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Exposure of the skin to ionizing radiation leads to char-
acteristic reactions that will often turn into a pathophys-
iological process called the cutaneous radiation syn-
drome. The study of this disorder is crucial to finding
diagnostic and prognostic bioindicators of local radiation
exposure or radiation effects. It is known that irradiation
alters the serum proteome content and potentially post-
translationally modifies serum proteins. In this study, we
investigated whether localized irradiation of the skin al-
ters the serum glycome. Two-dimensional differential in-
gel electrophoresis of serum proteins from a man and
from mice exposed to ionizing radiation showed that po-
tential post-translational modification changes occurred
following irradiation. Using a large-scale quantitative
mass-spectrometry-based glycomic approach, we per-
formed a global analysis of glycan structures of serum
proteins from non-irradiated and locally irradiated mice
exposed to high doses of y-rays (20, 40, and 80 Gy).
Non-supervised descriptive statistical analyses (principal
component analysis) using quantitative glycan structure
data allowed us to discriminate between uninjured/
slightly injured animals and animals that developed se-
vere lesions. Decisional statistics showed that several
glycan families were down-regulated whereas others in-
creased, and that particular structures were statistically
significantly changed in the serum of locally irradiated
mice. The observed increases in multiantennary N-gly-
cans and in outer branch fucosylation and sialylation were
associated with the up-regulation of genes involved in
glycosylation in the liver, which is the main producer of
serum proteins, and with an increase in the key proinflam-
matory serum cytokines IL-1, IL-6, and TNF«, which can
regulate the expression of glycosylation genes. Our re-
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sults suggest for the first time a role of serum protein
glycosylation in response to irradiation. These protein-
associated glycan structure changes might signal radi-
ation exposure or effects. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M111.014639, 283-301, 2013.

Radiation-induced damage to the skin layer is complex and
leads to a defined variety of specific reactions that often turn
into a pathophysiological process known as the cutaneous
radiation syndrome (CRS)" (1-3). High doses of ionizing radi-
ation induce reactions that arise from days to years afterward
and which can reach different grades of severity, such as
erythema, dry and moist desquamation, ulceration, and
necrosis (4). Reports on different radiation accidents have
clearly shown that skin damage can determine the prognosis
and outcome of the whole-body reaction (5), emphasizing the
fact that it is crucial to manage the consequences of local
irradiation and to predict as early as possible the severity of
future lesions.

The severity of radiation-induced reactions depends on the
dose received, but not exclusively. In particular, the severity of
lesions induced by local exposure will greatly depend on the
extent of the surface area and on the volume exposed to
radiation. Advanced techniques focusing on different cytoge-
netic, genetic, physical, and immunohistochemical parame-
ters are used to estimate the dose received (6). However,
these techniques are more appropriate for whole-body irradi-
ation than for localized exposure, need to be performed by
skilled people, and mostly are time consuming. Also, even if it
is possible to diagnose a radiation burn, predicting the out-
come of a lesion remains difficult, especially when the lesion
is localized. Among different available therapeutic strategies

" The abbreviations used are: ANOVA, analysis of variance; APP,
acute phase protein; Co, cobalt; CRS, cutaneous radiation syndrome;
DIGE, differential in-gel electrophoresis; Gy, Gray; Ig, immunoglobu-
lin; IL, interleukin; Ir, iridium; MeV, mega-electron-volt; NP40, Nonidet
P40; PB, phosphate buffer; PCA, principal component analysis; p/,
isoelectric point; PMMA, polymethyl methacrylate; PNGase F, pep-
tide: N-glycosidase F; SLe*, sialyl Lewis X; TGFp, transforming
growth factor B; TNF«, tumor necrosis factor «.
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for local injury, stem-cell-based therapies are very promising
(7-10). Nevertheless, the use of such therapies needs to be
anticipated as early as possible in order to allow enough time
to isolate and amplify cells before treatment. Therefore, new
tools still have to be discovered to enable better prediction of
the severity of localized injuries. These markers will help cli-
nicians make the right decisions in a timely manner and
choose the most suitable therapeutic strategy.

Proof of principle for using different sets of proteins as
indicators of exposure has been established in a few studies
(11, 12), but no indicator has been proposed for the diagnosis
or prognosis of localized skin injury. Among classic laboratory
tests, those based on blood sampling are semi-invasive, are
high-throughput, and can be automated, so they may be used
for the assessment of radiation dose and/or the prediction of
radiation effects. Blood composition is modified after expo-
sure to ionizing radiation through the immediate release by
irradiated cells of cytokines and growth factors that stimulate
neighboring cells or distant cells, which in turn release pro-
teins in the extracellular environment. IL-1, IL-6, IL-8, TGFp,
TNFa, and eotaxin are the major known cytokines involved in
the response of the skin and skin cells to ionizing radiation
(18, 14). Cytokines play a role in mediating the inflammation
process and stimulate or repress acute phase protein (APP)
synthesis in the liver (15), assisting the repair of the tissue.
This inflammation process that occurs following localized ra-
diation injury is a complex and in part specific mechanism that
is only beginning to be elucidated. Investigations of the quan-
titative (expression levels) and qualitative (post-translational
modifications) changes of blood proteins are therefore crucial
if we are to understand radiation-induced inflammation and
discover new bioindicators of radiation exposure and radia-
tion effects.

As applied to radiation biology, omics are interesting ap-
proaches suitable for discovering biomarker candidates and
describing pathways involved in the response to ionizing ra-
diation, giving rise to a new understanding of pathophysio-
logical modifications (11). Using two-dimensional differential
in-gel electrophoresis (DIGE) coupled with mass spectrome-
try, we have shown that the serum proteome content is deeply
altered from 1 day to 1 month following exposure of the skin
to high doses of ionizing radiation (16). Moreover, we ob-
served shifts in the isoelectric point (p/) of several proteins,
revealing potential post-translational modification changes af-
ter irradiation, conceivably due to changes in the glycan struc-
tures carried by these proteins.

Protein glycosylation is one of the most common post-
translational modifications of secreted proteins (17); half of all
proteins are thought to be glycosylated (18). Changes in a
particular glycoform can induce several physiological modifi-
cations and might turn out to be a signature of a particular
disease (19). Among glycoform types, N- and O-glycans have
been studied most. N-glycosylation (linkage of the glycan to
asparagine through a consensus sequence) is the most abun-

dant modification of serum proteins. O-glycosylation (the gly-
can is attached to serine or threonine through an acyl linkage)
is very common in mucins, proteoglycans, and collagens, but
not in serum. The whole glycosylated status of tissues, cells,
or body fluids can be studied using emerging glycomic and
glycoproteomic tools (20), whose great potential for deepen-
ing our understanding of diseases and for aiding in the dis-
covery of new biomarkers is now clearly established (21-24).
This contribution is essentially the result of technical ad-
vances made through mass-spectrometry-based investiga-
tions (25, 26).

Given that glycosylation status and inflammation are closely
linked (27), and that glycosylation (28) and localized irradiation
of the skin of mice (16) both induce major shifts in the p/ of
serum proteins on two-dimensional gel electrophoresis, we
addressed the question of whether skin irradiation alters the
glycome using a large-scale mass-spectrometry-based gly-
comic approach. We show here that the expression of various
glycan structures was modified in the serum of mice exposed
locally to high doses of ionizing radiation, suggesting a role of
glycosylation in the response to irradiation. To our knowledge,
this is the first study describing the modification of the total
serum N-glycome following exposure to ionizing radiation.

EXPERIMENTAL PROCEDURES

Patient and Irradiation Accident—A 27-year-old Chilean man was
overexposed on December 15, 2005, to a gammagraphy radioactive
source of '°?Ir (3.3 TBq). Following multifocal localized irradiation, he
rapidly exhibited severe radiation burns on the hand and buttock, as
described elsewhere (7).

Human Biological Sampling and Affinity Depletion of High Abun-
dance Proteins—Blood (5 ml) was collected from the Chilean man 22
days after irradiation (Hopital d’Instruction des Armées Percy, Cla-
mart, France), as well as from 12 healthy volunteer donors (Service de
Santé au Travail, CEA/IRSN, Fontenay-aux-Roses, France), in plastic
serum tubes (BD Vacutainer SST advance tubes, BD Biosciences).
After sitting for 1 h at room temperature, blood was centrifuged at
1000 X g for 10 min at 4 °C, and the supernatant was collected.
Serum was then stored at —80 °C. Serum samples (20 ul) were
processed using a human Multiple Affinity Removal Spin Cartridge
(Agilent Technologies, Massy, France), which selectively removed
human albumin, 1gG, IgA, haptoglobin, a1-antitrypsin, and transferrin
proteins, as described elsewhere (16). Protein concentrations were
determined by means of the Bradford assay (Bio-Rad). Four technical
replicates were performed for the serum of the Chilean man. All
healthy donors gave written consent for blood collection (consent
form number 09001) in accordance with current French regulations.
Blood samples from the Chilean patient were obtained within the
framework of his treatment at Percy Hospital. The patient gave written
consent for a new therapeutic strategy combining a surgical approach
and mesenchymal stem cell local therapy; ethical and technical ap-
provals were obtained from the French Agency for the Safety of
Health Products (7).

Animals—Male mice (BALB/c, 8 weeks old, Janvier, Le Genest
Saint Isle, France) were used in this study. Experimental procedures
were approved by the animal care committee of the French Institute
of Radiological Protection and Nuclear Safety (institutional review
board approval number P09-19) and were conducted according to
the French regulations for animal experimentation (Ministry of Agri-
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culture, Act No. 2001-464, May 29, 2001). Mice were housed 4 per
cage and received rodent chow and water ad libitum.

Dorsal Skin Irradiation of Mice—The irradiation protocol used in this
study is mostly the same as that previously published (16). Mice were
irradiated at different doses (20, 40, and 80 Gy, 8 mice per dose), and
control mice were sham-irradiated (8 mice). Two days before irradi-
ation, hair from the entire back of the mouse was removed using an
electric shaver. Mice were anesthetized via spontaneous inhalation of
isoflurane-N,O gas (Forene, Abbott GmbH) and irradiated using 1.25
MeV vy-rays from a collimated ¢°Co source (dose rate of 1.4 Gy/min).
The dorsal skin was gently stretched and maintained on a 4-mm-thick
polymethyl methacrylate (PMMA) plate with two suturing lines. The
reference dose rate was established with an ionization chamber
(PTW, Freiburg, Germany) in realistic irradiation conditions in air on
the PMMA plate with a tissue equivalent phantom at mouse body
position to generate back-scattered radiation from the mouse bodies.
The 0.125-cm® PTW ionization chamber was calibrated in terms of
tissue kerma at the Institut de Radioprotection et de Slreté Nucléaire
reference ®°Co facility (accredited metrological unit SMH, no. 2-1612,
COFRAC accreditation, France).

Mouse Skin Lesion Scoring System—Skin lesions were scored
daily using a scale described elsewhere (16). Briefly, the lesions were
scored as follows: 0, normal; 0.5-1, slight to intense erythema; 1-1.5,
dry desquamation; 1.5-2.5, moist desquamation (less than 50% of
the irradiated area); 2.5-3, a few spots of necrosis in addition to
between 50% and 100% moist desquamation; 3-3.5, several zones
of necrosis in addition to 100% moist desquamation; and 3.5, necro-
sis of the entire irradiated area.

Mouse Biological Sampling—Blood (100 ul per animal) was col-
lected from the orbital sinus of anesthetized mice (spontaneous in-
halation of isoflurane-N,O gas) 7 or 14 days after irradiation. After 30
min at room temperature, blood was centrifuged at 1000 X g for 10
min at 4 °C, and the supernatant was collected. Serum was then
stored at —80 °C.

Affinity Depletion of High Abundance Proteins for Two-dimensional
DIGE Analysis—For two-dimensional DIGE analysis, serum samples
(20 nl each, 8 mice per dose of irradiation) were processed using a
mouse Multiple Affinity Removal Spin Cartridge (Agilent Technolo-
gies), which selectively and specifically removed mouse albumin, IgG,
and transferrin proteins, as described elsewhere (16). A low abun-
dance protein fraction of 400 ul was collected and 10-fold concen-
trated using a 3-kDa molecular weight cut-off spin concentrator (Ami-
con Ultra 0.5, Millipore, Molsheim, France) by means of centrifugation
at 14,000 X g for 45 min at 20 °C. For the study of glycoprotein via
two-dimensional DIGE, each sample was diluted to 500 ul with phos-
phate buffer (PB) containing antiproteases (Protease Inhibitor Mixture,
Roche Diagnostics) and concentrated via ultrafiltration (Amicon Ultra
0.5, Millipore) at 14,000 X g for 50 min at 20 °C. Protein concentra-
tions were determined by means of the Bradford assay (Bio-Rad).

Two-dimensional DIGE Experimental Design for Mouse Serum
Proteins— A comparative two-dimensional DIGE approach was used
with deglycosylated or native depleted mouse serum proteins after
removing (or not) N-glycans. Each depleted sample (n = 4 per group)
was separated into two fractions of 90 ug each and denatured by
means of boiling at 100 °C for 10 min in one volume of lysis buffer (1%
SDS and 2% B-mercaptoethanol in PB). After being cooled to room
temperature, and after the addition of two volumes of PB with 1%
Igepal (Sigma Aldrich), the fractions were incubated at 37 °C for 24 h
with or without three units of peptide: N-glycosidase F (PNGase F)
(Roche Diagnostics). Samples were finally boiled at 100 °C for 10 min
to stop the enzymatic reaction. Fractions were concentrated using a
3-kDa molecular weight cut-off spin concentrator (Amicon Ultra 0.5,
Millipore) by means of centrifugation at 14,000 X g for 45 min. Buffer
exchange was performed twice via the addition of up to 500 ul of

two-dimensional gel electrophoresis buffer (7 m urea, 2 m thiourea,
0.5% CHAPS, and 18 mm DTT) and centrifugation at 14,000 X g for
40 min. High-abundance-depleted serum proteins (50 ng) were min-
imally labeled with 400 pmol of Cy2, Cy3, or Cy5 DIGE fluors (GE
Healthcare) as described elsewhere (16). Samples consisted of de-
pleted serum (untreated or treated with PNGase F) from individual
control mice (eight samples) and mice irradiated at 20 Gy (eight
samples), 40 Gy (eight samples), and 80 Gy (eight samples). A total of
16 SDS-PAGE tests were performed, with each gel containing two
different samples (Cy3- and Cy5-labeled) and an internal standard
sample (Cy2-labeled). A dye-swapping scheme was used so that four
samples from any condition were never labeled with Cy3 or Cy5 to
avoid any specific dye-labeling artifacts that might occur.
Two-dimensional DIGE Experimental Design for Human Serum Pro-
teins—High-abundance-depleted serum proteins (50 wg) were mini-
mally labeled with 400 pmol of Cy2 (internal standard), Cy3, or Cy5
DIGE fluors (GE Healthcare) as described elsewhere (16). Samples
consisted of depleted serum from individual healthy donors (12 sam-
ples) and from the Chilean man who had been accidentally irradiated
(four technical replicate samples, 22 days post-irradiation). A total of
eight SDS-PAGE tests were performed, with each gel containing two
different samples (Cy3- and Cy5-labeled) and an internal standard
sample (Cy2-labeled). A dye-swapping scheme was used so that
samples from any condition were never labeled with Cy3 or Cy5 to
avoid any specific dye-labeling artifacts that might occur.
Two-dimensional Gel Electrophoresis and Imaging— Protein sam-
ples labeled with Cy2, Cy3, and Cy5 dyes were mixed and diluted with
rehydration buffer to 450 ul as described elsewhere (16). 150 pg
(combination of the three labeled protein samples) of protein was
applied to 24-cm-long immobilized pH 4-7 gradient strips (GE
Healthcare) via the passive rehydration technique for 24 h. First-
dimension isoelectric focusing (IEF) was performed using an IPGPhor
3 electrophoresis unit (GE Healthcare) cooled to 18 °C for a total of 55
kVh. After IEF, strips were equilibrated and placed on top of hand-
cast SDS-containing 10% polyacrylamide gels, and SDS-PAGE was
then carried out at 0.5 W per gel for 1 h followed by 1 W per gel for
16 h (Ettan DALT 12 system, GE Healthcare) as described elsewhere
(16). After electrophoresis, gels were scanned directly between glass
plates using a Typhoon 9400 imager (GE Healthcare).
MALDI-TOF/TOF MS Analysis of Permethylated Mouse Serum N-
glycans—25 pl of raw (non-depleted) serum (n = 7 or 8 per group)
was mixed with lysis buffer (50 mm PB, pH 7.0, containing 0.5% SDS
and 1% p-mercaptoethanol) and incubated at 100 °C for 15 min.
N-glycans were purified and analyzed as described elsewhere (25).
After cooling and the addition of PB and 1% Nonidet P-40, three units
of PNGase F (Roche Diagnostics) were added and samples were
incubated for 24 h at 37 °C. Released glycans were purified on a
graphitized carbon column (Alltech, Deerfield, FL). N-glycans were
then permethylated as described elsewhere (29) and purified on an
SPE C18 column (Alltech). Permethylated glycans were then dis-
solved in methanol/water (1:1 v/v) and mixed with an equal volume of
dihydroxyaminobenzoic acid matrix (Aldrich) (20 mg/ml in methanol/
water 1:1 v/v). Two technical replicates were performed per sample.
Mass spectra were acquired using an Applied Biosystems 4800
MALDI-TOF/TOF Analyzer equipped with a neodymium-doped yt-
trium aluminum garnet laser of wavelength 335 nm. MALDI spectra
were recorded solely in the positive ion mode, as permethylation
eliminates the negative charge normally associated with sialylated
glycans. Spectra were obtained through the accumulation of 1500
laser shots over an m/z range of 1500-5000 Da. The two technical
replicates were spotted on the MALDI target plate, and two spectra
were acquired per spot, giving rise to a total of four spectra per
sample. Spectra were calibrated using an external standard com-
posed of bradykinin fragment 1-7 (M + H* = 757.399), angiotensin ||
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(human) (M + H* = 1046.542), P14R (synthetic peptide) (M + H" =
1533.858), ACTH fragment 18-39 (human) (M + H* = 2465.198), and
insulin oxidized B chain (bovine) (M + H* = 3494.651) (MSCAL2,
Sigma Aldrich). With MALDI-TOF/TOF, the mass tolerance for precur-
sor ions is specified by a range based on the resolution of the
precursor mass. Here, the relative mass window was fixed at a value
of 200. The MS/MS data were searched with a mass tolerance of 500
ppm.

Data Evaluation and Statistical Analysis—For two-dimensional
DIGE analysis, scanned gels were analyzed with Progenesis Same-
Spot software, version 4.1 (NonLinear Dynamics, Durham, NC). The
differential in-gel analysis module was used to compare quantitatively
the normalized volume ratio of each individual protein spot-feature
from a Cy3- or Cy5-labeled sample on a given gel relative to the
Cy2-signal from the pooled sample standard corresponding to the
same spot feature. Within each gel, the co-resolved fluorescent sig-
nals from each protein were co-detected by the software, and abun-
dance measurements were made directly of the internal standard
without interference from gel-to-gel variation. One-way analysis of
variance (ANOVA) was performed with SameSpot software and was
used to calculate significant differences in the relative abundances of
proteins from control and irradiated mice and in glycosylated and
deglycosylated sera. Principal component analysis (PCA) of two-
dimensional DIGE quantitative data was performed using the statis-
tical module of the Progenesis SameSpot software and was used in
interpreting relationships between experimental groups.

For MALDI-TOF analysis, the MS profiles of permethylated N-
glycans were further processed using Data Explorer, version 4.7, to
generate ASCII files containing m/z values and signal intensities after
calibration, smoothing, and deisotoping function. For each m/z value,
the peak intensities of the four acquired spectra per sample were
averaged prior to further analysis. The processing method was cho-
sen to filter peaks based on the signal-to-noise (S/N) ratio using an
S/N ratio threshold of 3. Furthermore, the processing method took
into account isotopic distributions to recalculate S/N ratios in order to
finally eliminate those under 10. The mass lists and their correspond-
ing peak intensities (raw data) are given in supplemental Table S1.
GlycoWorkBench, version 2.0 alpha, from EUROcarbDB (30), which
encloses the GlycomeDB database for carbohydrate structures
(85,873 unique carbohydrate sequences) (31), was used to establish
our own glycan database from mouse samples, to annotate
MALDI-MS and MALDI-MS/MS spectra, and to propose putative
glycan structures. Thirty-nine different ions were finally selected as
possible glycan species according to the following criteria: good
reproducibility of the signal between the four acquired spectra per
sample and between samples (absence or few null values), the pres-
ence of a probable corresponding structure in the EUROcarbDB
database, S/N ratios over 10, and confirmation of the putative struc-
ture via MALDI-TOF/TOF tandem mass spectrometry. Annotated
MALDI-MS/MS spectra are displayed in supplemental Fig. S1. Each
monoisotopic signal was assigned to a monosaccharide composition
and further classified in different families: high mannose, complex,
hybrids, and N-acetylhexosamine-ended species. Complex-type N-
glycans were then subdivided into several subfamilies for evaluation
of antennary rate and terminal glycosylation (21). The relative propor-
tion (percent intensity) of each structure or family was calculated as
(intensity X 100)/(sum of intensities). Supplemental Table S2 displays
all MALDI-TOF-MS signal intensities and percent intensities for each
m/z value of our glycan database and for each acquisition. Normality
and equal variance were assessed with percentage intensity data
prior to the use of one-way ANOVA to compare the four series of data
for each structure or family. The one-way ANOVA on ranks (Kruskal—
Wallis) test was used in cases when the normality or the equal
variance test failed. All pairwise multiple comparison procedures

(Tukey’s test and Dunn’s method) were used, respectively, only when
ANOVA or ANOVA on ranks p values were less than 0.05. All statis-
tical tests were performed with SigmaPlot software, version 11, and
are presented in supplemental Tables S3 and S4. PCA was performed
with the package FactoMineR (32) to visualize and highlight better the
similarities between individuals.

RNA Isolation, Reverse Transcription, and Real-time Quantitative
PCR—Total RNA from mouse liver (20 to 25 mg, 8 mice per dose and
per time point post-irradiation) kept at —20 °C in RNAlater buffer
(Qiagen) was prepared with the total RNA isolation kit (RNeasy Mini
Kit, Qiagen, Courtaboeuf, France). RNA quantification and integrity
were analyzed using a Nanodrop spectrophotometer ND-1000
(LabTech, Palaiseau, France) and an Agilent 2100 bioanalyzer. Re-
verse transcription was performed with 1 ug of total RNA using a
reverse transcription kit from Applied Biosystems (Villebon sur Yvette,
France). Pre-developed TagMan gene expression assays (Applied
Biosystems) were used to quantify transcript levels of all studied
genes (supplemental Table S5). Quantitative PCR was carried out
using the ABI PRISM 7900 sequence detection system, and the
results were normalized to the housekeeping genes GAPDH or 18S.
Relative mMRNA levels were quantified using the AACT method. Data
are presented as mean * S.E. and are expressed relative to the
corresponding control (non-irradiated) sample values. Student’s t
test, or the Mann-Whitney test when the normality or the equal
variance test failed, was used to compare values with SigmaPlot
software, version 11 (supplemental Table S6). For all analyses, a p
value < 0.05 was taken as significant.

Multiplexed Cytokine Analysis— Cytokine concentrations in the se-
rum were assayed using a mouse magnetic 3-plex cytokine kit (Bio-
Rad) (8 mice per dose and per time point post-irradiation). The kit can
simultaneously quantify three mouse cytokines and chemokines: IL-
1B, IL-6, and TNFa. The assay was performed according to the
manufacturer’s protocol. After preparation, samples were processed
(50 beads per bead set in 50-ul sample size) on a Bio-Plex 200
instrument (Bio-Rad). All the samples were run in duplicate. The data
were analyzed using Bio-Plex Manager 6.0 software. For each assay,
a standard curve was generated for detection from 3.14 pg/ml to
51,408 pg/ml (IL-1B), 1.34 pg/ml to 21,960 pg/ml (IL-6), and 2.73
pg/ml to 44,662 pg/ml (TNFa). Data are presented as mean *+ S.E.
Student’s t test, or the Mann-Whitney test in the case when the
normality or the equal variance test failed, was used to compare
values with the SigmaPlot software, version 11. For all analyses, a p
value < 0.05 was taken as significant.

RESULTS

Scoring of lIrradiated Mouse Lesions—An experimental
model of CRS was previously established by selectively irra-
diating the dorsal skin of BALB/c mice (16, 33). We used this
model by irradiating mice at 20, 40, and 80 Gy to induce,
respectively, erythema, dry desquamation, and necrosis of
the skin in the course of the development of the lesion. As
previously observed, lesions developed from the seventh day
post-irradiation whatever the dose of ionizing radiation (Fig.
1). They evolved from erythema (score: 0.5-1) to necrosis
(score: 3-3.5) as a function of time and dose of ionizing
radiation, reaching a peak around 3 weeks following expo-
sure. Slow wound healing took place over different times
depending on the exposure dose. At day 14 post-irradiation,
the animals irradiated at 40 and 80 Gy presented lesions still
in an active growth phase but displaying about the same
scores, while the lesions evolved toward different maximum
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intensities, suggesting that this time point might be interesting
for the discovery of factors predictive of the evolution of an
established lesion. We observed in our first study that maxi-
mum proteome changes occurred at day 14, whereas the
maximum intensity of the lesion was noted at around 21 days
post-irradiation (16). The time point of day 14 could thus be of

Lesion score (AU)

Cvevovevwwe —0 0090 00 000 000 O &
0 ] 10 15 20 25 30 35 40 45

Time post-irradiation (days)

Fic. 1. Evolution of skin lesions in mice following irradiation at
different doses (n = 8 per group; mean = S.E. in arbitrary units
(AU)).

interest for observing major changes in the glycome content
of serum proteins. For these reasons, we chose to study
mouse glycome changes at day 14 post-irradiation.

Human and Mouse Serum Two-dimensional DIGE Profiles
during CRS —Two-dimensional DIGE methodology was used
to study serum proteome profiles in order to confirm first
observations that some protein spot trains shifted mainly
toward acidic pH values after irradiation, suggesting post-
translational modification changes (16). We also used the
same methodology for serum proteins from an accidentally
locally irradiated man who was developing CRS at the time of
blood collection (22 days after exposure) (7). Figs. 2A and 2B
show that proteome profiles of human and mouse sera dis-
played closely related changes relative to serum proteins from
control individuals (over- and underexpressed spots appear in
red and green, respectively). In particular, it can be seen that
many proteins from the human serum formed spot trains, and
several of them shifted toward acidic pH values, as observed
in mouse samples. Such spot trains displayed three different
colors on the merged image of the two initial scans, showing
that the spot train from one condition is displaced relative to
the spot train of the other condition (attested to by the two
different colors of the two different cyanines in addition to the
color of the merged image of the two colors). Examples of
such spot trains are given in Figs. 2C and 2D, in which spot

B

4

Fic. 2. Two-dimensional difference gel electrophoresis analysis of serum proteins from skin-irradiated mice and a man locally
irradiated by accident. A, serum proteins from a healthy volunteer (Cy3-labeled, green) and the irradiated man (Cy5-labeled, red) 22 days
following strong local irradiation (merged image of the two scanned gels). B, serum proteins from control (Cy3-labeled, green) and irradiated
(Cyb-labeled, red) mice 14 days after irradiation of the skin at 80 Gy (merged image of the two scanned gels). C, D, magnified image of the
delimited areas (outlined by white rectangles) presented in panels A and B, respectively.
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Fic. 3. The magnitude of shifts of spot trains toward acidic pH levels is dose dependent in mouse, and proteins of spot trains are
glycosylated. A, serum proteins from control mice (Cy3-labeled, green) and mice irradiated at 40 Gy (Cy2-labeled, blue) and 80 Gy
(Cyb5-labeled, red) 14 days after irradiation of the skin (merged image of the three scanned gels). B-F, magnified images of the delimited area
(outlined by a white rectangle) presented in panel A: B and F represent the merged images of the three scanned gels, and C, D, and E present
the single images (Cy3, Cy2, and Cy5, respectively). G, quantification of the levels of the different spots contained in the spot train presented

in panel F in untreated and in PNGase F-treated serum samples.

trains display red on one side, green on the other, and yellow
in the middle. This interpretation has been stated in detalil
previously (16). We then addressed the question of whether
the location of spot trains on two-dimensional gel electropho-
resis could be dependent on the dose of irradiation. Three
different sera from control and irradiated animals were labeled
with the three fluorescent cyanine dyes Cy3 (sham-irradiated,
n = 4), Cy2 (40 Gy, n = 4), and Cy5 (80 Gy, n = 4), and were
run 3 X 3 on the same gel (Fig. 3). In this case, we observed

that some spot trains—for instance, the one presented in
Figs. 3B-3E, which was identified as contrapsin (serpina 3K)
via mass spectrometry fingerprinting in our previous study
(16)—were made up of four dominant colors: red, pink (a
mixture of blue and red), white (a mixture of blue, red, and
green), and green, from acidic pH to basic pH. This result
confirmed the changes we observed between two samples
(control and irradiated individuals, Fig. 2). Mean relative quan-
tities of the different spots of the contrapsin spot train were
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Fic. 4. Principal component analysis of two-dimensional DIGE spots derived from control mice (n = 4) and mice irradiated at 20 Gy
(n = 4), 40 Gy (n = 4), and 80 Gy (n = 4). A, all differentially expressed two-dimensional DIGE spots. B, glycosylated two-dimensional DIGE

spots. C, unglycosylated two-dimensional DIGE spots.

evaluated using Progenesis SameSpots software, demon-
strating that the more acidic spot increased with the dose of
irradiation, whereas the more basic spot decreased (Figs. 3F
and 3QG). Interestingly, the treatment of serum samples with
PNGase F markedly changed two-dimensional gel electro-
phoresis protein profiles whatever the dose of irradiation and
allowed the complete disappearance of the contrapsin spot
train presented in Fig. 3F, as attested to by the relative quan-
tification of each spot of the spot train (Fig. 3G). This strongly
suggests that all spots of the contrapsin spot train were
modified by N-glycans. Taken together, these results show
that the shift of spot trains toward acidic pH is dependent on
the dose of irradiation, suggesting that the more the dose is
increased, the greater the modification of the protein is. Be-
cause these modifications could be due to changes in N-gly-
cosylation, we further investigated abundance changes in
these post-translational modifications.

Two-dimensional DIGE Analysis of Glycosylated and Degly-
cosylated Mouse Serum Proteins—In order to evaluate the
contribution of glycan moieties to the discrimination of sam-
ples from control and irradiated mice, profiles of high-abun-
dance-protein-depleted serum treated (or not) with PNGase F
were compared using a two-dimensional DIGE approach. A
total of 733 protein spots were detected in the reference gel,
which was constituted by a merged image of all sham-irradi-
ated, irradiated, non-treated, and PNGase F-treated samples.
The contribution of glycans branched on protein cores was
analyzed using PCA, which gave a simplified view of gel data
in a two-parameter map. Firstly, PCA was performed using
only proteins exhibiting a p value under 5% given by ANOVA
of all groups of serum proteins not treated with PNGase F (Fig.
4A). This allowed good clustering of animals in two main
groups, as the first principal component (PC1) explained
about 66% of data variability: controls and animals irradiated
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at 20 Gy, and animals irradiated at 40 Gy and 80 Gy. Analysis
of profiles of serum proteins deglycosylated with PNGase F
allowed the selection of 74 proteins assumed to be N-glyco-
sylated because their spot volumes turned null after the treat-
ment. Once again, PCA for these 74 proteins allowed good
clustering of two main groups, as PC1 explained 68% of the
observed variability: controls and animals irradiated at 20 Gy,
and animals irradiated at 40 and 80 Gy (Fig. 4B). In order to
evaluate the contribution of proteins that were not affected by
the PNGase F digestion in terms of electrophoretic mobility
(i.e. thought to be non-N-glycosylated), we then performed
PCA using only protein spots whose volumes did not change
after the PNGase F treatment. The PCA plot displayed once
again the same two clusters as observed in the two other PCA
plots, but PC1 decreased to 28% of the variance (Fig. 4C).
This suggested the importance of serum protein glycosylation
changes, or changes in the abundance of serum glycosylated
proteins, in explaining the discrimination between control-20
Gy and 40-80 Gy samples.

Mass Spectrometry Glycan Profile Analysis—Because gly-
can moieties seemed to be important in explaining proteome
changes during CRS in mice, we focused on the analysis of
glycan modifications at day 14 post-irradiation. MS-based
analytical strategies offer highly sensitive and very informative
tools that can be used to address the complexity of the
structural analysis of glycans. The pilot study conducted by
the Human Proteome Organization and the Human Disease
Glycomics/Proteomics Initiative revealed the high reproduc-
ibility of MS analysis of permethylated N-glycans resulting in
good quantitation of oligosaccharide mixtures in MALDI-MS
(34). We used a comparative glycomic approach that allowed
quantitative distinction between the glycan structures derived
from whole (non-depleted) sera of control animals and ani-
mals irradiated at 20, 40, and 80 Gy (n = 7 or 8 per group).
Profiles of permethylated glycans derived from 25 ul of raw
serum were recorded for the m/z range of 1500-5000 Da
using MALDI-MS (seven or eight biological replicates, two
technical replicates per biological replicate, and two spectrum
acquisitions per technical replicate) (supplemental Tables S1
and S2). Thirty-nine different ions were finally selected as
possible glycan species according to the following criteria:
good reproducibility of the signal between the four acquired
spectra per sample and between samples (absence or few
null values), the presence of a probable corresponding struc-
ture in the EUROcarbDB database, S/N ratios over 10, and
confirmation of the putative structure via MALDI-TOF/TOF
tandem mass spectrometry that allowed composition assign-
ment of the different glycans and classification in different
families (supplemental Fig. S1). For instance, some ions were
actually not considered in the study because they were un-
likely to be N-glycan structures, or because their intensities
were too variable between the four acquired spectra per
sample. The 39 structures are listed in Table I, which also
displays putative schematic structures determined after

MS/MS analysis by MALDI-TOF-TOF and using GlycoWork-
Bench software. The presented putative structures were de-
termined on the basis of composition, biosynthetic pathway
knowledge, and MS/MS fragmentations. However, MALDI-
MS/MS was not able to differentiate isomers. For conven-
ience, only one branching pattern for triantennary structures
and one branching pattern for hybrid structures are shown.
N-acetyl and N-glycolylneuraminic acids were observed in
serum samples from mice. The higher observed m/z corre-
sponded to a tetraantennary fucosylated glycan (m/z value of
4084). Fig. 5 illustrates representative glycan map profiles of
control and 80-Gy-irradiated mouse serum proteins and
shows qualitatively similar profiles but different peak intensi-
ties between the two samples. Changes in relative abun-
dances of structure species observed in glycosylation pat-
terns between control and irradiated animals were further
determined using decisional statistics (see below). All gener-
ated maps displayed the same broad profile whatever the
dose received by the mice, as expected for good data inter-
pretation (34). Mean coefficients of variation of the different
structures, including biological and technical variations, were
calculated as around 28% (from 26% to 30%) within each
group, close to those of standard proteomic studies (35-38).
Profiles of control samples generally appeared as different
from those of 80-Gy samples, whereas profiles from 20-Gy
and 40-Gy samples were mostly transient between the two
conditions. No structure was found to be unique and specific
to a particular dose of irradiation. Among these structures, 20
species contained an N-glycolylneuraminic acid residue, 2
species contained an N-acetylneuraminic acid residue, and
only 1 species contained both structures.

PCA of Measured MALDI-TOF Spectra—PCA was used as
a descriptive approach in order to describe the glycomic
dataset with exploratory statistics in response to irradiation
(Fig. 6). It gave a simplified view of spectrum data in a two-
component map for the control and irradiated samples. The
data were analyzed either as a set of individual glycan struc-
tures (Fig. 6A) or as a set of glycan families (Fig. 6B). The
resulting plots showed that the four sample sets clustered into
two groups in a way that distinguished between the glycomic
profiles derived from control and 20-Gy-irradiated animals
and those of 40-Gy- and 80-Gy-irradiated animals. The dis-
crimination was better for spectra data grouped in families,
likely showing that changes involved sets of glycan structures
rather than particular structures.

Mass Spectrometry Quantification of Structures and Glycan
Families—Changes in the relative abundances of structure
species and glycan families observed in glycosylation pat-
terns between control and irradiated animals were determined
using decisional statistics. One-way ANOVA and one-way
ANOVA on ranks (Kruskal-Wallis) tests were used for the
comparison of several series. All pairwise multiple compari-
son procedures (Tukey’s test and Dunn’s method) were used
for the comparisons of series by pair. Relative to control
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Fic. 5. MALDI-TOF MS mirror spectra of permethylated N-glycans derived from sera of control and 80-Gy-irradiated mice.
Representative glycan map profiles of control and 80-Gy-irradiated mouse serum proteins are given and show qualitatively similar profiles but
different peak intensities of the two samples. Each sample displays all the annotated signals, but the annotations were distributed on the two
spectra for a more convenient reading of the figure. Changes in the relative abundances of structure species observed in glycosylation patterns
between control and irradiated animals were further determined using decisional statistics (see Fig. 7).
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Fic. 6. Principal component analysis of mass spectra of glycans derived from control mice (n = 8) and mice irradiated at 20 Gy
(n = 8),40 Gy (n = 7), and 80 Gy (n = 8). A, glycan structures as variables. B, glycan families as variables.

samples, decreasing and increasing abundances of particular the means of the relative amounts of glycan structures and
structures and families were observed with p values lower glycan families that were significantly differentially expressed
than 0.05 and with powers of tests higher than 80% (see according to one-way ANOVA results. Statistically significant
supplemental Tables S3 and S4 for all statistical tests and changes were observed for 15 glycan structures out of the 39
expression fold change results). Fig. 7 shows histograms of quantified in this study. Out of the 15 glycans, 9 were in-
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Fic. 7. Changes in the relative intensities of significantly altered N-glycan structures and families derived from control mice (n = 8)
and mice irradiated at 20 Gy (n = 8), 40 Gy (n = 7), and 80 Gy (n = 8) (log, average ratio (IR/NI)). A, glycan structures. B, glycan families.
All statistical test results and expression fold changes are given in supplemental Tables S3 and S4. Abbreviations of family names are given
in Table I. IR, irradiated samples; NI, non-irradiated samples. Asterisks indicate thresholds of the p value relative to the non-irradiated group:
*, p < 0.05 *, p < 0.01; **, p < 0.001. Red triangles, fucose; yellow circles, galactose; green circles, mannose; blue squares, N-
acetylglucosamine; pale blue rhomboids, N-glycolylneuraminic acid (sialic acid); purple rhomboids, N-acetylneuraminic acid (sialic acid).

creased and 6 were decreased in the irradiated animal sam-
ples. 18 out of the 28 glycan families were significantly differ-
entially expressed. p values and powers indicate that the
differences were mostly statistically significant between con-
trol and 80-Gy samples and between 20- and 80-Gy samples
(supplemental Tables S3 and S4, Fig. 7). A significant de-
crease of biantennary structures (N-glycans with m/z values of
2461, 2852, and 3026) occurred following exposure to the
highest doses of irradiation (40 and 80 Gy), whereas an in-
crease of almost all tri- and tetraantennary structures (N-
glycans with m/z values of 3228, 3259, 3288, 3635, 3663,
3678, 3693, and 4084) took place at the same time. An in-
crease was measured for the pentafucosylated glycan family
(N-glycans with m/z values of 3635 and 4084). Similarly, an
increase was observed for the S3 glycan family, which con-
tains two different glycans with three sialic acid residues
(N-glycans with m/z values of 3244 and 3693). In contrast,
little difference was generally observed between control and
20 Gy and between 40 and 80 Gy, suggesting that control and
20-Gy-irradiated animals and 40- and 80-Gy-irradiated ani-

mals displayed similar responses at day 14 post-irradiation.
These results agree with the findings we obtained using ex-
ploratory statistics with both two-dimensional DIGE and gly-
cosylation profiles showing two main clusters, of control-20
Gy samples and of 40-80 Gy samples.

Expression Profiles of Liver Genes Involved in Glycosyla-
tion— Given that serum proteins are produced mainly in the
liver, we wondered whether localized irradiation of the skin
could induce changes in the expression of genes involved in
glycosylation in this organ. Real-time quantitative PCR was
used to evaluate changes in the relative abundances of 30
genes encoding fucosyltransferases (7 genes), acetylgluco-
saminyltransferases (GIcNAc transferases) (6 genes), galacto-
syltransferases (6 genes), and sialyltransferases (11 genes)
(supplemental Tables S5 and S6, Fig. 8). The expression of
four genes (MGAT5B, ABO, ST6GAL2, and ST6GALNACYS)
was not detected in our conditions. Among the 26 detected
genes, 17 were significantly differentially expressed in the liver
at day 7 and/or day 14 post-irradiation at 80 Gy relative to
sham-irradiated samples, showing that irradiation of the skin
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Fic. 8. Irradiation of the skin induces changes in mRNA expression of genes involved in glycosylation in the liver. Liver mRNA levels
of fucosyltransferases, GIcNAc transferases, galactosyltransferases, and sialyltransferases were measured 7 and 14 days after irradiation at
80 Gy via real-time quantitative PCR (eight mice per time point) and were compared with corresponding mRNA levels of sham-irradiated mice
(n = 8) (log, average ratio (IR/NI)). IR, irradiated samples; NI, non-irradiated samples. Asterisks indicate thresholds of the p value relative to the

non-irradiated group: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

can broadly modify the expression of genes involved in gly-
cosylation in the liver. Genes involved in the synthesis of
multiantennary N-glycans (GIcNAc transferases MGAT4A,
MGAT4B, and MGAT5) were overexpressed in the liver, par-
ticularly at day 14 post-irradiation. Furthermore, MGAT2,
which produces the biantennary glycan substrates for the
prior GIcNAc transferases, was not differentially expressed at

day 14 post-irradiation. These findings correlate with the ob-
served increase in multiantennary N-glycans of serum pro-
teins. Similarly, the expression of genes involved in the
sialylation of galactose (ST3GAL4 and ST6GAL1) and
N-acetylglucosamine (ST6GALNACSE) were increased follow-
ing irradiation, in line with the observed increase in outer
branch sialylation of serum proteins after irradiation. In con-
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trast, genes coding for sialyltransferases able to sialylate a
sialic acid linked to galactose (ST8SIA3, ST8SIA4, ST8SIA6)
were all down-regulated, but these findings were not in con-
tradiction to the results of the glycomic study. In addition, we
observed slight differential expression of several galactosyl-
transferase genes (B4GALT2, B4GALT3, B4GALT4, and
GGTA1). Among these variations, the increase of GGTA1
might indicate an increase in the level of Galili antigen
(Gala8GalB4GIcNAc). Lastly, except for FUT2 and FUTS3,
which are responsible for the addition of a fucose to galac-
tose, the expression of fucosyltransferase genes did not
change significantly following irradiation, in apparent contra-
diction to the glycomic data, which revealed an increase in
outer branch fucosylation. However, an increase in the syn-
thesis of multiantennary structures induced by irradiation
could lead to an increase in core and antenna fucosylation,
even if genes are not expressed more, because antennary
structures are able to accept fucose.

Quantification of Secreted Cytokines in Serum—The ex-
pression of genes involved in glycosylation can be regulated
by proinflammatory cytokines expressed in the blood. We
therefore looked for changes in the relative abundances of the
three major proinflammatory cytokines, IL-1p, 1I-6, and TNFq,
in the serum of mice locally irradiated using a Luminex mul-
tiplexing assay. Fig. 9 shows that the three cytokines were
significantly increased in the serum of mice at day 14 post-
irradiation at 80 Gy relative to sham-irradiated mice. IL-6 was
also significantly increased at day 7 post-irradiation and
reached a maximum fold change of 2.5 at day 14. These
results show that localized irradiation of the skin can signifi-
cantly modify the level of blood proinflammatory cytokines,
especially 14 days after the exposure. These cytokines might
in turn change the expression of liver genes, as described in
many studies, and especially the expression of genes in-
volved in protein glycosylation.

DISCUSSION

Research in our laboratory has validated an in vivo animal
model of localized irradiation of the skin in order to shed light
on CRS and to investigate serum protein changes before,
during, and after the development of this syndrome (16, 33).
Using this model, a first study to investigate time-course
proteome changes showed that mice exhibited many differ-
entially expressed serum proteins starting at 1 day following
exposure to ionizing radiation and until 1 month post-irradia-
tion (16). This response involved modifications in the abun-
dance of acute phase response proteins and many other
proteins of the serum, most of them known to be post-
translationally modified. Based on a two-dimensional DIGE
approach, shifts in the p/ of serum proteins were observed in
serum from irradiated animals, with a maximum shift at day 14
after irradiation, suggesting that modifications of proteins oc-
curred in the serum of mice exposed to ionizing radiation and
developing CRS.
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Fic. 9. Irradiation of the skin induces changes in proinflamma-
tory cytokines in the serum. The levels of IL-1p3, IL-6, and TNF«
were measured 7 and 14 days after irradiation at 80 Gy (eight mice per
time point) and in non-irradiated mice (n = 8) by the Luminex assay
system (mean = S.E.). Asterisks indicate thresholds of the p value
relative to the non-irradiated group: *, p < 0.05; **, p < 0.01; **, p <
0.001.
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In the present study, a proteomic analysis utilizing two-
dimensional DIGE of the serum of a man irradiated by acci-
dent who was developing CRS at the time of blood collection
(7) gave us the opportunity to observe similar shifts in the p/ of
human serum proteins during CRS. Observed in both humans
and mice, these alterations might be of importance in the
response to ionizing radiation. Because the first dimension of
the procedure (isoelectric focusing) is exquisitely sensitive to
molecular charge variations in sialic acid content (28), we
investigated post-translational modification changes such as
glycosylation in mouse after irradiation at 20, 40, and 80 Gy in
the course of the development of CRS 14 days post-irradia-
tion. Using exploratory statistics (PCA), comparisons of native
and PNGase F-digested serum proteins via two-dimensional
DIGE suggested that the large variations observed in the
proteomic dataset between control and irradiated animals
were mostly explained by glycosylated proteins. This result
strongly supported the idea that glycosylation modifications
of serum proteins explained, at least in part, the variation in
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two-dimensional DIGE protein profiles after irradiation. Inter-
estingly, PCA allowed the clustering of control and 20-Gy-
irradiated animals and of 40- and 80-Gy-irradiated animals,
showing good discrimination between uninjured/slightly in-
jured animals and severely injured animals.

Because glycan modifications of protein amino acid side
chains seemed to be important in the discrimination of mice
exposed to different doses of ionizing radiation, we chose to
explore the glycome of serum proteins in more detail using a
mass spectrometry approach. We used in this study a small
aliquot of 25 wl of unfractionated raw (non-depleted) serum
from mouse to generate glycomic profiles through MALDI-
MS. As discussed below, the data showed that local irradia-
tion of the dorsal skin of mice significantly altered the glycome
content of serum proteins in the course of the development of
the radiation-induced lesion.

A significant decrease of biantennary structures occurred
following exposure to the highest doses of irradiation (40 and
80 Gy), whereas an increase of almost all tri- and tetraanten-
nary glycans took place at the same time. This result is in
agreement with previous work establishing that in cancer or
other chronic inflammation states, the increase in tri- and
tetraantennary glycans signals chronic inflammation (22). Fur-
thermore, we established that the mRNA levels of genes
involved in the synthesis of multiantennary structures
(MGAT4A, MGTA4B, and MGAT5) were increased in the liver
of irradiated mice relative to sham-irradiated mice. As serum
proteins are produced mainly in the liver, the observed de-
creases in biantennary N-glycans and increases in multian-
tennary N-glycans might result at least in part from an alter-
ation of N-GIcNAc expression. These results should be
confirmed via Western blot analysis and protein activity as-
says. The synthesis of multiantennary structures has been
shown to be greatly modulated during the inflammatory proc-
ess, and various studies have associated such variations with
sialylation and fucosylation and, more specifically, with the
Sle* epitope (22). In the present study, the assessment of the
levels the three key proinflammatory cytokines, IL-1p, IL-6,
and TNFg, in the serum of irradiated mice demonstrated that
an inflammatory reaction was occurring at the time of the
glycomic study. Lastly, in contrast to the decrease we ob-
served in the full biantennary glycan family, a1-acid glycopro-
tein was shown to contain increasing amounts of biantennary
structures during short-term acute inflammation (39), but this
result cannot easily be generalized to the full biantennary
glycan family. Moreover, mice could instead exhibit chronic
inflammation, which is characteristic of the long-term effect of
irradiation (40).

An increase in the pentafucosylated glycan family was
measured in irradiated mice. This increase was not supported
by an up-regulation of fucosyltransferase genes in the liver.
However, an increase in the synthesis of multiantennary struc-
tures induced by irradiation could be sufficient to explain an
increase in fucosylation, even if fucosyltransferase genes

were not up-regulated, because antennary structures are able
to accept fucose. The pentafucosylated family of glycans is
composed of hyperfucosylated structures that were not sia-
lylated in our experiment and which, as a consequence, likely
did not carry the Sle* epitope. The Sle* epitope has a role in
inflammation when linked to cellular glycoproteins (41), but it
has also been found to be increased on serum APPs during
chronic pancreatitis (42). However, the physiological role of
increased branching and SLe* on serum glycoproteins re-
mains elusive. If confirmed, the contradictory result we ob-
tained might account for the specificity of the radiation effect
in regard to other pathologies, such as cancer and organ
inflammation.

Similarly, an increase was observed in the S3 glycan family,
which contains three sialic acid residues. These changes
might explain the observed shifts of spot trains toward acidic
pH levels in two-dimensional DIGE in our previous work (16)
and for both mouse and human serum proteins in this study.
In accordance with our results, a total increase in sialylation
has been observed when an acute phase response was in-
duced in mice via turpentine oil injection (27, 43). Moreover,
increased sialylation was related to the production of the
proinflammatory cytokine IL-6 in patients with cystic fibrosis
(44) and in patients with gastric cancer (45). Interestingly, IL-6
is one of the major cytokines involved in the response to
ionizing radiation, especially in skin (13, 14, 46). In the present
study, IL-6 was significantly increased in the serum 7 and 14
days post-irradiation of the skin, and IL-18 and TNFa were
increased at day 14. Moreover, the mRNA levels of sialyltrans-
ferases (ST3GAL4, ST6GAL1, and ST6GALNAC6) were up-
regulated in the liver at day 14 post-irradiation. Furthermore,
ST6GAL1, which is highly expressed in the liver (47), has been
shown to be up-regulated by IL-6 (48) and TNF« (49, 50), and
the expression of ST3GAL4 was increased by IL-18 (51). An
induction of IL-1, IL-6, and TNFa following irradiation of the
skin might therefore explain the observed increase in serum
sialylated glycans after radiation exposure.

No information was available to explain changes in glycome
content following irradiation. It is not known whether they
were caused by increases in the abundance of modified pro-
teins with these particular structures or by increases in par-
ticular structures linked to different proteins, as can be seen
when there is an increase of the expression of glycosyltrans-
ferases (52). However, the up-regulation of genes involved in
glycosylation in the liver of locally irradiated mice indicates
that the glycome content might be modified at least in part by
the increase in particular structures. In the current work we
present no new experimental data about the identities of
modified serum glycoproteins after irradiation. However, we
have shown previously that contrapsin, carboxylesterase,
gelsolin, kininogen I, hemopexin, Pzp, complement compo-
nent C3, and a1-antitrypsin, which form spot trains on two-
dimensional gels, were likely post-translationally modified af-
ter irradiation (16). We hypothesized that irradiation modified
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their glycosylation status. In this paper, we focus on the
modifications of a spot train that was identified as contrapsin
(serpin 3K) in that same earlier study. These modifications
occurred in a dose-dependent manner, and the contrapsin
spot train disappeared from two-dimensional gels when se-
rum proteins were treated with PNGase F. All these spot trains
were shifted mostly toward acidic pH levels following irradia-
tion, with a maximum shift at day 14. Given that many proteins
in serum are modified by sialic acid chains, giving rise to
characteristic spot trains on a two-dimensional gel (28), the
changes we observed might be due mainly to an increase in
the sialic acid content of glycans linked to these proteins,
except for gelsolin, which shifted toward basic pH levels after
irradiation. All these proteins, with the exception of gelsolin,
are consistent with the acute phase response to tissue injury.
Many APPs are heavily glycosylated, and their sugar content
and complexity can change, for instance, in the presence of
cancer-induced chronic inflammation (53). These changes in
glycosylation can profoundly alter the function of a protein
and are likely involved in the processes of inflammation and
tissue repair. Although almost all proteins we identified on
two-dimensional gels in our first study were linked to the
acute phase response, the specificity of the response to some
proteins remains an open question. Another interesting ques-
tion is the potential reversibility of this serum glycoprotein
phenotype after radiation treatment. We showed that profiles
of spot trains returned to values similar to those of sham-
irradiated mice in about 1 month (16), indicating that this
phenotype might be reversible. However, this question still
deserves to be explored, as the serum glycome was not
investigated beyond 14 days after irradiation.

The observed increases in multiantennary N-glycans and in
outer branch fucosylation and sialylation were associated with
the up-regulation of genes involved in glycosylation in the
liver, which is the main producer of serum proteins, and with
an increase in key proinflammatory serum cytokines, which
can be involved in the control of the expression of glycosyla-
tion genes. We hypothesize that radiation-induced skin le-
sions induce the release of cytokines in the circulation, which
in turn might lead to altered expression of liver genes involved
in the glycosylation of proteins, giving rise to modifications of
secreted protein glycosylation status. The molecular back-
ground and physiological importance of most of these
changes, however, remain to be discovered. Changes in the
glycosylation of serum proteins have clearly shown that gly-
cosylation plays an important role in the inflammatory re-
sponse (27). Changes in the sialylation and fucosylation of
APPs can induce the increased expression of structures in-
volved in the selectin-mediated interaction of leukocytes and
endothelial cells in homing and inflammatory processes (54). It
has been postulated that the inflammation-induced changes
in the expression of these structure on APPs might have an
inhibitory effect on the selectin-mediated entry of leukocytes
into inflamed areas (41, 55, 56) and might represent a feed-

back response of the hepatic acute phase reaction in an
attempt to reduce the cellular inflammatory reaction. Further
identification of proteins whose glycosylation might be mod-
ified following irradiation therefore remains a challenge in
elucidating the molecular and cellular events involved in the
response to ionizing radiation.

CONCLUSIONS

MS-based glycomic profiles have clearly demonstrated that
changes occur in the relative abundances of many glycan
structures and glycan families of serum proteins following
irradiation. The observed decreases in biantennary N-glycans
and increases in multiantennary N-glycans, as well as in-
creases in outer branch fucosylation, are reminiscent of the
types of alterations observed previously following inflamma-
tory stimuli. This probably also takes place in humans, as
serum proteins of a man exposed to ionizing radiation and
developing CRS displayed two-dimensional DIGE patterns
similar to those of mouse samples. Using glycan structures as
variables, PCA of the control and irradiated groups of samples
demonstrated a clear clustering between control and 20-Gy
samples and between 40- and 80-Gy samples. These results
show that glycomic profiling has the potential to discriminate
between uninjured/slightly injured animals (control and 20 Gy)
and severely injured animals (40 and 80 Gy). This methodol-
ogy might be the starting point for the development of new
categories of radiation diagnostic or prognostic biomarkers
based on the quantification of glycan structures in serum. As
with serum proteome studies designed to identify prognostic
and diagnostic biomarkers, the investigation of the temporal
expression of glycans will have to be considered, especially
during the latent phase following exposure. Characterizing the
global molecular consequences of ionizing radiation remains
a challenge, especially for localized injury following high
doses of radiation. Finally, a more comprehensive picture of
the pathophysiological response to localized radiation expo-
sure is still needed for better clinical triage when there are
mass casualties, and to predict lesion outcomes for each
patient.
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