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INTRODUCTION 
 
In vitro-senescent cells are characterized by 
morphological changes, proliferation arrest, decreased 
electrophoretic mobility, and telomere shortening [1–3]. 
In vivo, senescent cells exhibit negative or positive 
effects such as functional disruption, hyperplasia, tumor 
suppression, and immune facilitation [4]. For long-
term maintenance of normal biological functions, it is 
important to clarify protein dynamics in cells during 
the processes of cellular senescence and human aging. 
 
Cell surface glycans reflect cell type as well as 
differentiation and other cell states [5–8].  We  previous- 

 

ly described the alterations in membrane glycosylation 
that occur during aging. Expression of the cell surface 
glycosphingolipid monosialotetrahexosyl-ganglioside 
(GM1) was shown to increase with cellular senescence 
in human aortic endothelial cells [9], whereas the cell 
surface sialic acid level of glycoprotein was decreased 
in human dermal fibroblasts [10]. In senescent cells, the 
sialic acid species was identified as α2-3sialylated O-
glycan; in human aging cells, the species was α2-3/α2-
6sialylated N-/O-glycan. The above-mentioned reduc-
tion was associated with activation of fibrogenesis in 
human skin fibroblasts [11]. 
 
Extracellular  glycans  influence  intracellular  signaling  
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ABSTRACT 
 
Glycans are associated with and serve as biomarkers for various biological functions. We previously reported
that cell surface sialylated glycoproteins of dermal fibroblasts decreased with cellular senescence and human
aging. There  is  little  information on the changes  in glycoprotein expression and subcellular  localization during
the aging process. Here, we examined intracellular glycan profiles of fibroblasts undergoing cellular senescence
and those derived from aging human subjects using lectin microarray analysis. We found a sequential change of
the  intracellular glycan profiles was  little during cellular senescence. The  intracellular glycans of cells derived
from aged fetus and from elderly subjects showed similar localized patterns while repeating unsteady changes.
The ratio of α2‐3/2‐6sialylated intracellular glycoproteins in total cell extracts increased, except for a part of α2‐
3sialylated O‐glycans. These findings are in contrast to those for membrane glycoprotein, which decreased with
aging.  Interestingly,  the  ratio of  increasing sialylated glycoproteins  in  the  fetus‐derived cells showing cellular
senescence was  similar  to  that  in  cells  derived  from  the  elderly.  Thus,  intracellular  glycans may maintain
cellular  functions  such  as  ubiquitin/proteasome‐mediated  degradation  and/or  autophagy  during  aging  by
contributing to the accumulation of intracellular glycosylated proteins. Our findings provide novel mechanistic
insight into the molecular changes that occur during aging.  
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in conjunction with extracellular sialidase, sulfatase, 
and deacetylase, and consequently alter the elastic fiber 
assembly, somite patterning, and development [12]. 
Maintenance of these biological functions requires 
repeated clearance and uptake of intracellular com-
ponents, effective protein turnover, and activation of 
signaling pathways. Impaired clearance of glycans has 
been linked to various conditions such as Alzheimer’s 
disease and mucopolysaccharidosis. Sun et al. reported 
that N-glycoproteins in saliva increase with human 
aging [13]. In their study, the majority of the identified 
glycoproteins were acidic with low molecular weight 
and associated with innate immunity. The extracellular 
glycoproteins were more significantly increased than 
the intracellular ones and salivary N-glycoproteins 
related to binding, catalytic and enzymatic regulations. 
Accordingly, it was speculated that the intracellular 
glycans with biological functions that get sialylated 
with aging are secreted. We speculated that changes in 
cellular conditions during aging are reflected by 
intracellular glycan levels, which are influenced by 
multiple factors including glycan synthesis, degrada-
tion, secretion, and autophagic clearance. On the other 
hand, qualitative changes in the condition of glyco-
proteins have been used as a biomarker in cholangio-
carcinoma, liver fibrosis, breast cancer, and idiopathic 
normal pressure hydrocephalus [14–17]. 
 
Microvesicles including exosomes—which contain both 
cell membrane and intracellular components—play an 
important role in mediating cell-cell communications. 
Exosomes are also a vehicle for the secretion of un-
wanted cellular materials through the autophagy/lyso- 
some pathway, which is responsible for the catabolism 
and recycling of intracellular proteins and glycans [18]. 
Impaired autophagy leads to changes in lysosomal 
membrane proteins such as sialin and cytoplasmic 
accumulation of free sialyloligosaccharides [19]. 
 
The evanescent-field fluorescence-assisted lectin 
microarray was developed for glycoprotein profiling in 
various organisms [20–24] and can provide insight into 
the characteristics of specific cell types (e.g., stem cells) 
or their biological states (e.g., aging or cancer) [10, 16, 
25–28]. In the present study, we investigated the 
changes in intracellular glycan profiles during cellular 
senescence and human aging by lectin microarray 
analysis using TIG human skin fibroblast lines [10]. 
 
RESULTS 
 
Intracellular glycan profiles in TIG-3S, TIG-101, 
and TIG-102 
 
To investigate intracellular glycan profiles associated 
with population doubling level (PDL) in fibroblasts 

derived from fetus (TIG-3S) and elderly subjects (TIG-
101 and TIG-102, from 86- and 97-year-old subjects, 
respectively), a lectin microarray analysis was carried 
out in the same manner as for our previous membrane 
glycan profile analysis [10]. A schematic illustration of 
intracellular glycan profiles determined by lectin 
microarray is shown in Figure 1A (the list of lectins on 
the LecChip can be found in Supplementary Table S1). 
Glycan profiles of each cell line showed similar patterns 
in terms of the bound lectin types (Supplementary Fig. 
S1 and Supplementary Table S2).  
 
Figure 1B shows the heat map of lectin microarray 
signals corresponding to intracellular glycans in TIG-
3S, TIG-101, and TIG-102. N-acetylglucosamine 
(GlcNAc)-oligomer-binding lectins (Triticum vulgaris 
agglutinin [WGA], Datura stramonium agglutinin 
[DSA], Solanum lycopersicum lectin [LEL], Urtica 
dioica agglutinin [UDA], and Solanum tuberosum lectin 
[STL] but not Phytolacca americana [PWM]; closed 
circles in Fig. 1B) and high-mannose-binding lectins 
(Galanthus nivalis agglutinin [GNA], Narcissus 
pseudonarcissus agglutinin [NPA], Hippeastrum hybrid 
lectin [HHL], and Canavalia ensiformis agglutinin 
[ConA]; open circles in Fig. 1B) showed the highest 
signal intensities in the three cell lines. In addition, the 
signal intensities of α2-6sialic acid-binding lectins 
(Sambucus nigra agglutinin [SNA], Sambucus 
sieboldiana agglutinin [SSA], and Trichosanthes 
japonica agglutinin I [TJA-I]; closed squares in Fig. 
1B) and α1-6fucose-binding lectins (Pisum sativum 
agglutinin [PSA] and Lens culinaris agglutinin [LCA]; 
open squares in Fig. 1B) increased in all three cell lines 
with repeated passaging along with galactose (Gal) and 
high-mannose-binding lectin (Artocarpas integliforia 
agglutinin [Jacalin] and Calystegia sepium agglutinin 
[Calsepa]; closed triangles in Fig. 1B) signals. The 
GlcNAc-oligomer-binding lectin PWM and mannose- 
or complex-type N-glycan-binding lectin (Tulipa 
gesneriana agglutinin I [TxLC-I]; open triangles in Fig. 
1B) also showed a high signal intensity, although these 
fluctuated with passaging. Notably, the signal intensities 
of TIG-3S increased over many passages (green to red 
in Fig. 1B), and the glycan profile of this cell line 
gradually became similar to that of TIG-101 and TIG-
102. The lectin signals in TIG-101 and TIG-102 
remained mostly unaltered over multiple passages. 
These results suggest that the levels of intracellular 
glycan-binding lectins increased with cellular senes-
cence in TIG-3S but only altered in TIG-101 and TIG-
102. The glycans in three TIG cell lines were 
qualitatively similar to senescent glycans. In contrast to 
the cell surface glycan profiles, there were no obvious 
differences in intracellular glycan profiles among the 
three cell lines except in those associated with cellular 
senescence. 
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Figure 1B. Lectin microarray analysis  for  glycoproteins of TIG‐3S, TIG‐101, and TIG‐102 at  various
PDLs. Heat map of log10‐transformed lectin microarray data for intracellular glycans of TIG‐3S, TIG‐101, and TIG‐
102 compared to overall lectin‐binding profiles at each PDL. Rows show 45 lectins and columns show PDLs of TIG‐
3S,  TIG‐101,  and  TIG‐102  (27–94,  40–51,  and  40–52,  respectively).  Lectin microarray  data  at  each  PDL were
obtained  from triplicate measurements. The color scale  indicates  low  (green) to high  (red) ratio. Underlines  for
lectins are shown as specific characters. Signature indicates lectin‐binding types beside lectin names (closed circle;
N‐acetylglucosamine‐oligomer;  open  circle,  high‐mannose;  closed  square,  α2‐6sialic  acid;  open  square,  α1‐
6fucose; closed triangle, galactose or high‐mannose; open triangle, mannose‐ or complex‐type N‐glycan). 

Figure 1A.  Lectin microarray analysis  for glycoproteins of TIG‐3S, TIG‐101, and TIG‐102 at various
PDLs. Schematic illustration of lectin microarray analysis for intracellular glycoproteins (enclosed by dotted line).
Collected  cells were heated  and  centrifuged with  lysis buffer,  containing  0.1% protease  inhibitor,  followed by
fractionating as intracellular glycoproteins (upper layer) and membrane glycoproteins (lower layer).  
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Changes in intracellular glycan profiles of TIG-3S, 
TIG-101, and TIG-102 
 
There were clear differences in the membrane glycan 
profiles of TIG-3S and TIG-101/TIG-102 cell lines 
[10]. To examine in detail the correlation between 
changes in intracellular glycan profiles during cellular 
senescence and age of the cell source, we compared 
lectin microarray data from TIG-3S, TIG-101, and TIG-
102 cell lines. A principal component analysis (PCA) 
was carried out with 45 lectins (Fig. 2). PC1 
discriminated between TIG-3S and TIG-101/TIG-102, 
with clear patterns in the positive and negative 
directions, respectively (Fig. 2 left). Other principal 
components were unrelated to passage number in the 
three cell lines, in contrast to the cell surface glycan 
profiles obtained by lectin microarray analysis [10]. In 
fact, the plot at each PDL showed a slight trend in the 
negative direction on PC1 with increasing PDL, 
especially in TIG-3S. Only one plot for this cell line (at 
PDL 94) was positioned in the extreme negative 
direction on PC1. The plot revealed the existence of 
senescent cells, which was confirmed by the high PDL 
and cell morphology [10]. Remarkably, intracellular 
glycans were almost unchanged in comparison to 
membrane glycans. Furthermore, any lectins, which are 
critical for identifying alterations in intracellular 
glycans with aging, were not found in the bi-plot 
although some lectins, placed at the edge were shown 
(Dolichos biflorus agglutinin [DBA], Helix pomatia 
agglutinin [HPA] and Griffonia simplicifolia lectin IA4 
[GSL-IA4]; GalNAc-binding lectins, Griffonia 
simplicifolia lectin IB4 [GSL-IB4]; Gal-binding lectin, 
Ulex europaeus agglutinin I [UEA-I]; α1-2fucose-
binding  lectin,   Aleuria   aurantia   lectin  [AAL];   α1- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6fucose-binding lectin and Calsepa; mannose-binding 
lectin) (Fig. 2 right). These results suggest that there 
were significant differences between TIG-3S and TIG-
101/TIG-102 in terms of intracellular glycan-binding 
levels although their overall glycan profiles appeared 
similar. The comprehensive glycan profile pattern and 
the total intensity recognized by 45 lectins at PDL 94 in 
TIG-3S were similar to that in the profiles of the elderly 
subjects in comparison to the other glycan profiles in 
TIG-3S. This differentiated the senescent TIG-3S (PDL 
94) from other TIG-3S cells. Although the intracellular 
glycan composition in the three cell lines changed 
slightly through multiple passages unlike membrane 
glycans, intracellular glycan composition in the senes-
cent TIG-3S was drastically altered and was similar to 
the glycan profiles of TIG-101 and TIG-102. Thus, the 
discrimination between TIG-3S and TIG-101/TIG-102 
reflected differences in glycosylated protein dynamics 
with cellular senescence and human aging. Our results 
also indicated that there was no correlation between 
intracellular glycan levels and cellular senescence 
sequentially. 
 
Differences in glycan composition among TIG-3S, 
TIG-101, and TIG-102 
 
Discrimination of cells by PCA reflected variations in 
glycan composition, which could impact glycoprotein, 
and thus cellular functions. To clarify the dynamics of 
glycan composition, we compared the rates of fluc-
tuation of lectin signals over multiple sequential pas-
sages among cell lines. The signal intensities of many 
lectins were positive except for TIG-101 at PDL 51. 
That is, many lectins increased with repeated passaging 
in all three cell lines relative to their first analyzed  PDL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Biplot for PCA analysis of lectin microarray data in TIG‐3S, TIG‐101, and TIG‐102. PC1
represents human aging. Pink, light blue, and dark blue labels represent TIG‐3S, TIG‐101, and TIG‐102 cell
lines, respectively. Color gradients (light to dark) of dots and numerals reflect progressive senescence  in
PDLs (i.e., young to aged). Left panel: cell passage replications, right panel: lectin replications. 
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(e.g., TIG-3S, TIG-101, and TIG-102 at PDL 27, 40, 
and 40, respectively) (Fig. 3). The maximum ratio 
(∆max) of the fluctuation—which represents the 
difference between the highest and lowest changes at 
each PDL—in each cell line was 6.0 for TIG-3S at PDL 
94, 4.4 for TIG-101 at PDL 51, and 3.9 for TIG-102 at 
PDL 47 (Fig. 3 and Table 1). In addition, ∆max of the 
fluctuation except for senescent TIG-3S (PDL 94) was 
3.3 at PDL 89. Remarkably, the variance of lectin 
signals in TIG-3S changed constantly over the long 
term, with the greatest fluctuations observed at later 
passages. 
 
There was significantly greater variation in lectin 
signals for membrane glycoproteins as compared to 
intracellular glycans in the three cell lines at each PDL. 
The signal intensities of many lectins for membrane 
glycans tended to decrease with repeated passaging in 
TIG-101 and TIG-102 (Supplementary Fig. S2). The 
maximum fluctuations in lectin signals in these cell 
lines were higher than those in TIG-3S—i.e., ∆max was 
4.0 for TIG-3S at PDL 94, 6.0 for TIG-101 at PDL 43, 
and 5.4 for TIG-102 at PDL 49 (Supplementary Fig. S2 
and Table 1). A greater fluctuation was observed for 
membrane as compared to intracellular glycans except 
in senescent TIG-3S, which  were  categorized  as  TIG- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

101 or TIG-102 (Fig. 2). Lectin signals of intracellular 
glycans were more stable over multiple sequential 
passages than those of membrane glycans. These results 
suggest that intracellular glycan components increase 
slightly, whereas those of cell surface glycans fluctuate 
drastically during aging. 
 
Abundance of intracellular vs. cell surface glycans 
 
To clarify the dynamics of intracellular and membrane 
glycans with aging, we compared the ratios of signal 
intensities of intracellular to membrane glycans for 
seven lectins (SNA, SSA, Agrocybe cylindracea 
galectin [ACG], Maackia amurensis hemagglutinin 
[MAH], Erythrina cristagalli agglutinin [ECA], PWM, 
and Wisteria floribunda agglutinin [WFA]) whose 
membrane glycoprotein composition changed during 
aging [10] in total cell extracts of each cell line (Fig. 4), 
and found clear changes in the abundance of 
intracellular and membrane glycans. As for sialic acid-
binding lectins, the ratios of intracellular glycans for 
total lectin microarray signals in SNA and SSA were 
less than or comparable to those of membrane glycans 
in each cell line at early passages (e.g., 42%, 62%, and 
41% intracellular glycans in SNA signals at PDL 27, 40, 
and  40 in  TIG-3S, TIG-101, and TIG-102,  respectively) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Altered ratios of each lectin in intracellular glycans with cellular senescence. Line graphs show
differences between lectin signal intensities at various PDLs and those at the first PDL in TIG‐3S, TIG‐101, and TIG‐
102. Changes in ratio were calculated based on average signal intensity at each PDL. Highest and the lowest values
of the largest change in ratio are shown for each cell line. Each lectin is shown as a different color in a box. 
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(Fig. 4A, 4B, and Supplementary Table S3). Moreover, 
the ratios of intracellular glycans increased slightly with 
repeated passaging in the three cell lines. The 
proportions of intracellular glycans of TIG-101 and 
TIG-102 were higher than that of TIG-3S (e.g., 55%, 
69%, and 68% intracellular glycans in SNA signals at 
PDL 94, 51, and 52 in TIG-3S, TIG-101, and TIG-102, 
respectively) (Fig. 4A and 4B). The ratio of intracellular 
glycans in the ACG (α2-3sialic acid-binding lectin) 
signal was less than that of membrane glycans in TIG-
3S at early passages (e.g., 34% intra-cellular glycan at 
PDL 27), with the proportion of intracellular glycans 
gradually increasing (Fig. 4C left panel). The 
proportions of intracellular to membrane glycans were 
nearly equivalent in the total cell extract (i.e., 54% 
intracellular glycan at PDL 94). In TIG-101 and TIG-
102, the ratio of intracellular to membrane glycans 
remained mostly unchanged with passaging and was 
equal to that of senescent TIG-3S (e.g., 56% and 55% 
intracellular glycans at PDL 51 and 52 in TIG-101 and 
TIG-102, respectively) (Fig. 4C middle and right 
panels). There was little change in proportion of the 
MAH signal over multiple sequential passages in the 
three cell lines, and the proportions of membrane 
glycans in TIG-101 and TIG-102 were much higher 
than that in TIG-3S (e.g., 61%, 89%, and 97% 
membrane glycans at PDL  27,  40,  and  40  in  TIG-3S,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TIG-101, and TIG-102, respectively) (Fig. 4D). This 
result demonstrates that α2-3sialylated O-glycans are 
more abundant on membranes than intracellular 
glycoproteins in TIG-101 and TIG-102. 
 
We also compared the abundance of intracellular 
glycans in GlcNAc- or Gal-binding lectins to that of 
membrane glycans. ECA binds to lactose units (Galβ1-
4Glc) and LacNAc units (Galβ1-4GlcNAc) but does not 
permit sialic acid residues [29]. The proportion of 
intracellular glycans in the ECA signal was almost the 
same as that of membrane glycans in TIG-3S at early 
passages (i.e., 45% intracellular glycan at PDL 27) (Fig. 
4E left panel). The proportion of intracellular glycans 
oppositely to sialic acid-binding lectins decreased over 
multiple sequential passages (e.g., 24% intracellular 
glycan at PDL 94). The proportion of membrane 
glycans was higher than that of intracellular glycans in 
TIG-101 and TIG-102, and was comparable to that in 
senescent TIG-3S (e.g. 87% and 94% membrane 
glycans in TIG-101 and TIG-102, respectively, at PDL 
40) (Fig. 4E middle and right panels). The change in the 
ratio between intracellular and membrane glycans with 
repeated passaging was similar between TIG-3S and 
TIG-101/TIG-102. The ratio of intracellular glycans in 
PWM—which binds not only to GlcNAc-oligomer but 
also to LNnH {Galβ1-4GlcNAcβ1-6(Galβ1-4GlcNAcβ1 

Table 1. Value of fluctuation of lectin microarray data.

            Highest         Lowest Maximum 
fluctuation

*1
 

(∆max
*2

) 

PDL 

 Cell lines 
Value 
(Log

2
) Lectin 

Value 
(Log

2
) Lectin  

Intracellular     
 glycoproteins        

TIG-3S 3.4  HPA -2.6  PNA 6.0  94 
TIG-3S except for 
senescent cell 2.8 HPA -0.6 PTL-I 3.3 89 

TIG-101 1.3  ABA -3.1  HPA 4.4  51 

TIG-102 3.3  MAH -0.6  DBA 3.8  47 

Membrane  
 glycoproteins        

TIG-3S 2.0  WFA -2.0  GSL-I-A4 4.0  94 

TIG-101 1.6  GSL-I-B4 -4.4  GSL-II 6.0  43 

TIG-102 3.2  DBA -2.2  LTL 5.4  49 
Highest and lowest value of the biggest changing ratio in intracellular and membrane glycoproteins of each cell line.  
*1
 Maximum fluctuation was calculated by ‘the highest value – the lowest value’ at each population doubling level 

(PDL) in each cell line. 
*2
 ∆max represented the maximum fluctuation. 
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-3)Galβ1-4Glc} [30]—and WFA—which binds to 
Galβ1-3GalNAc and GalNAcβ1-4GlcNAc—showed 
similar trends as in ECA. The proportion of intracellular 
glycans decreased with passaging in TIG-3S (e.g., 
intracellular glycans in PWM and WFA decreased from 
60% to 53% and from 31% to 20% from PDL 27 to 94, 
respectively) (Fig. 4F left, and 4G left panels). The 
same trend was observed in TIG-101 and TIG-102. The 
proportions of intracellular glycans in TIG-101 and 
TIG-102 were lower than those of membrane glycans 
over multiple sequential passages (e.g., the proportion 
of intracellular glycans in PWM and WFA was 39% 
and 12% at PDL 51 in TIG-101, and 40% and 13% at 
PDL 52 in TIG-102, respectively) (Fig. 4F middle and 
right, and 4G middle and right panels). These results 
suggest that α2-6/2-3sialic acid residues on N- or O-
glycan of intracellular glycans against membrane 
glycoproteins increased with cellular senescence, except 
that a high level of α2-3sialylated O-glycan (i.e., MAH) 
remained on the membrane in TIG-101 and TIG-102.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thus, similar proportions of glycans are altered with 
cellular senescence and during human aging. These 
quantitative changes in glycan localization were more 
evident in TIG-3S than in TIG-101 and TIG-102, and 
may reflect the aging-related accumulation of intra-
cellular glycans. 
 
Localization of intracellular and cell surface glycans 
 
To examine how the membrane and intracellular 
glycans (sialic acids), that were found to be changing by 
lectin microarray analysis localized within the cell, we 
performed double staining of TIG-3S and TIG-102 for 
the lectin (SNA), and membrane and intracellular loca-
tion specific markers (CD44 and mitochondria, 
respectively). The cell-edge of TIG-3S shown in yellow 
was strongly stained with SNA (red) and CD44 antigen 
marker (green) (Fig. 5A top). It demonstrated that the 
sialylated proteins were highly expressed on the cell 
membrane.   However,  the  cell-edge  of  TIG-102  was  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4A‐D. Abundance of intracellular to cell surface glycans in seven lectins: SNA (A), SSA (B), ACG
(C), MAH  (D) at different PDLs. Left, middle, and right panels show TIG‐3S, TIG‐101, and TIG‐102, respectively.
Closed and open bars represent proportions of intracellular and cell surface glycans, respectively, relative to the
total array signal at each PDL. Levels of the seven selected lectins in cell surface glycans changed with aging [10]. 
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weakly stained with SNA showing reduced expression 
of sialylated membrane proteins in the cells derived 
from elderly subjects (Fig. 5A bottom). On the other 
hand, the intracellular space of TIG-3S shown in yellow 
was strongly stained with SNA (green) and mito-
chondrial ribosomal protein marker (red), especially at 
the center of the cells (Fig. 5B top), demonstrating that 
the sialylated proteins were mainly localized in the 
intracellular space. Similarly, the intracellular space of 
TIG-102 shown in yellow indicated the binding of SNA 
and mitochondria (Fig. 5B bottom). Moreover, a 
sporadic distribution of SNA binding-proteins was 
observed in the cells, suggesting that the intracellular 
proteins got highly sialylated and that they were present 
throughout the cells in the elderly subject-derived cells. 
Additionally, we also compared the membrane glyco-
proteins of younger TIG-3S (PDL 48) to aged TIG-3S 
(PDL 84) with SNA (red) and CD44 antigen marker 
(green). The cell-edge of younger TIG-3S shown in 
yellow was stained comparatively stronger with SNA 
and CD44 antigen marker than that in the aged TIG-3S 
(Supplementary Fig. S3). These results suggest that the 
expression of sialylated proteins were different in the 
subject-derived  cells  and  in  senescence.  This  was  in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
good agreement with the ratio of abundance observed 
by lectin microarray analysis. 
 
Expression of intracellular and cell surface 
glycoproteins 
 
To compare the overall expression of intracellular 
glycoproteins directly with membrane glycoproteins, we 
analyzed the intracellular and membrane bands of TIG-
3S and TIG-102 using four lectins (SNA, MAH, WFA 
and ECA). As for sialic acid-binding lectins, many 
intracellular glycoproteins of TIG-3S and TIG-102 were 
bound to SNA, while only a few membrane glyco-
proteins were bound to SNA (Fig. 6A). Although the 
total amount of intracellular glycoprotein bands of TIG-
3S against SNA was approximately equal to that of 
TIG-102, some specific protein bands of TIG-102 
reacted stronger than that of TIG-3S (e.g. approximate 
molecular weights of 70 KDa). Membrane glycoprotein 
bands of TIG-3S reacted strongly to SNA compared to 
that of TIG-102. In binding to MAH, many intracellular 
glycoproteins of TIG-3S and TIG-102 were bound, and 
only a few membrane glycoproteins were bound except 
for aggregated proteins (Fig. 6B). Some intracellular 

Figure 4E‐G. Abundance of intracellular to cell surface glycans in seven lectins: ECA (E), PWM (F), and
WFA (G) at different PDLs. Left, middle, and right panels show TIG‐3S, TIG‐101, and TIG‐102, respectively. Closed
and open bars  represent proportions of  intracellular and cell surface glycans,  respectively,  relative  to  the  total
array signal at each PDL. Levels of the seven selected lectins in cell surface glycans changed with aging [10]. 
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glycoprotein bands of TIG-3S against MAH reacted 
stronger than that of TIG-102 (e.g. around molecular 
weights of 245 KDa). These results showed that there 
was a difference of sialylated glycoprotein expression 
pattern between TIG-3S and TIG-102 in both intra-
cellular and membrane glycoproteins.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We also analyzed the expression of intracellular and 
membrane glycoproteins in Gal-binding lectins. Many 
intracellular glycoproteins of TIG-3S and TIG-102 were 
bound to WFA, and many membrane glycoproteins 
were also bound to WFA, except for weakly reacted to 
membrane glycoproteins of TIG-102 (Fig. 6C). The 
total amount of intracellular glycoprotein bands of TIG-
3S against WFA reacted slightly stronger than that of 
TIG-102. Also, membrane glycoprotein bands of TIG-
3S reacted strongly to WFA compared to that of TIG-
102. In binding to ECA, both intracellular glycoproteins 
were bound, and many membrane glycoproteins were 
also bound to ECA (Fig. 6D). Although the total 
amount of intracellular glycoproteins of TIG-3S and 
TIG-102 against ECA were approximately equal to each 
membrane glycoprotein taking into account aggregated 
proteins, both fractionated glycoprotein bands of TIG-
102 reacted stronger than that of TIG-3S. These results 
showed that there was a difference of desialylated 
glycoprotein expression pattern between TIG-3S and 
TIG-102 in both intracellular and membrane 
glycoproteins.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. Lectin blot detection of intracellular and membrane glycoproteins of TIG cells. The intracellular extracts from TIG‐3S
and TIG‐102 and the corresponding membrane extracts were applied to lanes 1, 3 and 2, 4, respectively. They were subjected
to lectin blot analysis using (A) biotinylated‐SNA, (B) ‐MAH, (C) ‐WFA, and (D) ‐ECA.  

Figure  5. Localization  of  sialylated  glycoproteins  in  TIG
cells.  (A)  TIG‐3S  (PDL  38;  top)  and  TIG‐102  (PDL  46;  bottom)
stained with  SNA  (red;  left  panel),  FITC‐conjugated membrane
marker (CD44, green; middle panel) and the overlay image (right
panel).  (B)  TIG‐3S  (PDL  52;  left)  and  TIG‐102  (PDL  46;  right)
stained with  FITC‐conjugated  SNA  (green;  left panel),  an  intra‐
cellular marker (mitochondria, red; middle panel), and the overlay
image (right panel). Blue staining represents the nucleus. 
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Considering that the band patterns binding to four 
lectins were different, these results suggest that sialyla-
tion to glycoproteins was more pronounced in the intra-
cellular glycoproteins compared to the membrane 
glycoproteins. Also, these suggest that the expression of 
α2-6sialylated intracellular glycoproteins was higher in 
TIG-102 and that of α2-3sialylated intracellular 
glycoproteins was higher in TIG-102. 
 
DISCUSSION 
 
Glycans and glycosylated proteins in serum can serve as 
biomarkers; it was previously reported that WFA-
positive Mac-2-binding protein level was elevated in 
chronic pancreatitis, while the abundance of cancer-
specific N-glycans on leukemia inhibitory factor recep-
tor (i.e., centrosome-associated protein 350), vacuolar 
protein sorting-associated protein 13A, and haptoglobin 
was altered in pancreatic cancer subjects [31, 32]. As 
mentioned above, many intracellular glycoproteins were 
secreted into serum with various conditions. On the 
other hand, glycoproteins regulate autophagic machine-
ry, and glycolipids such as lipopolysaccharide are 
involved in the induction of autophagy in lung tissue 
[33, 34]. These secretory glycans likely regulate 
molecular function and are serum biomarkers for abnor-
mal glycan metabolism associated with autophagy. We 
previously analyzed cell surface glycan profiles [10] but 
did not study intracellular glycan dynamics. Majority of 
the intracellular glycans are localized in the organelles, 
such as the endoplasmic reticulum and the Golgi 
apparatus, and are strictly controlled by glycosyltrans-
ferase (Fig. 1A). Many proteins are modified with 
glycans, move to the cell surface, where they take on 
specific identities and perform specific functions. The 
remaining glycoproteins are catabolized and recycled 
and play an important role in cell survival. This sug-
gests that intracellular glycosylation changes are 
relatively smaller than that in membrane glycoproteins 
which are important in distinguishing cell kinds, cell 
interactions and differentiation. Given that secreted 
intracellular and membrane glycans can act as regula-
tory factors, we hypothesized that the relationship 
between intracellular glycan levels and aging would 
provide insight into the molecular mechanism of aging, 
as suggested by the correlation between cell surface 
glycan expression and cellular senescence or human 
aging that was reported in our earlier study [10]. 
 
In this study, we observed changes in intracellular 
glycan profiles with cellular senescence (Figs. 1B and 
2). When they reached a specific stage (PDL 94), fetus-
derived TIG-3S showed signs of aging in PC1 (Fig. 2). 
TIG-101 and TIG-102 showed a much wider range of 
values in PC4 in comparison with TIG-3S. We consider 
that the wider range of values represented a genomic 

instability associated with the glycan-gene in the elderly 
or a non-uniformity of intracellular glycoproteins with 
apoptosis and protein synthesis as shown in Figure 3. 
Before senescence, TIG-3S and elderly subject-derived 
TIG-101 and TIG-102 maintained intracellular glycan 
components and consequently, constant glycan profiles 
along with their cellular functions (Figs. 2, 3, and Fig. 
S2). Moreover, quantitative changes in intracellular and 
membrane glycans were closely correlated with cellular 
senescence and human aging (Fig. 4). Most of the 
glycoprotein expression was reflected in abundance of a 
ratio of intracellular and membrane glycans (Figs. 5 and 
6). Glycosylated membrane proteins were exclusively 
expressed in a part of total membrane proteins that was 
clear the alteration of sialylation with aging or the 
existence of sialic acids. In addition. the expression 
pattern of sialylated intracellular and membrane 
proteins were different in subject-derived cells (Fig. 6). 
Cell surface or extracellular glycans can distinguish 
different cell types such as embryonic stem and 
embryonal carcinoma cells and contribute to cell func-
tion, for instance the regulation of muscular dystrophy 
[26, 35]. The expression of various genes related to 
glycan synthesis changes markedly depending on cell 
differentiation state [36, 37]. In general, levels of cell 
surface glycans change gradually, whereas those of 
intracellular glycans seem to change markedly in a 
stepwise fashion as a result of cellular alterations that 
occur during human aging. We propose that not only 
membrane but also intracellular glycans play an 
important role in aging. 
 
The abundance of α2-6sialic acid residues of 
intracellular glycans increased with cellular senescence 
in total cell extracts, as did that of cell surface Gal 
residues, which are generated by desialylation (Fig. 4). 
Cell surface 9-O-acetylated sialic acid (9-O-Ac-sialic 
acid) bound by a part of influenza virus exists in the 
Golgi apparatus, too. 9-O-Ac-sialic acid is degraded by 
9-O-acetylestrase in the lysosome or cytoplasm, 
releasing free sialic acid. The de-O-Ac-sialic acid is 
released in the cytoplasm from the lysosome, followed 
by recycling. Free sialic acid impacts the abundance of 
glycan-donor, CMP-Sia. The CMP-Sia synthesized in 
the nucleus was transfer to proteins by sialyltransferase 
and formed some glycoconjugates in the Golgi appara-
tus. As mentioned above, the transport of the sialylated 
proteins to the cell surface is influenced by O-acetyl-
esterase in the lysosome and the cytoplasm or other 
glycosyltransferases including sialyltransferase in the 
Golgi apparatus [38–40]. It is considered that the Golgi 
enzymes associated with Golgi transport also influence 
the decline in transport with aging. Therefore, we 
speculate that there are various enzymatic dysfunctions 
with aging resulting in the intracellular accumulation of 
sialylated proteins. It was previously reported that 



www.aging‐us.com  2200  AGING 

serum levels of sialylated tri- and tetra-antennary 
complex-type N-glycans were elevated in patients with 
germ cell tumors [41]. Sialylated glycans that 
accumulate in the cytoplasm with aging may be secreted 
into the serum under disease conditions. However, we 
have shown that cell membrane sialidase expression 
was increased at early stages of cellular senescence 
[11]. It is thus possible that cell surface desialylation 
was accelerated by aging-associated glycan 
accumulation. It is known that cytoplasmic sialic acid 
level is reduced in hereditary distal myopathy with 
rimmed vacuoles/hereditary inclusion body myopathy 
through the suppression of uridine diphosphate-
GlcNAc-2-epimerase/N-acetylmannosamine kinase 
activity [42, 43]. These findings highlight the 
importance of sialic acid residue turnover and suggest 
the possibility of sialic acid replacement therapy. 
 
We, therefore, conclude that qualitative and quantitative 
alterations in intracellular and membrane glycoprotein 
are critical for proper cell functioning. Clarifying the 
correlation between glycan dynamics and aging can 
provide important insights into the mechanisms of aging 
as well as a basis for developing therapies for aging-
related diseases in the future. 
 
MATERIALS AND METHODS 
 
Cell culture 
 
The three dermal skin fibroblast lines from humans 
were purchased from the Health Science Research 
Resources Bank (Osaka, Japan). TIG-3S (fetus), TIG-
101 (86-year-old subject), and TIG-102 (97-year-old 
subject) had PDLs of 23, 34, and 29, respectively. Cell 
proliferative capacity was assessed by calculating total 
PDL with the formula PDL = log2(total number of 
cells/initial number of cells). PDL counts were rounded 
up after the decimal point. Cells were maintained in 
Dulbecco’s Modified Eagle’s Medium (Wako Pure 
Chemical Industries, Osaka, Japan) containing 10% 
fetal bovine serum (Cell Culture Technologies, 
Gravesano, Switzerland), 50 U/ml penicillin, and 50 
µg/ml streptomycin (Gibco, Grand Island, NY, USA). 
Cultures were sub-cultured in 100-mm plastic dishes 
(BD Falcon, San Jose, CA, USA) at 37°C under a 
humidified 5% CO2 atmosphere. Cell pellets were 
collected for determination of PDL as previously 
reported (PDL: TIG-3S, 27–94; TIG-101, 40–51; and 
TIG-102, 40–52) [10]. 
 
Cell collection and protein extraction 
 
Total protein was extracted from TIG-3S, TIG-101, and 
TIG-102 cells (approximately 5 × 104 to 1 × 106 cells) 
collected at various PDLs using CelLytic MEM Protein 

Extraction kit (Sigma-Aldrich, St. Louis, MO, USA) as 
previously described [7, 10, 26]. Briefly, 300 μl cold 
Lysis Buffer, containing 1% protease inhibitor cocktail 
was added to the cells, incubated on ice for 10 min, the 
supernatant was collected and centrifuged at 10,000 g at 
4°C for 5 min, and was transferred to a new micro-
centrifuge tube. The supernatant was incubated at 30°C 
for 5 min and allowed to separate into upper hydrophilic 
phase and the lower hydrophobic phase. After the 
supernatant separated, it was centrifuged at 3,000 g and 
25°C for 5 min, and then the upper and the lower phase 
solutions were collected separately. Protein concentra-
tion was determined using the Micro BCA Protein 
Assay kit (Thermo Fisher Scientific, Waltham, MA, 
USA). 
 
Lectin microarray analysis 
 
Lectin microarray analysis of hydrophilic protein 
extracts was performed as previously described [10]. 
Briefly, total proteins including glycoproteins (0.2 μg) 
were labeled with Cy3 mono-reactive dye (GE 
Healthcare, Buckinghamshire, UK) in phosphate-
buffered saline (PBS) at room temperature for 1 h. The 
reaction solution was diluted with 20 μl of probing 
buffer (Tris-buffered saline containing 1% Triton X-
100, 1 mM CaCl2, and 1 mM MnCl2 [pH 7.4]), and 
excess dye was removed with a spin-type column 
loaded with Sephadex G-25 fine matrix (GE 
Healthcare). The collected Cy3-labeled glycoprotein 
solution was diluted to 2 µg/ml and the solution (0.25 
µg/ml) was applied to a LecChip (v.1.0; Glyco 
Technica, Yokohama, Japan; Supplementary Table S1). 
After incubation at 4°C for approximately 17 h, the 
reaction solution was discarded. The glass slide was 
washed three times with probing buffer before the 
LecChip was scanned using the GlycoStation Reader 
1200 evanescent-field fluorescence scanner (Glyco 
Technica). Each sample was measured in triplicate. 
Data were analyzed using GlycoStation Tools Signal 
Capture 1.0 and GlycoStation Tools Pro 1.0 (Glyco 
Technica). To expand the dynamic range, data were 
subjected to a gain-merging procedure, and merged data 
were normalized by max-normalization [22]. 
 
Statistical analysis 
 
Lectin microarray data from triplicate measurements 
were analyzed and displayed using TIGR Multi-
Experiment Viewer (http://www.tm4.org/mev.html). 
The values were calculated as log10—i.e., the minimum 
and maximum values indicate 0.1 and 100, respectively. 
Data were also evaluated by PCA with pair-wise 
comparisons (http://lgsun.grc.nia.nih.gov/ANOVA/; 
false discovery rate < 0.05). The mean value of the lectin 
microarray data was used for each respective PCA. 
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Rate of intracellular or membrane glycan alteration 
 
To evaluate changes in proportions of intracellular or 
membrane glycans in TIG-3S, TIG-101, and TIG-102, 
the difference between the signal intensity at each PDL 
and that at the first PDL was calculated for 45 lectins 
using the logarithmic formula: ratio = log2(signal 
intensity at each PDL − signal intensity at first PDL). 
The maximum variance value (∆max) among lectins 
reflected the maximum difference between the highest 
value and lowest values at each PDL in each cell line. 
 
Comparison of glycan abundance 
 
The abundance of each intracellular and membrane 
glycan recognized by SNA, SSA, ACG, MAH, ECA, 
PWM, and WFA was determined by calculating the 
signal intensities of max-normalized data using the 
formula: percentage abundance = ratio of signal 
intensity of each lectin in hydrophobic or hydrophilic 
protein extract/ratio of total signal intensity of hydro-
phobic and hydrophilic protein extracts. 
 
Immunocytochemistry with lectin and cellular 
localization markers 
 
TIG-3S (PDL 38 and 52 for membrane and 
intracellular, and PDL 48 and 84 for younger and older, 
respectively), and TIG-102 (PDL 46 and 46 for 
membrane and intracellular, respectively) were fixed 
with 4% paraformaldehyde and washed with PBS. To 
analyze membrane glycan location, the fixed cells were 
incubated with BlockAid Blocking Solution (Thermo 
fisher scientific Inc.) at room temperature for 20 min, 
followed by reaction for 30 min in the dark with a 
mixture solution, which contained 10 μg/ml biotinylated 
SNA (Vector Laboratories Inc., Burlingame, CA, USA) 
and 0.25 μg/ml FITC conjugated CD44 (BD 
Bioscience, USA) in PBS. The cells were then rinsed 
three times for 5 min each with PBS, and stained with 
diluted streptavidin conjugated with Texas Red (StAv-
TexRed) (Vector Laboratories Inc.) in PBS (1:100). 
After rinsing, the cells were stained with DAPI (1:500 
in PBS) for 10 min, followed by three 5 min-rinses in 
PBS, and mounted using Mounting Medium (Dako, 
Agilent Technologies, Inc., US). To analyze intra-cellular 
glycan location, the fixed cells were rinsed with PBS 
containing 0.1% Triton X-100 (PBSTx) and blocked with 
BlockAid Blocking solution containing 0.2% Triton X-
100 for 20 min at room temperature, followed by reac-
tion for 30 min in the dark with 10 μg/ml biotinylated 
MRPS27 (Proteintech, USA) in PBS. The cells were 
then rinsed three times for 5 min each with PBSTx, the 
cells were stained with a mixture solution, containing a 
diluted StAv-TexRed and 10 μg/ml FITC conjugated 
SNA (Vector Laboratories Inc.) in PBSTx.  

Lectin blot analysis of intracellular and membrane 
glycoproteins 
 
Three μg of the hydrophilic and hydrophobic protein 
extracts from TIG-3S (PDL 46) and TIG-102 (PDL 49) 
were applied to each lane of a 5-20% gradient gel for 
SDS-PAGE. The proteins were transferred to a PVDF 
membrane and incubated with each of 1 μg/ml 
biotinylated SNA (EY Laboratories Inc., San Mateo, 
CA), 2 μg/ml biotinylated WFA (EY Laboratories Inc.), 
2 μg/ml biotinylated MAH (Vector Laboratories Inc.) 
and 2 μg/ml biotinylated ECA (J-OIL MILLS Inc., 
Tokyo, Japan) at room temperature for 1 h. It was 
incubated with an HRP-conjugated streptavidin 
(Jackson Immuno Research Laboratories Inc., USA) at 
room temperature for 30 min and detected with ECL 
Prime Western Blotting Detection Reagent (GE 
Healthcare UK Ltd., England) for 5 min. The proteins 
were visualized with the Fusion SOLO0.7SEDGE 
(M&S Instruments Inc., Osaka, Japan). 
 
AUTHOR CONTRIBUTIONS 
 
YI and MT conceived and designed the study. YI 
performed all experiment and prepared the manuscript. 
NS contributed to manuscript writing. MT edited the 
manuscript. All authors read and approved the final 
manuscript. 
 
CONFLICTS OF INTEREST 
 
The authors declare no conflicts of interest. 
 
FUNDING 
 
This research was supported by the Ministry of 
Education, Culture, Sports, Science and Technology of 
Japan (grant nos. 24790397 and 16K19098 to YI; 
15H04715 to MT); the Ministry of Health Labor and 
Welfare (grant no. H25-saisei-shitei-013); the Japan 
Agency for Medical Research and Development to MT; 
the National Center for Child Health and Development 
(grant no. 29-1) to MT; Terumo Foundation for Life 
Sciences and arts to MT; and the Hoyu Science 
Foundation to YI. 
 
REFERENCES 
 
1.   Ohashi M, Aizawa S, Ooka H, Ohsawa T, Kaji K, Kondo 

H,  Kobayashi  T,  Noumura  T,  Matsuo  M,  Mitsui  Y, 
Murota  S,  Yamamoto  K,  Ito H,  et  al.  A  new  human 
diploid cell strain, TIG‐1,  for  the  research on cellular 
aging. Exp Gerontol. 1980; 15:121–33.  
https://doi.org/10.1016/0531‐5565(80)90083‐2 

2.   Yamamoto K,  Yamamoto M.  Changes in the cell sur‐ 



www.aging‐us.com  2202  AGING 

face  of  human  diploid  fibroblasts  during  cellular 
aging. Mutat Res. 1991; 256:169–75.  
https://doi.org/10.1016/0921‐8734(91)90009‐Z 

3.   Takubo K, Aida  J,  Izumiyama N,  Ishikawa N, Fujiwara 
M,  Poon  SS,  Kondo  H,  Kammori  M,  Matsuura  M, 
Sawabe  M,  Arai  T,  Baird  DM,  Nakamura  K. 
Chromosomal  instability  and  telomere  lengths  of 
each  chromosomal  arm  measured  by  Q‐FISH  in 
human  fibroblast  strains  prior  to  replicative 
senescence. Mech Ageing Dev. 2010; 131:614–24.  

  https://doi.org/10.1016/j.mad.2010.08.007 

4.   Campisi  J.  Aging,  cellular  senescence,  and  cancer. 
Annu Rev Physiol. 2013; 75:685–705.  

  https://doi.org/10.1146/annurev‐physiol‐030212‐
183653 

5.   Satomaa  T,  Heiskanen  A,  Mikkola  M,  Olsson  C, 
Blomqvist M, Tiittanen M, Jaatinen T, Aitio O, Olonen 
A, Helin J, Hiltunen J, Natunen J, Tuuri T, et al. The N‐
glycome  of  human  embryonic  stem  cells.  BMC  Cell 
Biol. 2009; 10:42.  

        https://doi.org/10.1186/1471‐2121‐10‐42 

6.   Toyoda  M,  Yamazaki‐Inoue  M,  Itakura  Y,  Kuno  A, 
Ogawa T, Yamada M, Akutsu H, Takahashi Y, Kanzaki 
S,  Narimatsu  H,  Hirabayashi  J,  Umezawa  A.  Lectin 
microarray  analysis  of  pluripotent  and  multipotent 
stem cells. Genes Cells. 2011; 16:1–11.  

  https://doi.org/10.1111/j.1365‐2443.2010.01459.x 

7.   Itakura  Y,  Kimura  M,  Gojo  S,  Toyoda  M,  Kami  D, 
Motomura  N,  Umezawa  A,  Kyo  S,  Ono  M.  Glycan 
profiling using a lectin microarray is a novel validation 
tool  for  monitoring  the  damage  to  freeze‐thawed 
cells. Low Temp Med. 2011; 13:7.  

        J‐GLOBAL ID:201202262483697050 

8.   Nairn AV, Aoki K, dela Rosa M, Porterfield M, Lim JM, 
Kulik M,  Pierce  JM, Wells  L, Dalton  S,  Tiemeyer M, 
Moremen  KW.  Regulation  of  glycan  structures  in 
murine  embryonic  stem  cells:  combined  transcript 
profiling  of  glycan‐related  genes  and  glycan 
structural analysis. J Biol Chem. 2012; 287:37835–56.  

         https://doi.org/10.1074/jbc.M112.405233 

9.    Sasaki  N,  Itakura  Y,  Toyoda  M.  Ganglioside  GM1 
contributes  to  the  state  of  insulin  resistance  in 
senescent  human  arterial  endothelial  cells.  J  Biol 
Chem. 2015; 290:25475–86.  

         https://doi.org/10.1074/jbc.M115.684274 

10.   Itakura  Y,  Sasaki  N,  Kami  D,  Gojo  S,  Umezawa  A, 
Toyoda  M.  N‐  and  O‐glycan  cell  surface  protein 
modifications  associated  with  cellular  senescence 
and human aging. Cell Biosci. 2016; 6:14.  

  https://doi.org/10.1186/s13578‐016‐0079‐5 

11.  Sasaki N,  Itakura  Y,  Toyoda M.  Sialylation  regulates 
myofibroblast differentiation of human skin fibroblasts 

Stem Cell Res Ther. 2017; 8:81.  
  https://doi.org/10.1186/s13287‐017‐0534‐1 

12.  Parker  RB,  Kohler  JJ.  Regulation  of  intracellular 
signaling  by  extracellular  glycan  remodeling.  ACS 
Chem Biol. 2010; 5:35–46.  

  https://doi.org/10.1021/cb9002514 

13.  Sun S, Zhao F, Wang Q, Zhong Y, Cai T, Wu P, Yang F, 
Li  Z.  Analysis  of  age  and  gender  associated  N‐
glycoproteome  in  human  whole  saliva.  Clin 
Proteomics. 2014; 11:25.  

  https://doi.org/10.1186/1559‐0275‐11‐25 

14.  Matsuda  A,  Kuno  A,  Kawamoto  T,  Matsuzaki  H, 
Irimura T,  Ikehara Y, Zen Y, Nakanuma Y, Yamamoto 
M, Ohkohchi N, Shoda  J, Hirabayashi  J, Narimatsu H. 
Wisteria  floribunda  agglutinin‐positive mucin  1  is  a 
sensitive  biliary  marker  for  human  cholangio‐
carcinoma. Hepatology. 2010; 52:174–82.  

  https://doi.org/10.1002/hep.23654 

15.  Kuno A, Ikehara Y, Tanaka Y, Saito K, Ito K, Tsuruno C, 
Nagai  S,  Takahama  Y,  Mizokami  M,  Hirabayashi  J, 
Narimatsu  H.  LecT‐Hepa:  A  triplex  lectin‐antibody 
sandwich  immunoassay  for  estimating  the  progress‐
sion dynamics of  liver  fibrosis  assisted by  a bedside 
clinical  chemistry  analyzer  and  an  automated  pre‐
treatment machine. Clin Chim Acta. 2011; 412:1767–
72.  

        https://doi.org/10.1016/j.cca.2011.05.028 

16.  Fry  SA,  Afrough  B,  Lomax‐Browne  HJ,  Timms  JF, 
Velentzis  LS,  Leathem AJ.  Lectin microarray profiling 
of  metastatic  breast  cancers.  Glycobiology.  2011; 
21:1060–70.  

        https://doi.org/10.1093/glycob/cwr045 

17.  Futakawa S, Nara K, Miyajima M, Kuno A, Ito H, Kaji H, 
Shirotani K, Honda T, Tohyama Y, Hoshi K, Hanzawa Y, 
Kitazume  S,  Imamaki R,  et  al. A unique N‐glycan on 
human  transferrin  in  CSF:  a  possible  bio‐marker  for 
iNPH.  Neurobiol  Aging.  2012;  33:1807–15. 
https://doi.org/10.1016/j.neurobiolaging.2011.02.023 

18.  Winchester  B.  Lysosomal  metabolism  of 
glycoproteins. Glycobiology. 2005; 15:1R–15R.  

  https://doi.org/10.1093/glycob/cwi041 

19.  Seino  J,  Wang  L,  Harada  Y,  Huang  C,  Ishii  K, 
Mizushima N,  Suzuki  T. Basal  autophagy  is  required 
for the efficient catabolism of sialyloligosaccharides. J 
Biol Chem. 2013; 288:26898–907.  

  https://doi.org/10.1074/jbc.M113.464503 

20.  Uchiyama N, Kuno A,  Tateno H, Kubo  Y, Mizuno M, 
Noguchi  M,  Hirabayashi  J.  Optimization  of 
evanescent‐field  fluorescence‐assisted  lectin  micro‐
array  for  high‐sensitivity  detection  of  monovalent 
oligosaccharides  and  glycoproteins.  Proteomics. 
2008; 8:3042–50.  



www.aging‐us.com  2203  AGING 

  https://doi.org/10.1002/pmic.200701114 

21.  Kuno A, Uchiyama N, Koseki‐Kuno S, Ebe Y, Takashima 
S,  Yamada  M,  Hirabayashi  J.  Evanescent‐field 
fluorescence‐assisted  lectin  microarray:  a  new 
strategy  for  glycan  profiling.  Nat  Methods.  2005; 
2:851–56.  
https://doi.org/10.1038/nmeth803 

22.  Kuno A, Itakura Y, Toyoda M, Takahashi Y, Yamada M, 
Umezawa  A, Hirabayashi  J.  Development  of  a  data‐
mining  system  for differential profiling of  cell  glyco‐
proteins  based  on  lectin  microarray.  J  Proteomics 
Bioinform. 2008; 1:68‐72.  

        https://doi.org/10.4172/jpb.1000011 

23.  Pilobello KT, Slawek DE, Mahal LK. A ratiometric lectin 
microarray  approach  to  analysis  of  the  dynamic 
mammalian  glycome.  Proc Natl Acad  Sci USA.  2007; 
104:11534–39. 
https://doi.org/10.1073/pnas.0704954104 

24.  Lee MR, Park S, Shin  I. Protein microarrays  to  study 
carbohydrate‐recognition  events.  Bioorg Med  Chem 
Lett. 2006; 16:5132–35.  

  https://doi.org/10.1016/j.bmcl.2006.07.028 

25.  Tateno H, Toyota M, Saito S, Onuma Y, Ito Y, Hiemori 
K,  Fukumura  M,  Matsushima  A,  Nakanishi  M, 
Ohnuma K, Akutsu H, Umezawa A, Horimoto K, et al. 
Glycome  diagnosis  of  human  induced  pluripotent 
stem cells using  lectin microarray. J Biol Chem. 2011; 
286:20345–53. 
https://doi.org/10.1074/jbc.M111.231274 

26.   Itakura  Y,  Kuno  A,  Toyoda  M,  Umezawa  A, 
Hirabayashi  J.  Podocalyxin‐targeting  comparative 
glycan  profiling  reveals  difference  between  human 
embryonic stem cells and embryonal carcinoma cells. 
J Glycomics Lipidomics. 2013; 01.  

  https://doi.org/10.4172/2153‐0637.S5‐004 

27.  Matsuda  A,  Kuno  A,  Matsuzaki  H,  Kawamoto  T, 
Shikanai T, Nakanuma Y, Yamamoto M, Ohkohchi N, 
Ikehara  Y,  Shoda  J,  Hirabayashi  J,  Narimatsu  H. 
Glycoproteomics‐based  cancer  marker  discovery 
adopting  dual  enrichment  with  Wisteria  floribunda 
agglutinin  for  high  specific  glyco‐diagnosis  of 
cholangiocarcinoma. J Proteomics. 2013; 85:1–11.  

  https://doi.org/10.1016/j.jprot.2013.04.017 

28.  Yamashita K, Kuno A, Matsuda A, Ikehata Y, Katada N, 
Hirabayashi  J,  Narimatsu  H,  Watanabe  M.  Lectin 
microarray  technology  identifies  specific  lectins 
related to lymph node metastasis of advanced gastric 
cancer. Gastric Cancer. 2016; 19:531–42.  

  https://doi.org/10.1007/s10120‐015‐0491‐2 

29.  Itakura Y, Nakamura‐Tsuruta S, Kominami J, Sharon N, 
Kasai  K,  Hirabayashi  J.  Systematic  comparison  of 
oligosaccharide  specificity  of  Ricinus  communis 

agglutinin  I and Erythrina  lectins: a search by  frontal 
affinity  chromatography.  J Biochem. 2007; 142:459–
69.  

        https://doi.org/10.1093/jb/mvm153 

30.   Itakura Y, Nakamura‐Tsuruta S, Kominami J, Tateno H,  
Hirabayashi J. Sugar‐binding profiles of chitin‐binding 
lectins  from  the  Hevein  family:  a  comprehensive 
study. Int J Mol Sci. 2017; 18:E1160.  

  https://doi.org/10.3390/ijms18061160 

31.  Fujiyama T,  Ito T, Ueda K, Tachibana Y, Yasunaga K, 
Miki M, Takaoka T, Lee L, Kawabe K, Ogawa Y. Serum 
levels of Wisteria floribunda agglutinin‐positive Mac‐2 
binding  protein  reflect  the  severity  of  chronic 
pancreatitis. J Dig Dis. 2017; 18:302–08.  

  https://doi.org/10.1111/1751‐2980.12475 

32.  Drabik A, Bodzon‐Kulakowska A, Suder P, Silberring J, 
Kulig  J,  Sierzega M. Glycosylation Changes  in  Serum 
Proteins  Identify  Patients  with  Pancreatic  Cancer.  J 
Proteome Res. 2017; 16:1436–44.  

  https://doi.org/10.1021/acs.jproteome.6b00775 

33.  Fahie  K,  Zachara  NE.  Molecular  functions  of 
glycoconjugates  in  autophagy.  J  Mol  Biol.  2016; 
428:3305–24. 
https://doi.org/10.1016/j.jmb.2016.06.011 

34.  Gao  Y, Wang  N,  Liu  L,  Liu  Y,  Zhang  J.  Relationship 
between  mammalian  target  of  rapamycin  and 
autophagy  in  lipopolysaccharide‐induced  lung  injury. 
J Surg Res. 2016; 201:356–63.  

  https://doi.org/10.1016/j.jss.2015.11.018 

35.  Kanagawa M, Kobayashi K, Tajiri M, Manya H, Kuga A, 
Yamaguchi Y, Akasaka‐Manya K, Furukawa JI, Mizuno 
M, Kawakami H, Shinohara Y, Wada Y, Endo T, Toda T. 
Identification  of  a  post‐translational  modification 
with  ribitol‐phosphate  and  its  defect  in  muscular 
dystrophy. Cell Reports. 2016; 14:2209–23.  

  https://doi.org/10.1016/j.celrep.2016.02.017 

36.  Kitazume S, Kitajima K, Inoue S, Inoue Y, Troy FA 2nd. 
Developmental  expression  of  trout  egg  polysialo‐
glycoproteins  and  the  prerequisite  alpha  2,6‐,  and 
alpha  2,8‐sialyl  and  alpha  2,8‐polysialyltransferase 
activities  required  for  their  synthesis  during 
oogenesis. J Biol Chem. 1994; 269:10330–40. 

37.  Abeln M, Borst KM, Cajic S, Thiesler H, Kats E, Albers I, 
Kuhn  M,  Kaever  V,  Rapp  E,  Münster‐Kühnel  A, 
Weinhold  B.  Sialylation  is  dispensable  for  early 
murine  embryonic  development  in  vitro. 
ChemBioChem. 2017; 18:1305–16.  

  https://doi.org/10.1002/cbic.201700083 

38.  Takematsu H, Kozutsumi Y.  in Taniguchi N, Kawasaki 
T, Furukawa K, Kimata K, Suzuki A (eds.), Functions of 
glycol‐chains:  As  the  third  chain  molecule  next  to 
nucleic acid and protein, 2003, Tokyo, Japan: Kyoritsu  



www.aging‐us.com  2204  AGING 

Shuppan Co., Ltd., pp. 947‐951 

39.  Colley KJ, Varki A, Kinoshita T. “Cellular Organization 
of Glycosylation”  in Varki A, Cummings RD, Esko  JD, 
Stanley  P, HartGW,  Aebi M, Darvill  AG,  Kinoshita  T, 
Packer NH, Prestegard  JH, Schnaar RL, Seeberger PH 
(Eds.), Essentials of Glycobiology: Third edition, 2017, 
New York: Cold spring Harbor, pp. 41‐49 

40.  Varki  A,  Schnaar  RL,  Schauer  R.  “Sialic  Acids  and 
Other Nonulosonic Acids”  in Varki A, Cummings RD, 
Esko  JD,  Stanley  P,  HartGW,  Aebi  M,  Darvill  AG, 
Kinoshita  T,  Packer  NH,  Prestegard  JH,  Schnaar  RL, 
Seeberger PH (Eds.), Essentials of Glycobiology: Third 
edition, 2017, New York: Cold spring Harbor, pp. 179‐
195 

41.  Narita  T,  Hatakeyama  S,  Yoneyama  T,  Narita  S, 
Yamashita  S, Mitsuzuka  K,  Sakurai  T,  Kawamura  S, 
Tochigi  T,  Takahashi  I,  Nakaji  S,  Tobisawa  Y, 
Yamamoto H, et al. Clinical  implications of serum N‐
glycan  profiling  as  a  diagnostic  and  prognostic 
biomarker  in  germ‐cell  tumors.  Cancer Med.  2017; 
6:739–48.  

        https://doi.org/10.1002/cam4.1035 

42.  Noguchi S, Keira Y, Murayama K, Ogawa M, Fujita M, 
Kawahara G, Oya Y,  Imazawa M, Goto Y, Hayashi YK, 
Nonaka  I,  Nishino  I.  Reduction  of  UDP‐N‐acetyl‐
glucosamine  2‐epimerase/N‐acetylmannosamine 
kinase activity and  sialylation  in distal myopathy with 
rimmed vacuoles. J Biol Chem. 2004; 279:11402–07.  

  https://doi.org/10.1074/jbc.M313171200 

43.  Malicdan  MC,  Noguchi  S,  Hayashi  YK,  Nonaka  I, 
Nishino  I.  Prophylactic  treatment  with  sialic  acid 
metabolites  precludes  the  development  of  the 
myopathic  phenotype  in  the  DMRV‐hIBM  mouse 
model. Nat Med. 2009; 15:690–95.  

  https://doi.org/10.1038/nm.1956 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



www.aging‐us.com  2205  AGING 

SUPPLEMENTARY MATERIAL 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure S1. Intracellular glycan profiles obtained by lectin microarray analysis in three cell lines (TIG‐
3S, TIG‐101, and TIG‐102) at various PDLs. Bar graph representation of signal intensities (%) of 45 lectins in TIG‐3S, TIG‐101,
and TIG‐102 at PDL 27–94, 40–51, and 40–52, respectively. Data represent the average of three measurements. Color gradients
(dark  to  light)  reflect progressive  cellular  senescence  in PDLs  (i.e.,  young  to aged). Characteristics of 45  lectins are  listed  in
Supplementary Table S1 and the value of signal intensities obtained in this analysis are shown in Supplementary Table S2. 
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Supplementary Figure S2. Change in ratio of each lectin in cell surface glycans with cellular senescence. Line graph
represents differences between lectin signal intensities at various PDLs and those at the first PDL in TIG‐3S, TIG‐101,
and  TIG‐102. Changes  in  ratio were  calculated  from  average  signal  intensity  at  each PDL. Highest  and  the  lowest
values of the largest change in the ratio are shown for each cell line. Each lectin is shown as a different color in a box.

 

Supplementary Figure S3. Localization of sialylated membrane glycoproteins
on  TIG‐3S.  TIG‐3S  (PDL  48;  top  and  84;  bottom)  stained with  SNA  (red;  left
panel), FITC‐conjugated membrane marker (CD44, green; middle panel), and the
overlay image (right panel). Blue staining represents the nucleus. 
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