival and function. The newly synthesized niche components identified in this study could be

exploited to aid identification of LPCs and to promote their survival and function for potential ligament repair strategies.

KEYWORDS: ligament, matrix, proteomics, turnover, stem cells
■ INTRODUCTIONMusculoskeletal soft tissues such as ligament are primarily

composed of extracellular matrix (ECM) within which ligament

cell populations reside. These tissues are prone to injury and

degeneration, particularly the anterior cruciate ligament

(ACL),1 with an incidence of approximately 37 ACL ruptures

per 100 000 people2 and a greater incidence among athletes.3

However, current treatment strategies for ACL repair are often

ineffective and the healing potential of ACL is poor.4ACL injury

can cause a loss of knee joint stability leading to considerable

morbidity and ultimately osteoarthritis. 5−7 Ligament injury is

also a common problem in comparative species such as dogs.

Rupture of the cranial cruciate ligament (CCL), comparable to

the human ACL, is the predominant cause of canine hind limb

lameness.8 Study of the canine CCL is also important for its

translation into humans as a model for ACL disease.9,10Current

treatment strategies for human ACL and canine CCL injuries

have variable success rates, 11−16 therefore a more effective

therapeutic option for treatment of ACL and CCL injury is

currently being sought.

The identification of a population of cells within ACL which

possess stem cell properties17 holds therapeutic potential for

ligament repair in humans and dogs. Ligament-derived stem/

progenitor cells isolated from human ACL express stem cell and

tenogenic markers, 18−20 form colonies21 and differentiate into

osteogenic, adipogenic, and chondrogenic cell types. 17,18

Human periodontal and rabbit medial collateral ligament

stem/progenitor cells have been used in tissue engineering

strategies, and to treat human periodontal and rat medial

collateral ligament injuries 22−24
with promising results,

indicative of the potential of ligament stem/progenitor cells

for treatment of ACL injuries.
The stem cell niche is the environment in which stem cells

reside and consists of a number of different cellular and

molecular factors.25One factor is the protein composition of the

extracellular matrix (ECM) which has been shown to be integral

for stem cell survival and function in a number of different cell

populations. For example, the role of tenascin C in the neural
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A R T I C L E I N F O

Keywor
ds:

Synovi
al fluid

Arthro
pathy

Osteoc
hondro

sis

Osteoa
rthritis

Synovi
al seps

is,110
equine

A B S T R A C T

Articul
ar cond

itions a
re common in horses

and can result i
n loss of

functio
n, chro

nic pain and/or
inabilit

y to

work. Co
mmon conditi

ons inc
lude osteoar

thritis,
osteoch

ondros
is and

synovi
al seps

is, which can be life-thr
ea-

tening,
but des

pite the hig
h clinica

l preva
lence o

f these
conditi

ons, ra
pid and specifi

c diagn
osis, m

onitori
ng and

progno
sticatio

n remains a
challen

ge for pra
cticing

veterin
arians.

Synovi
al fluid

from a range of arth
ropath

ies

was enri
ched for low

abunda
nce protein

s using
combinator

ial pep
tide ligand

Proteo
Miner™ beads a

nd analyse
d

via liquid
chromatograp

hy-tand
em mass spectro

metry. C
hanges

in protein
abunda

nces were analyse
d using

label-fr
ee quantifi

cation.
Princip

le component
analysi

s of diff
erentia

lly express
ed protein

s ident
ified groupi

ngs

associa
ted with joint p

atholog
y. Find

ings were validat
ed using ELISA.

Lactotr
ansferr

in (LTF) abunda
nce was

increas
ed in sepsis

compared
to all oth

er groups
and insulin

-like growth factor-
bindin

g protein
6 (IGFBP

6)

abunda
nce dec

reased
in sepsis c

ompared to other d
isease g

roups.
Pathway analysi

s ident
ified upregu

lation of the

complement sys
tem in synovi

al join
t sepsis

and the downregula
tion of euka

ryotic
transla

tion initiati
on factors

and mTOR signall
ing pathways in both OA and OC compared to the hea

lthy group.
Overal

l, we have
identifi

ed a

catalog
ue of prot

eins which we propos
e to be involve

d in osteoar
thritis,

osteoch
ondros

is and synovi
al seps

is

pathog
enesis.

Signific
ance: Osteoa

rthritis
, osteo

chondr
osis and synovi

al seps
is, which can be life-thr

eatenin
g, are

common

articul
ar cond

itions i
n which rapid and specific

diagno
sis, monitori

ng and progno
sticatio

n remains a
challen

ge

for pra
cticing

veterin
arians.

This st
udy has ide

ntified
that th

e equin
e synov

ial flui
d proteo

me exhib
its dist

inctive

profile
change

s between osteoar
thritis,

osteoch
ondros

is, syn
ovial s

epsis and healthy
joints.

Elevate
d synovi

al

abunda
nce of lact

otransf
errin and decrea

sed insulin
-like growth factor-

bindin
g protein

6 were both found
to

disting
uish synovi

al seps
is from

all oth
er stud

y groups
. Thus,

these protein
markers

may have a future
role in

clinica
l pract

ice to enable
an earlier

and reliable
diagno

sis of s
ynovia

l sepsis
.

1. Introd
uction

Articul
ar cond

itions a
re common in horses

and can result i
n loss of

functio
n, chro

nic pain and/or
inabilit

y to work, w
hich are importan

t

welfare
concer

ns. The
most com

mon conditi
ons include

osteoar
thritis

(OA),
osteoch

ondros
is (OC) and synovi

al sepsis,
which can be life-

threate
ning [1]. De

spite the high clinica
l preva

lence of these condi-

tions, r
apid and specific

diagno
sis, monitori

ng and progno
sticatio

n re-

mains a challen
ge for practic

ing veterin
arians,

thus, i
dentifi

cation
of

reliable
biomarkers

of dise
ase is r

equired
. Synov

ial fluid
(SF) is

in direct

contac
t with articul

ar stru
ctures

and represe
nts an

importan
t sourc

e of

biomarker discove
ry. SF is located

within the articul
ar joint cavity,

provid
ing a pool of nutrien

ts for surrou
nding

tissues
but primarily

serving
as a biologi

cal lub
ricant,

contain
ing molecule

s includi
ng hya-

lurona
n with low-frictio

n and low-wear pro
perties

to articul
ar surf

aces

[2]. As
SF is in close proxim

ity to articul
ar tissues

primarily altered

during
joint patholo

gy, this bioflui
d is an importan

t first approa
ch

source
for bio

marker d
iscover

y [3,4].

Total p
rotein

conten
t in synovi

al fluid
is assoc

iated with presen
ce of

articul
ar path

ology and is one
of the

parameters m
ost com

monly used

https:/
/doi.or
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