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Summary

We recently reported that N-glycosylation changes during human
aging. To further investigate the molecular basis determining
these alterations, the aging process in mice was studied. N-glycan
profiling of mouse serum glycoproteins in different age groups of
healthy C57BL/6 mice showed substantial age-related changes in
three major N-glycan structures: under-galactosylated bianten-
nary (NGA2F), biantennary (NA2), and core a-1,6-fucosylated -f-
galactosylated biantennary structures (NA2F). Mice defective in
klotho gene expression (kl/kl), which have a shortened lifespan,
displayed a similar but accelerated trend. Interestingly, the oppo-
site trend was observed in slow-aging Snell Dwarf mice (dw/dw)
and in mice fed a calorically restricted diet. We also discovered
that increased expression and activity of a-1,6-fucosyltransferase
(FUT8) in the liver are strongly linked to the age-related changes
in glycosylation and that this increased FUT8 and fucosylation
influence IGF-1 signaling. These data demonstrate that the glyco-
sylation machinery in liver cells is significantly affected during
aging and that age-related increased FUT8 activity could influence
the aging process by altering the sensitivity of the IGF-1R signal-
ing pathway.
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Introduction

Aging can be defined as progressive functional decline and increasing
mortality over time (Lombard et al., 2005). The aging process is partially
under genetic control and is influenced by the environment (Mariani
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et al., 2005; Lautenschlager & Almeida, 2006). Several cellular pathways
have been found to be connected to the aging process. These pathways,
which either suppress or enhance the aging process, include regulation of
the insulin/growth hormone (GH) axis, ROS metabolism, and DNA repair
(Andressoo & Hoeijmakers, 2005).

N-linked oligosaccharides of glycoproteins play important biological
roles by influencing the functions of glycoproteins (Kukuruzinska & Len-
non, 1998). They are important for initiation of various cellular recogni-
tion signals that are essential for maintaining the ordered social life of the
cells of a multicellular organism, e.g., receptor activation, endocytosis,
and cell adhesion (Raman et al., 2005). Although many studies reported
the importance of the changes in glycan structures during development
and disease (Freeze & Aebi, 2005), little information is available on these
changes during aging (Parekh et al., 1988). Because the biosynthesis of
glycans is not controlled by interaction with a template but depends on
the concerted action of glycosyltransferases and glycosidases, the struc-
ture of glycans is much more variable compared with that of proteins and
nucleic acids, and they can easily be altered by changes in the physiologi-
cal condition of the cells.

In our previous studies, we demonstrated that three major N-glycan
structures (NGA2F, NGA2FB, and NA2F) present in human blood glyco-
proteins undergo changes during aging (Vanhooren et al., 2007, 2010).
These results indicate that the measurement of N-glycan levels could pro-
vide a noninvasive surrogate marker for general health, for forecasting
disease progression upon aging, and for monitoring the efficacy of anti-
aging medications.

In this study, we compared the changes in the serum N-glycome during
aging in genetically identical inbred C57BL/6 mice housed in a specific
pathogen-free environment (SPF) to reduce the influence of genetic poly-
morphisms and the environment to a minimum. To confirm our findings,
the serum N-glycome of long-lived and short-lived mouse models was
compared, and to understand the mechanism driving N-glycosylation
alterations, the gene expression levels and protein activity of important
glyco-genes were measured.

Results

Serum glycomic profiling of aging healthy C57BL/6 mice

In our previous study, we demonstrated the alteration in serum N-glycans
during human aging (Vanhooren et al.,, 2007, 2010). To investigate
whether this holds true in mice, we studied the serum N-glycome during
mouse aging in inbred mice. To do so, eight C57BL/6 male mice per age
group (3, 8, 15, and 23 months old) were housed under SPF conditions
and bled monthly during 4 months (except that the oldest group was bled
monthly during 3 months). Total serum desialylated N-glycans were
released from glycoproteins after treatment with peptide N-glycosidase F
(PNGase F) and then digested with sialidase (see M&M). The desialylated
N-glycan profiles of different age groups were analyzed by DNA sequen-
cer-assisted, fluorophore-assisted carbohydrate electrophoresis (DSA-
FACE). As shown in Fig. 1A, the desialylated N-glycan profile contained
nine major peaks in C57BL/6 mice. The area under the peaks, that repre-
sents the relative concentrations of the oligosaccharide structures, was
quantified and normalized to the total signal intensity. By analyzing N-gly-
cans of different age groups, we found that three glycan structures are
closely linked to aging. Peaks 1 and 6 (Fig. 1B,C) were increased during
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Fig. 1 N-glycosylation alterations in serum proteins and FUT8 expression/activity in the liver of C57BL/6 mice during healthy aging. (A) A typical desialylated N-glycan profile
is shown for total serum proteins of healthy C57BL/6 mice of 6 months (top panel) and of 23 month (lower panel) old housed in an SPF animal house. The structures of the
three most relevant peaks are shown below the panels. Peak 1 is an agalactosylated, core-a-1,6-fucosylated biantennary glycan (NGA2F), peak 5 is a bigalactosylated,
biantennary glycan (NA2) and peak 6 is a bigalactosylated, core-a-1,6-fucosylated biantennary glycan (NA2F). N-Acetylglucosamine [, fucose A, mannose O, and galactose
O. (B-D) The relative concentrations of the oligosaccharide structures (in percentage), statistically analyzed for correlation between glycans and aging, of C57BL/6 mice
during healthy aging. Blood was taken and analyzed with DSA-FACE every month, for 4 months of four age groups (3, 8, 15, and 23 months old) of 8 male C57BL/6 mice.
For the oldest age group (start age 23 months), blood was taken only for 3 months as many mice became sick or died. (B) Relative amount of peak 1 in correlation with the
age, there is an age-dependent increase of peak 1 (r = 0.8048, P < 0.0001) (C) relative amount of peak 6 in correlation with the age, there is an age-dependent increase of
peak 6 (r = 0.6276, P < 0.0001), and (D) relative amount of peak 5 in correlation with the age, there is an age-dependent decrease of peak 6 (r = —0.5232, P < 0.0001).
(E-F) The relative gene expression and activity of FUT8 in the liver of healthy aging C57BL/6 mice. (E) Fut8 gene expression in liver during aging of healthy C57BL/6 mice
measured by Q-PCR (n = 8 for 11 and 15 months; n = 7 for 23 months). A clear age-related upregulation of Fut8 gene expression was observed. (F) FUT8 activity in the liver
during aging of healthy C57BL/6 mice was measured (n = 4 in each age group). A clear age-related upregulation of FUT8 activity was observed in correlation with the gene

expression.

aging while peak 5 was decreased (Fig. 1D). Most serum N-glycoproteins
are secreted by the B cells (antibodies) and the liver. To investigate the con-
tribution of antibodies to the changes in peaks 1, 5, and 6, we performed
DSA-FACE on antibody-depleted serum from the same aging SPF male
C57BL/6 mice. We still found the same age-related N-glycosylation altera-
tions in the antibody-depleted fraction (data not shown), demonstrating
that mainly N-glycosylation of proteins secreted by the liver is influenced
by age. We performed structural analysis of N-glycans using exoglycosid-
ases. In agreement with our previous report (Liu et al., 2010), peak 1 and
peak 6 represent agalacto core-a-1,6-fucosylated biantennary (NGA2F)

© 2011 The Authors

and bigalacto core-a-1,6-fucosylated biantennary (NA2F), respectively,
while peak 5 represents bigalacto biantennary structures (NA2).

Increase in fucosylation during aging

As peak 1 and peak 6 contain core-a-1,6-fucose structure and both are
increased during aging, we examined total core-a-1,6-fucosylated glyco-
protein in serum of C57BL/6 male mice housed in SPF conditions at dif-
ferent ages (11, 15, and 23 months). Western lectin blots of total serum
proteins were performed using Aspergillus oryzae lectin (AOL) as probe,

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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which is a carbohydrate-binding protein that recognizes specifically o-
1,6-fucosylated glycans (Matsumura et al., 2007). When comparing the
AOL staining (Fig. 2B) with a staining for total protein amount (Coomas-
sie Fig. 2A), it becomes clear that not all, but a large amount of proteins
in the serum are a-1,6-fucosylated and that a clear age-related increase
in AOL bands is detected. As shown in Fig. 2C, where the total AOL band
intensity was measured, AOL-binding of serum glycoproteins was gradu-
ally increased during aging.

Increased Fut8 gene expression and activity in the liver of
aging mice

The liver is the major producer of serum N-glycoproteins. To determine
whether the increase in serum core-fucosylated glycoproteins was
because of altered biosynthesis of the structures in the liver, Q-PCR for
glycosylation biosynthesis enzymes in the liver was performed. We
focused on alpha-1,6-fucosyltransferase 8 (FUT8) as it has been reported
that FUT8, which adds a fucose to core N-acetylglucosamine (GIcNACQ), is
the only fucosyltransferase involved in core fucosylation in mice (Wang
et al., 2006b). We investigated whether the increased level of fucosylated
glycoprotein in serum of old mice was caused by upregulation of Fut8
gene expression in liver. Total RNA was prepared of the livers of C57BL/6
mice at the age of 11 months (n = 8), 15 months (n = 8), and 23 months
(n =7). The gene expression was measured using Q-PCR. Indeed, we
found that Fut8 expression was upregulated significantly in the livers of
old mice (23 months) compared to younger mice (11 and 15 months;
Fig. 1E). The gene expression level of other fucose metabolism genes was
also measured, namely those genes coding for fucose transporter, GDP-
mannose-4,6-dehydratase, GDP-keto-6-deoxymannose-3,5-epimerase-

Fig. 2 Aspergillus oryzae lectin (AOL) lectin
blot of serum from aging C57BL/6 mice.
Serum from the healthy male C57BL/6
aging mice of different ages (11, 15, and
23 months old) was subjected to SDS-
PAGE. The gel was stained for total protein
with coomassie (A) and also blotted to a
membrane and probed with an AOL lectin
that recognizes a-1,6-core-fucosylated
proteins (B). The left lane is the protein
marker, and the molecular weight in kDa is
indicated. The intensity of numerous AOL
bands was increased (marked with an
arrow) whereas the amount of protein seen
on the coomassie gel remained constant.
The intensity of the total AOL bands was
measured and plotted out (C). There is a
clear increase in a-1,6-core fucosylation on
different serum proteins during aging.

4-reductase, and GDP-L-fucose synthetase, but no differences were
observed during aging (data not shown). The transcriptional regulation of
Fut8 in the liver of old mice was correlated with increased FUT8 biological
enzyme activity in old mice (23 months; Fig. 1F). Thus, the increased core
fucosylation of glycoprotein in serum is indeed associated with transcrip-
tional increase of Fut8 in the livers of old mice. This explains at least partly
that the increase of peak 1 (NGA2F) and peak 6 (NA2F) during aging is
caused by an increased Fut8 expression in the liver. These results might
also explain the decrease in peak 5 (NA2) during aging, because NA2 is
used as a substrate by FUT8 to form peak 6 (NA2F).

Caloric restriction prevents the age-related N-glycan
changes

In-mammals, caloric restriction (CR) is an effective way to delay age-
related diseases and extend good health into old age. Mice that consume
30-40% fewer calories survive 20-50% longer than mice fed ad libitum
(AL) (Weindruch et al., 1988). We investigated whether CR can delay or
reverse the age-related N-glycan changes observed in healthy, aging
mice. C57BL/6 mice (n = 8) at the age of 2 months were fed a diet con-
taining 40% less calories than the control group (n = 8) fed ad libitum for
6 months. During the first 2 months, the CR mice lost 25% of their body-
weight, after which their bodyweight stabilized (data not shown). Blood
was collected monthly. The serum N-glycan profiles were generated by
DSA-FACE. A clear antiaging inversion of the glycan profile is seen in CR
mice in comparison with AL control mice. As peak 1 increases and peak 6
stays stable during the time of measuring in control mice (Fig. 3A,B
black), they decreased in CR mice (Fig. 3A,B red). On the other hand, the
level of peak 5 increased with age in CR mice compared with control mice

© 2011 The Authors
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Fig. 3 N-glycosylation alterations in serum proteins and FUT8 expression in the liver of AL and CR C57BL/6 mice. The area under the peaks that represents the relative
concentrations of the oligosaccharide structures (in percentage) was analyzed statistically for the correlation between glycans, age, and feeding conditions. Blood was taken
at 2 months of age, before starting the CR feeding. Afterward, blood was taken every month from the AL (n = 8) and CR groups (n = 8), until 8 months of age. The AL group
is presented by the black line and dots and the CR group by the red line and triangles. (A) There is an age-dependent increase of peak 1 in the AL group (r = 0.7024,

P < 0.0001), but there is an age-dependent decrease in peak 1 in the CR group (r = —=0.4772, P = 0.0089). The difference between the slope of the AL and CR condition is
extremely significant, P < 0.0001. (B) There is no change in peak 6 with age in AL conditions over the time frame analyzed here (r = —0.2313, NS) but here is an age-
dependent decrease in peak 6 in the CR group (r = —0.6334, P < 0.0001). The difference between the slope of the AL and CR condition is significant, P = 0.003247.

(C) There is no change in peak 5 with age in AL conditions over the time frame analyzed here. There is an age-dependent increase in peak 5 in the CR group (r = 0.5382,

P = 0.0004). The difference between the slopes of the AL and CR condition is not quite significant, P = 0.05293. (D) The relative gene expression of FUT8 in the liver
measured by Q-PCR. Decreased expression of FUT8 in calorie-restricted (CR, n = 7) C57BL/6 mice compared with ad libitum-fed (AL, n = 7) C57BL/6 mice.

(Fig. 3C). Moreover, we also observed that CR intervention influences the
Fut8 gene expression in the liver: we found that Fut8 expression in liver is
significantly decreased by CR intervention compared to AL mice (Fig. 3D).
Thus, we demonstrate that aging-related changes in N-glycans in healthy
aging C57BL/6 mice can be prevented by CR.

Evaluation of serum N-glycan changes in Snell Dwarf mice
and in mice defective in klotho gene expression

To see whether serum N-glycan changes during C57BL/6 aging is a gen-
eral aging biomarker, we investigated the N-glycome in two other aging
mouse models: Snell Dwarf mice (dw/dw) and mice carrying severe hypo-
morphic klotho alleles (kl/kl).

Snell Dwarf mice are homozygous for the Pit19" allele, which elimi-
nates the function of the transcription factor Pit1 (Li et al., 1990). Snell
Dwarf mice are deficient in GH, prolactin (PRL), and thyroid-stimulating
hormone (TSH) owing to hypoplasia of the cells that produce these hor-
mones in the anterior pituitary. These mice are resistant to chemically
induced cancers and live longer than control mice that are either homozy-
gous or heterozygous for the wild-type Pit1 allele (Bielschowsky & Biels-
chowsky, 1959; Rennels et al., 1965; Flurkey et al., 2001, 2002). In this
study, we collected serum longitudinally from homozygous Snell Dwarf
mice (dw/dw, n = 10) and control mice (WT, n = 10) during different
age time points. As shown in Fig. 4B,C, Dwarf mice have a lower peak 6
and a higher peak 5 compared to age- and sex-matched control mice of

© 2011 The Authors

the same genetic background. Both the WT and the Dwarf mice demon-
strate the age-related trend in peaks 6 and 5 but the amount of peak 6 is
always lower and amount of peak 5 is always higher in Dwarf mice com-
pared with age-matched WT mice. In contrast, no difference in peak 1
was observed between Dwarf and control mice (Fig. 4A).

The klotho gene is involved in the suppression of several aging pheno-
types. A defect in klotho gene expression in the mouse generates a syn-
drome that resembles human premature aging, including a short
lifespan, infertility, arteriosclerosis, skin atrophy, osteoporosis, and pul-
monary emphysema (Kuro-o et al., 1997). Thus, mice defective in klotho
gene expression (kl/kl) have been used as a model for human aging. Peak
dynamics were also measured in this short-lived mouse to evaluate N-gly-
can profile changes as a potential biomarker for mouse aging. As kl/kI
mice die between 8 and 10 weeks of age, serum samples from kl/kl mice
and controls of the same genetic background were obtained at the age
of 7 weeks and studied for N-glycan profiles. Peak 1 and peak 6 in the
kl/kl mice were significantly higher compared to the controls, whereas
no significant change in peak 5 was observed (Fig. 4D—F).

To study whether Fut8 gene expression is correlated with the changes
in glycosylations in dw/dw and kl/kl mice, we analyzed gene expression
in the livers using Q-PCR. Liver RNA was prepared from 6-month-old
dw/dw mice (n = 6, males) and age- and sex-matched controls (n = 6,
males), as well as from 7-week-old kl/kl (n = 5, males) and age- and sex-
matched controls (n = 5, males). In correlation with the glycan structures,
Fut8 gene expression in dw/dw mice was decreased (Fig. 5A), whereas

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



1060 Alteration in N-glycomics during mouse aging, V. Vanhooren et al.

(A) 45 - (B) 5 -
c € 40 -
3 10 3

- 1 ©
5% 5%
o o
2w 2 220
&8 0 54 & o
7] 7]
1 14

0 T T T T T 1

0 10 20 30 40 50 60
Age (weeks)

Age (weeks)

© - (D) 31
- 60 - A
g *ﬁ A € AA
g o 50 0 A g - 21
E E 40 - EE aA
2iq] : 28
% o 20 - : % O 1 4
4 14
10 A
0 T T L} L) T 1 0 -.'..
0 10 20 30 40 50 60 WT kI'lkI
Age (weeks)
Sk NS
(E) 20- (F)
A
A A 50 1 m at
AA - L] A
2 151 S 401 4
3© L] o 2
g% 10 [ 1| g © 30 4
O [
0o ga
2 2% 20-
8° 5
S €  10-
0 T T 0 L) T
WT kl/kl WT kl/kl

Fig. 4 (A-C) N-glycosylation alterations in serum proteins of dw/dw mice (n = 10) and age- and background-matched controls (n = 10, WT). (D-F) N-glycosylation
alterations in serum proteins of kl/kl mice (n = 5) and age- and background-matched controls (n = 5, WT) at 7 weeks of age. (A—C) The area under the peaks that represents
the relative concentrations of the oligosaccharide structures (in percentage) was analyzed statistically for correlation between N-glycan and genotype. Blood was taken
longitudinally throughout the lifespan. The WT group is presented by the black line and dots and the dw./dw group by the red line and triangles. (A) There is an age-

dependent increase of peak 1 in both groups (WT r = 0.6185, P < 0.0001 and dw/dw = 0.7167, P < 0.0001). There is no significant difference between the slopes of the
WT and dw/dw. (B) There is an age-dependent increase in peak 6 with age in both conditions over the lifespan analyzed here (WT r = 0.4364, P < 0.0001 and dw/dw
r=0.8936, P < 0.0001). Although the amount of peak 6 is higher throughout the lifespan in WT compared with dw/dw, there is no significant difference between the slope
of WT and dw/dw mice. (C) There is an age-dependent decrease in peak 5 with age in both conditions over the lifespan analyzed here (WT r = —0.3803, P = 0.0009 and
dw/dw r = -=0.7419, P < 0.0001). The amount of peak 5 is throughout the lifespan higher in WT compared to dw/dw. There is no significant difference between the slope
of WT and dw/dw mice. (D-F) The area under the peaks that represents the relative concentrations of the oligosaccharide structures (in percentage) was analyzed statistically
for correlation between glycan and genotype. (D) The relative amount of peak 1 in WT mice was below the detection limit and was determined as O; therefore, no statistical

test could be performed on these data but there is a clear trend of increased peak 1 in the kl/kl mice. (E) Statistically significant increase of peak 6 in kl/kl mice. (F) Not
statistically significant (NS) difference of relative amount of peak 5 in function of the genotype.

Fut8 expression in kl/kl mice was increased (Fig. 5B). Also, the FUT8 bio-
logical activity followed the same trend confirming the gene expression
effect is visible in FUT8 biological activity (Fig. 5C,D).

Influence of FUT8 on IGF-1 signaling pathway

Fucosylation can affect several signaling pathways. An important exam-
ple is the epidermal growth factor receptor (EGFR) that needs core-a-1,6-
fucosylation for correct signaling as FUT8 ™~ cells have reduced EGF sig-
naling (Wang et al., 2006b). As FUT8 is upregulated during aging, we
investigated how altered Fut8 expression influences IGF-1 signaling.

First, we used primary hepatocytes isolated from young (low Fut8
expression) and old (high Fut8 expression) mice. These cells were stimu-
lated with 400 ng mL™" IGF-1 after overnight starvation, and IGF-1Rp
phosphorylation was measured using a phospho-specific antibody
against P-IGF-1RB. It is clear that at all time points, P-IGF-1RpB bands are
less intense in young hepatocytes compared to old hepatocytes (Fig. 6A,
upper panel), although the total levels of IGF-1Rp were the same (Fig. 6A,
fifth panel) demonstrating that the activation and sensitivity of the IGF-1R
signaling pathway increased in old hepatocytes compared to young
hepatocytes. The reason for this can be altered N-glycosylation. To test
this hypothesis, we performed similar experiments, but first pretreated

© 2011 The Authors

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



(A) Kk

-
~N o 0w o
1

o
1

w b
[

Fut8
relative gene expresion
N (5]
1 1

|

WT dw/dw

(C) ~ 150- Fkk

=N

[=

o
1

(2]
o
1

FUT8 activity
(pmol h=1 mg~" of protein

o

WT dw/dw

Alteration in N-glycomics during mouse aging, V. Vanhooren et al. 1061

(B) *%

& (3] o
1 1 ]

Fut8
relative gene expression
w
1

2 -
1 -
';__I
0 T
wT
(D) _ 500+
T 200
2
£ 150-
za
=5
= B —
® b 100-
© £
2T
L= 501
©°
£
£ o T
Klotho WT Kl/kd

Fig. 5 The relative gene expression and activity of FUT8 in the liver of dw/dw, kl/kl and their corresponding WT mice. (A) Decreased expression of Fut8 in 6-month-old
dw/dw mice (n = 10) compared with age- and strain-matched controls (WT, n = 10) measured by Q-PCR. (B) Increased expression of Fut8in 7-week-old kl/kl mice (n = 5)
compared to age- and strain-matched controls (WT, n = 5) measured by Q-PCR. (C) Decreased activity of FUT8 in 6-month-old dw./dw mice (n = 6) compared to age- and
strain-matched controls (WT, n = 6). (D) Increased activity of FUT8 in 7-week-old kl/kl mice (n = 4) compared to age- and strain-matched controls (WT, n = 4).

the cells for 48 h with tunicamycin. Tunicamycin is an inhibitor of the
N-glycosylation biosynthesis pathway. In tunicamycin-pretreated cells,
the difference in the intensity of P-IGF-1RB bands in young vs. old hepato-
cytes is almost totally abolished (Fig. 6A third panel), confirming that
N-glycosylation indeed could play a role in the IGF-1R signaling pathway.
To study whether the difference in phosphorylation of the IGF-1R really
influences downstream events, the same young and old hepatocytes
were stimulated with IGF-1, and as a readout of the IGF-1 pathway, lipid
synthesis was analyzed. Indeed, IGF-1 is known to increase lipid synthesis
very significantly (Makrantonaki et al., 2008). Both 48 and 72 h after
IGF-1 stimulation, we observed that hepatocytes derived from old mice
(23 months of age), with higher Fut8 expression, respond significantly
better to IGF-1 compared to hepatocytes isolated from young mice
(5 months of age; Fig. 6B and supplemental Fig. S2A).

As there might be much more differences between old and young
hepatocytes than Fut8 expression, we engineered a stable cell line with
reduced Fut8 expression. We used sebocytes as these cells are known to
have a good functioning IGF-1 pathway (Makrantonaki et al., 2008). By
lentiviral transfection of Fut8 siRNA, we specifically downregulated Fut8
in the sebocytes and found in these cells a significant reduction in Fut8
gene expression (supplemental Fig. STA), protein level (supplemental
Fig. S1B), and consequently cell-bound a-1,6-core fucosylation (supple-
mental Fig. S1C) compared to the control cell line. Stimulation of FUT8
KD sebocytes with IGF-1 demonstrated less intense P-IGF-1Rp bands
compared to the controls sebocytes (Fig. 6C top panel), while no differ-
ence was found in total IGF-1RB bands (Fig. 6C third panel). Although
the difference in intensity of P-IGF-1RB bands is subtle, they are very
reproducible and sufficient enough to alter downstream events such as
IGF-1-induced lipid synthesis (Fig. 6D and supplemental Fig. S2B). These
data confirm that Fut8 expression levels possibly play a role in signaling of
the IGF-1 receptor pathway.

© 2011 The Authors

Discussion

We previously showed that three major N-glycan structures present in
human blood glycoproteins are altered with age (Vanhooren et al., 2007,
2010). Here, we investigated the possibility that age-related N-glycosyla-
tion changes occur also in mice. It is particularly important to know
whether N-glycosylation changes are specific for human aging or rather a
general aspect of aging in different mammalian species. Also, because
we can follow genetically identical mice in SFP conditions, we can study
whether these age-related N-glycosylation alterations are inbedded in the
genome or are owing to the environmental effects or genetic polymor-
phisms. N-glycan profiles in mouse serum were somewhat different from
those in human serum, reflecting some species-specific differences in
N-glycan structures. We found that three structures were aging related:
the relative serum levels of NGA2F (peak 1) and NA2F (peak 6) increased
with age while NA2 (peak 5) decreased, demonstrating that N-glycosyla-
tion of serum proteins is altered during mouse aging. Because age-related
N-glycosylation changes also occur in genetically identical inbred mice,
kept in a constant SPF environment, we can conclude that these changes
are rather encoded in the genome of mice, and we can speculate that this
could also be the case in humans as they also demonstrate age-related
N-glycosylation changes. To confirm the origin of human age-related N-
glycosylation alterations, we should study genetically identical humans
during their entire lifespan, protected from any environmental stimuli,
which is impossible. An alternative could be to study the N-glycosylation
changes during the lifespan of genetically identical twins living in a similar
environment. There are some twins databases, e.g. Italian Twin Registry
(Fagnani et al., 2006) and the Danish Twin Registry (Skytthe et al., 2006),
which could make this work possible.

To validate the N-glycosylation changes in healthy mouse aging and to
study whether intervention in the aging process can alter these changes,
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Fig. 6 IGF-1 induced phosphorylation of the IGF-1Rf and downstream IGF-1 induced lipid synthesis. (A) Hepatocytes isolated from young (5 months, left lanes 1-4) and old
(23 months, right lanes 5-8) male C57BL/6 mice were stimulated with 400 ng mL™" IGF-1 for 5, 10, and 30 min after overnight starvation. Western blots for P-IGF-1Rp (top
panel), P-IGF-1Rp after 48-h tunicamycin incubation (third panel), total IGF-1R (fifth panel), with corresponding actin control (panels two, four, and six). Less activation of the
IGF-1RB is observed in the young vs. old hepatocytes, and this difference is almost completely abolished by tunicamycin treatment. (B) Hepatocytes isolated from young

(5 months, white bars) and old (23 months, black bars) male C57BL/6 mice were stimulated with 0, 84, or 400 ng mL™" mouse IGF-1 for 72 h. The lipid induction was
measured with Nile red. A significant increased lipid synthesis was observed in the old hepatocytes compared with the young hepatocytes. (C) Control sebocytes (left lanes
1-4) and FUT8 KD sebocytes (right lanes 5-8) were stimulated with 400 ng mL™" IGF-1 for 5, 10, and 30 min after overnight starvation. Western blots for P-IGF-1Rp (top
panel), and total IGF-1R@ (third panel), with corresponding actin controls (panel two and four). Less activation of the IGF-1Rf is observed in the KD cells compared to the
control cells. (D) Control (white bars) and FUT8 KD (black bars) sebocytes were stimulated with 0, 84, or 400 ng mL~" human IGF-1 for 72 h (B). The lipid induction was
measured with Nile red. A significant decreased lipid synthesis was observed in the KD sebocytes compared to the control sebocytes.

making N-glycosylation a good biomarker for physiological age, we stud-
ied mice subjected to dietary intervention (CR). It has been known for
many years that CR can retard the aging process (Weindruch et al.,
1988). Indeed, we demonstrated an inversion in the age-related changes
in the N-glycan structures, indicating that CR has an effect on N-glycosyl-
ation of serum proteins. This is particularly interesting for the study of CR
mimetics. Many research groups and companies are searching for com-
ponents that can mimic CR intervention (Ingram et al., 2006; Smith et al.,
2010). Using mice and N-glycosylation as a biomarker of physiological
age, already early in the treatment, an idea can be formed if the compo-
nent is working. To further study the correlation between N-glycosylation
and aging and to find hints about the mechanism behind age-related
N-glycosylation changes, we used mice with an extended or shortened
lifespan, namely two genetically manipulated mouse models: dw/dw
mice (extended lifespan) and kl/kl mice (shortened lifespan). These mice
have proven to be very valuable tools for aging research but it has to be
stressed that dw/dw as well as kl/kl mice are just ‘models’ of the aging
process and do not mimic slower or faster aging in all aspects (Matsushi-
ma et al., 1986; Razzaque & Lanske, 2006). In dw/dw mice, which have
an extended lifespan, the age-related glycosylation changes of peak 5
and peak 6 were delayed compared to controls. The fact that the slope in
dw/dw is not different compared to the WT mice is interesting. It con-
firms that the dw/dw mice are aging too but the fact that their fucosyla-
tion levels are always lower than the WT gives the impression that it will
take them longer to reach a ‘fatal’ fucosylation threshold and therefore

live longer. No differences are seen in the levels of peak 1 in WT vs.
dw/dw, which could be a reflection of the limits of the dw./dw model or
could mean that peak 1 is differently regulated than peaks 5 and 6. kl/kI
mice have a greatly shorted lifespan and demonstrate premature aging
symptoms (klotho also regulates IGF-1 signaling), although some of these
phenotypes can be rescued by vitamin D-deficient diets (Razzaque &
Lanske, 2006). kl/kl mice exhibit an N-glycosylation profile resembling
that of much older wild-type mice except for peak 5. The reason for a sta-
ble peak 5 is probably because the time frame of sampling is very short
because of the extremely short lifespan: these mice die very fast
(< 10 weeks of age); therefore, only 1 time point could be studied, which
somewhat limits the extrapolation of the results.

One general aspect which is consistent in all four different mouse
groups studied (SPF normal aging mice, CR, dw/dw and kl/kl mice) is the
age-related change in peak 6, which makes it an interesting molecular
pathway to study in-depth. N-glycan precursors are synthesized in the ER
and Golgi by the subsequent addition of GIcNAc, Gal, and fucose mole-
cules by the corresponding oligosaccharyltransferases; also, glycosidases
play a role in modeling of the N-glycans (Ohtsubo & Marth, 2006; Varki
et al., 2009). Changes in the N-glycan profile in serum are likely to be
related to changes in the expression levels of glycosyltransferases in liver
cells, which would lead to modifications in both core and terminal struc-
tures of glycans. Indeed, we observed alteration during normal mouse
aging in the expression of the o-1,6-fucosyltransferase (Fut8) gene, which
is the only fucosyltransferase involved in core-fucosylation in mice (Varki

© 2011 The Authors

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



et al., 2009). Thus, the increase of core-fucosylated peak 1 (NGA2F) and
peak 6 (NA2F) during mouse aging could be at least partly owing to an
increase in Fut8 gene expression. Consequently, altered expression of
Fut8 could lead to changes in the level of peak 5 (NA2), which is a sub-
strate for FUT8. The significant correlation between the levels of Fut8
gene expression and N-glycan (peak 6) was confirmed in long-living CR
and dw/dw Dwarf mice as well as in the short living kl/kl mice. In agree-
ment, FUT8 activity measured in the livers of aging C57BL/6 mice,
dw/dw, and kl/kl mice was also correlated with the gene expression data
and with age. FUT8 is known to play a key role in regulating physiological
functions by modifying functional proteins to induce changes in TGF-B
signaling, EGFR-mediated signaling, integrin «3B1-mediated cell adhe-
sion, and VEGFR-2 expression (Wang et al., 2005, 2006a,b, 2009; Kondo
et al., 2006; Zhao et al., 2006). Upregulation of FUT8 could have enor-
mous effects on different signaling pathways and could thus influence
the aging process. Therefore, we investigated what the influence of FUT8
expression is on the IGF-1 signaling pathway, as IGF-1 is strongly linked
with aging in mammals (Russell & Kahn, 2007). Another reason for study-
ing the IGF-1R signaling pathways is that in all 3 mouse models studied
(CR, dw/dw and kl/kl mice), next to peak 6 levels, also serum IGF-1 levels
are correlated with the lifespan; in CR and dw/dw mice, IGF-1 and peak
6 levels are lower while lifespan is longer, and in kl/kl mice, IGF-1 and
peak 6 levels are higher and lifespan is shorter. Using hepatocytes from
old and young mice, we could demonstrate that old hepatocytes, with
increased Fut8 expression, have a more sensitive IGF-1R signaling path-
way. As the difference between old and young hepatocytes goes beyond
Fut8 expression, we engineered a stable sebocyte cellline with reduced
Fut8 expression. By reducing Fut8 in these cells, the IGF-1 signaling is
reduced.

The increased Fut8 expression during aging could make the IGF-1 sig-
naling pathway more sensitive in an older organism. In our view, although
the levels of IGF-1 itself drop during aging (Toogood et al., 1996), the
receptor becomes more sensitive by core fucosylation. As the IGF-1R is
more sensitive in an old organism, lower amounts of IGF-1 could still acti-
vate the IGF-1R, thereby inhibiting further downstream FOXO to translo-
cate to the nucleus, in turn inhibiting the expression of ‘longevity genes’
(e.g. antioxidants) and favoring the expression of pro-aging genes (Russell
& Kahn, 2007). Future research should demonstrate whether the age-
related FUT8 increase influences the IGF-1R by increasing core fucosyla-
tion of the IGF-1R itself or by modulating other molecules that influence
the IGF-1 pathway. As it is already known that changes in Fut8 expression
levels influence the fucosylation state of the EGFR (Wang et al., 2006b),
this could be the cause of altered IGF-1 signaling as it is shown that EGFR
regulates the stability of the IGF-1R (Riedemann et al., 2007).

To confirm that FUT8 is really modulating the aging process by itself
and to justify that a search for FUT8 inhibitors might make sense in the
treatment for aging, it would be interesting to knock down FUT8 expres-
sion in vivo in mature mice and follow their lifespan. Full FUT8 KO mice
die soon after birth as FUT8 is extremely important during postnatal
development (Wang et al., 2006b), which is reflected by the high Fut8
expression in wild-type mice during the first 8 weeks after birth. In adult
mice, the Fut8 expression drops to a very low minimum and slowly rises
again during aging (our findings, Bakkers et al., 1997; Miyoshi et al.,
1997). Generating a conditional FUT8 KO, where FUT8 can be knocked
out for example in the liver, could be considered, but such a knockout will
probably cause physiological problems as some Fut8 expression will
always be needed to some extend for basic physiological processes.
Therefore, it would be interesting to knockdown Fut8 expression in
mature mice by shRNA, for example in the liver, thereby reducing but not
fully abolishing Fut8 expression, and follow the lifespan of these mice.

© 2011 The Authors
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In conclusion, our results demonstrate that the N-glycan age-related
dynamics are indeed associated with aging and that they could be devel-
oped into a convenient biomarker of mouse aging to monitor physiologi-
cal age and to follow the effects of antiaging interventions, for instance,
monitoring the effects of CR mimetics and antiaging medicines. We also
discovered that increased expression and activity of FUT8 in the liver are
strongly linked to the age-related changes in glycosylation and that this
increased FUT8 and fucosylation influence IGF-1 signaling.

Materials and methods

C57BL/6 Mice

C57BL/6 mice were purchased from Elevage Janvier (Le-Genest-Saint-lle,
France). The mice were housed in a SPF animal facility. They were main-
tained in a temperature-controlled, air-conditioned environment with 14-
to 10-h light/dark cycles, and they received food and water ad libitum,
except mice on a CR diet, which were fed a diet with 40% less calories.
Blood samples were collected from the tail vein every month. The blood
was allowed to clot 30 min at 37°C and overnight at 4°C, and serum was
obtained by centrifugation at 20 000 g for 10 min and stored at —20°C.
Mice were sacrificed by cervical dislocation at different time points.
Organs were flushed and dissected out. All experiments were approved
by the local ethics committee.

CR mice

C57BL/6 mice (n = 8) were fed a diet containing 40% less calories than
the control group (n = 8) starting at the age of 2 months. They were
maintained on this diet for 6 months. Blood samples were collected from
the tail vein every month.

Snell Dwarf mice

Serum and liver samples of dw/dw homozygous and controls
(DW/J x C3H/Hel) F2 animals aged 6 month were kindly provided by
Prof. Dr. R. Miller (Michigan, USA). To follow these mice during their life
span, male dw/dw homozygous mice (n = 10) and control WT litter-
mates (n = 10) were purchased from the Jackson Laboratories (Maine,
USA). The mice were housed as described previously, and the blood sam-
ples were collected from the tail vein every month.

ki/kl mice

A congenic strain of the kl/kl mice was established by backcrossing the
original kl/+ mice (Kuro-o et al., 1997) to 12951SvimJ mice for nine gen-
erations and used for this study. Serum and liver samples from kl/kl and
control male mice were obtained at 7 weeks of age.

N-glycan analysis using the ABI 3130 sequencer

To analyze the N-glycosylation structures on mouse serum N-glycopro-
teins, DSA-FACE was used as described previously (Vanhooren et al.,
2008).

AOL lectin blot

Control sebocytes and FUT8 KD sebocytes were lysed with Disc lysis buf-
fer (30 mm Tris—HCI pH 7.5, 150 mm NaCl, 1% Triton-X100, 10% glyc-
erol, protein inhibitor cocktail; Roche, Vilvoorde, Belgium). Normal serum
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(generated as described in Material and Methods C57BL/6) was used for
the AOL lectin blot (Fig. 2). Protein concentration was measured with
BCA protein Assay kit (Pierce, Rockford, IL, USA). 50 ug (for the sebo-
cytes) and 35 pg (for serum) of proteins were separated by electrophore-
sis in 10% sodium dodecyl sulfate—polyacrylamide gel. The proteins were
then transferred to a nitrocellulose membrane for lectin blot analysis. The
membranes were blocked overnight at 4°C with 3% bovine serum albu-
min (BSA) in Tris-buffered saline (150 mm NaCl, 50 mm Tris—HCl pH 7,4,
and TBS) and incubated for 1 h at room temperature with biotinylated
Aspergillus oryzae (-fucose-specific lectin (AOL) (Funakoshi Co., Ltd.,
Tokyo, Japan) (5 mg mL™", 1:400) in TBST (TBS containing 0.05% Tween
20). After four washes of 5 min each with TBST, the membranes were
blocked in 5% milk-TBS for 1 h, incubated with Streptavidin Alexa Fluor
647 (1:2000) for 1 h at room temperature in 3% milk-TBS containing
0.1% Tween. The membranes were washed four times with TBS contain-
ing 0.1% Tween and finally with TBS. For normalization, immunoreaction
with mouse anti-actin (1:10000; MP Biomedicals, lllkirch Cedex, France)
as primary antibody and goat anti-mouse IRDye 680 (1:15000; Li-Cor,
Westburg, Leusden, The Netherlands) as secondary antibody was per-
formed. Blot was scanned at 680 nm using Odyssey Imager. As a control,
the same samples were also separated by electrophoresis in 10% sodium
dodecyl sulfate—polyacrylamide gel and the gel was stained for total pro-
tein with coomassie for 1 h and destained overnight.

Isolation of liver hepatocytes

The isolation relied on a two-step procedure, including in situ perfu-
sion/digestion of the liver and purification based on cell density but with-
out using pronase digestion. Hepatocytes were isolated from male
C57BL/6 mice. Subsequently, liver digest medium was applied for enzy-
matic digestion of the tissue at 37°C, which was supplemented with Col-
lagenase P (0.025% m/v; Roche Diagnostics, Mannheim, Germany).
After digestion, the tissue was manually disrupted and filtered into med-
ium containing Collagenase P (0,05% m/v) and Dnase | (Roche Diagnos-
tics). The resulting cell suspension was filtered through a sieve and
centrifuged two times at 50 g for 2 min. The pellet was resuspended with
24 mL of DMEM 10% FCS. Then, hepatocyte enrichment relied on a cen-
trifugation, 750 g for 20 min, through a three-layer discontinuous Percoll
gradient (Amersham Biosciences, Ghent, Belgium) (Goncalves et al.,
2007). An aliquot of the cell preparation was separated for cell count and
viability analysis (light microscopy and trypan blue exclusion test). One
million of hepatocytes per well were placed on rat tail collagen-1-coated
well plates in hepatocyte basal medium with 10% FCS. After 4 h, the
medium was changed to a medium without FCS, and hepatocytes were
used immediately for further investigations.

Western blot analysis of IGF-1 stimulated cells

Young/old hepatocytes and FUT8 control and FUT8 knockdown sebo-
cytes were stimulated with 400 ng mL™" during 5, 10, and 30 min after
overnight starvation. In some experiments, the hepatocytes were first
incubated with 1 pg mL™" tunicamycin (Sigma, Bornem, Belgium) for
48 h prior to IGF-1 stimulation. After stimulation, the cells were washed
and lysed in lysis buffer containing protein inhibitor cocktail (Roche Diag-
nostics, Vilvoorde, Belgium) and phosphatase inhibitors (Phosstop tab-
lets; Roche Diagnostics and calyculin a, MP Biomedicals, LLC, Europe).
Protein concentration was measured with BCA protein Assay kit (Pierce).
Fifty microgram of proteins was separated by electrophoresis in 10%
sodium dodecyl sulfate—polyacrylamide gel. The proteins were then
transferred to a nitrocellulose membrane for Western blot analysis. The

membranes were blocked 1 h at RT with 5% BSA in Tris-buffered saline
(150 mm NaCl, 50 mm Tris—HCI pH 7,4, TBS) and then incubated with an
antibody against the phosphorylated form of the IGF-1RB (phosphory-
lated at tyrosine 1135/1136, 1:1000 rabbit anti-P-IGF-1Rp; Cell Signal-
ing, Beverly, MA, USA) in 5% BSA, 1x TBS, 0.1% Tween-20 overnight at
4°C. The same was carried out with an antibody that detects total IGF-
1RB levels, independently of the phosphorylation state (1:1000 rabbit
anti-IGF-1R B; Cell Signaling). The blots were also probed with actin
(1:10000 mouse anti-actin; MP Biomedicals LLC) for normalization. As a
secondary antibody for IGF-1RB and P-IGF-1RB, an anti-rabbit IRDye 800
(1:15000; Li-Cor) was used. As a secondary antibody for actin, an anti-
mouse IRDye 800 (1:15000; Li-Cor) was used. Blots were scanned at
680 and 800 nm using Odyssey Imager.

Lipid synthesis test

Hepatocytes were isolated from young mice (5 months old) and old mice
(23 months old) as described earlier. They were seeded out in 96-well flu-
orescence plates at 20000 cells per well and starved overnight. Control
and KD sebocytes were also seeded out in 96-well fluorescence plates at
20 000 cells per well and starved overnight. The following day mouse (for
hepatocytes) or human (for sebocytes) recombinant IGF-1 (Sigma) was
added at concentrations of 0, 84, and 400 ng mL™" (each condition in
eightfold). Lipid assay was performed after 48 and 72 h of IGF-1 stimula-
tion. Every day, medium was replaced with fresh medium with IGF-1
(without IGF-1 for the 0 ng mL™" condition). For lipid detection, cells
were washed twice with PBS, and 100 pL of a 10 pg mL™" Nile red
(Sigma) solution in PBS was added to each well. The plates were then
incubated at 37°C for 30 min, and the released fluorescence was mea-
sured with a Fluostar Optima (bMG) spectrofluorimeter. The result was
presented as percentages of the absolute fluorescence units in compari-
son with the controls, using 485-nm excitation and 520-nm emission fil-
ters for neutral lipids.

RNA, cDNA, and qPCR

Approximately 30 mg of frozen liver tissue was ground in liquid nitrogen,
and RNA was prepared with the RNeasy Mini kit (Qiagen Benelux B.V.,
Venlo, the Netherlands). Sebocytes were grown in a 6-well plate, 600 pL
RLT lysis buffer was added, the lysate was passed 5 times through a 20-
gauge needle (0.9 mm diameter), and RNA was further prepared with the
RNeasy Mini kit (Qiagen Benelux B.V.). DNase digestion was performed
with the RNase-free DNase Set of Qiagen. cDNA synthesis was performed
with the iScript cDNA synthesis kit of Bio-Rad starting from 2 pg of total
RNA. Real-time gPCR using the Light Cycler 480 (Roche Diagnostics) was
performed with a fivefold dilution of the cDNA. Each 10-ulL assay con-
tained 5 pL of 2x Fast SYBR Green Master Mix (Applied Biosystems, Nieu-
werkerk Ad ljssel, The Netherlands), 2 uL primer mix for each gene
(0.5 pm each final concentration), and 3 pL of diluted cDNA. The primers
were designed with the PrimerExpress software or selected from the Prim-
erbank of Harvard. A geometric averaging method (GeNorm) identified
the two best housekeeping genes among the eight examined (Actb,
Gapd, B2m, Tbp, Hprt1, Rn18s, RPL13a.1, and Ubc). Each reaction was
performed in triplicate. PCR cycling consisted of denaturation at 95°C for
5 min, 50 cycles of 95°C for 10 s and 60°C for 30 s, and detection for 1 s
at 72°C. The Ct data were analyzed using Excel and GraphPad Prism 4.

Primers sequences used were as follows: Mouse FUT8-forw:
CAGGGGATTGGCGTGAAAAAG, Mouse FUT8-rev: CGTGATGGAGTT-
GACAACCATAG, Human FUT8-forw: CCTGGCGTTGGATTATGCTCA,
Human FUT8-reve: GACAGTTCTCGGCTAGAGTGA.
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FUT8 activity assay

Mice livers were homogenized with a Potter-Elvehjem homogenizer in
three volumes of 10 mm Tris—=HCI buffer (pH 7.4), 0.25 wm sucrose, supple-
mented with a protease inhibitor cocktail (Complete EDTA-free; Roche).
After centrifugation at 600 g for 5 min at 4°C, the supernatants were
collected and used as the crude enzyme preparations for FUT8 activity
assay. FUT8 activity was assayed according to the method of Ihara et al.
(2006), with minor modifications. The standard assay mixture contained
the following components in a volume of 10 pL: 100 mm MES-NaOH buf-
fer (pH 7,0), 0,5% Triton X-100, 0.5 mm GDP-B-L-fucose, 10 um GnGnbi-
Asn-PNSNB, 200 mm GIcNAc, 1 mg mL™" BSA, and the crude enzyme
extract (3 uL). After incubation at 37°C for 2 h, 40 pL of water was
added, and the reaction was terminated by boiling for 3 min. After centri-
fugation at 20 000 g for 5 min, 10 uL of the supernatant was injected in
an HPLC equipped with a TSK gel ODS-80TM column (0.46 x 15 cm; Tos-
oh, Tokyo, Japan) to separate and measure the product. Elution was per-
formed at 55°C using 20 mm ammonium acetate buffer (pH 4.0)
containing 0.15% 1-butanol at a flow rate of 1 mL min™". The protein
concentration was determined with a BCA protein assay reagent (Pierce)
using BSA as the standard.

Statistical analysis

Mean values were compared using an unpaired Student'’s t-test. Correla-
tions were analyzed by Pearson test when the data were normally distrib-
uted. Data are presented as mean =+ standard error. Significance levels
are as follows: *0.01 <P < 0.05, **0.001 <P<0.01, and ***P <
0.001.
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