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1 ABSTRACT: A fingerprint-based sensing approach was used to
2 characterize in vitro cellular senescence. Secretion profiles of cul-
3 tured human fibroblasts in different senescent stages were trans-
4 formed into colorimetric enzyme-activity fingerprints by applying
s cell-culture media to a polyion complex array. Analyzing the ob-
6 tained fingerprints using pattern recognition methods, such as lin-
7 ear discriminant analysis and hierarchical clustering analysis, re-
s vealed that the polyion complex array allows the noninvasive track-
9 ing of the replicative senescence progress even in those stages
10 where a conventional marker such as senescence-associated B-ga-
u lactosidase is negative. This fingerprint-based approach should
12 thus offer an effective way for the routine monitoring or screening
13 of in vitro cell-senescence studies.

14 Cellular senescence is an anti-proliferative program that limits
15 the propagation of cells subjected to different kinds of stimuli, such
16 a5 DNA damage, chromatin perturbations, activation of cancer
17 genes, and loss of telomeres after extensive proliferation.! Alt-
18 hough cellular senescence has initially been considered as an irre-
19 versible cell-cycle-arrest mechanism that acts to protect against
20 cancer, recent discoveries have revealed that cellular senescence
21 may also be a detrimental biological process. For example, when
22 senescent cells are retained in tissue for prolonged periods of time,
23 these cells promote age-related tissue dysfunction by secreting fac-
24 tors that recruit local inflammation, induce aberrant tissue architec-
25 ture, and impair tissue homeostasis and regeneration.?3

26 Asthe characterization of senescent cells in vivo has been limited
27 by difficulties associated with detecting and tracking senescent
28 cells in real tissue, most current insights regarding senescent cells
29 have been acquired using cell-culture experiments.® Therefore, one
30 of the key issues in this field is the development of methods to ac-
a1 curately characterize senescent cells in culture. For this purpose, a
a2 Vvariety of senescence-associated markers,! especially senescence-
a3 associated P-galactosidase (SA-B-Gal),*” has been employed.
34 However, so far, the use of a combination of multiple markers is
35 still required, as a single universal marker for cell senescence has
36 not yet been discovered.

a7 The secretory profile has attracted substantial attention in the
3g context of understanding and characterizing cultured senescent cell
39 populations, as cell senescence is accompanied by widespread
40 changes in the secretion of proteins, including inflammatory cyto-
41 kines, chemokines, growth factors, and proteases, which are known
42 @S senescence-associated secretory phenotype (SASP) or senes-
43 cence-messaging secretome (SMS).38 Recent comprehensive pro-
44 tein analyses using antibody arrays have shown that senescence in-
45 ductions with a variety of stimuli have a common and significant
46 influence on secretion profiles for dozens of selected proteins.®*

47 We have recently proposed a sensing strategy to acquire infor-
4s mation on secretory profiles in cell-culture media, and used it to
49 identify normal/cancer-cell types and stem-cell-differentiation lin-
so eages.’? This strategy was developed using a fingerprint-based
51 sensing technique, which exploits the pattern recognition of unique
s2 fingerprints for analytes.'® In general, fingerprints are generated
s3 with arrays of cross-reactive molecules that can interact in different
s4 ways with analytes. This technique has been employed for the de-
ss tection of proteins that are solubilized in dilute solutions'*18 or in
s6 biological matrices.!%2? A distinct advantage of fingerprint-based
57 sensing is that it can also be applied to recognize the composition
ss of complex matrices themselves, such as serum?-2324 and cell ly-
5o sate,!525%6 even though not all components present may be
g0 known.?”

er  Similarly, our fingerprint-based sensing of the secretory profile
62 was created without any information on the proteins secreted from
63 the cultured cells.'? In our approach, polyion complexes (PICs) be-
64 tween anionic enzymes and poly(ethylene glycol)-modified poly-
65 amines were used as cross-reactive molecules.?:22° The incuba-
e6 tion of cell-culture media with the PICs causes the release of en-
67 zymes through competitive interactions between the secreted pro-
es teins and the PICs, which generates unique fingerprints consisting
s9 of the amount of changes in enzyme activity as variates. Inspired
70 by that work, we exploited a PIC array to recognize senescent-re-
n lated secretomic profiles of normal human fibroblasts.

72 The current study is based on the hypothesis that the SASP pro-
73 duction due to replicative senescence could modulate the interac-
74 tion patterns between secreted proteins and individual PICs, which
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Figure 1. Schematic representation of the fingerprinting-based
tracking of replicative senescence of human fibroblasts using a
PIC array.

75 could generate enzyme-activity fingerprints that are unique to dif-
76 ferent senescent stages (Figure 1). In order to create PIC arrays that
77 are able to generate differential fingerprints for the tracking of se-
78 nescence progression, structurally diverse PICs are required. Based
79 0N our previous report,*? we chose PICs with the following fea-
8o tures; (i) p-galactosidase from two different sources, i.e., from As-
g1 pergillus oryzae (GAO, My, = 110,000, pl = 5.2) and Escherichia
g2 coli (GEC, M, = 465,000, pl = 5.1), and (ii) quaterinzed poly(eth-
g3 ylene glycol)-block-poly(N,N-dimethylaminoethyl methacrylate)
84 (PEG-b-QPAMA) block co-polymers that contain functional
85 groups with different hydrophobicity, i.e., P1: benzyl groups (log
ss P =2.56) and P2: 1-hydroxyethyl groups (log P = -0.40) (Figure
87 2A). The B-galactosidase from either source is suitable for practical
88 USe, owing to the high catalytic activity with respect to the hydrol-
8o ysis of chromogenic o-nitrophenyl-p-D-galactopyranoside (0NPG)
o0 and the high structural stability.?82°

91 The addition of PEG-b-QPAMAs markedly decreased the cata-
92 lytic activity of both enzymes against oNPG in 20 mM 3-(N-mor-
93 pholino)propanesulfonic acid (MOPS) buffer (pH = 7.0) (Figure
sa 2B) due to the electrostatically driven formation of PIC.3%% Con-
o5 sistent with a previous report,?® hydrophobic P1 exerted a more
96 Substantial effect on the inhibition of the enzymes.

97 Once the binding ratio that provided high inhibition had been
98 determined, we investigated the capability of the PIC array to track
90 cellular senescence. The conventional human fibroblast cell line
100 TIG-1 was chosen, considering its extensive use as a model cell
101 line for in vitro senescence studies.®23 According to the literature,
102 replicative senescence was induced in TIG-1 by serial passag-
103 ing.3%%% The appearance of senescent cells was examined by the
104 SA-B-Gal assay, i.e., a histochemical detection of the p-galacto-
105 sidase activity. Although this assay may produce false-positive re-
106 Sults under certain conditions such as confluence, it is the most
107 widely used method due to its general applicability and simplic-
108 ity.>* TIG-1 did not show a positive staining for conventional SA-
109 B-Gal assays until the increase in the population-doubling level
110 (APDL) reached 56 (Figure 3A), i.e., the point where the cells ex-
11 hibited a markedly decelerated growth. Therefore, we examined the
112 tracking of the progress of TIG-1 senescence in the SA-B-Gal-
113 negative stages (APDL = 6, 19, 34, and 46).

14 For the sample preparation, TIG-1 cells in different senescence
115 stages were seeded at 4x10* cells/cm? in Dulbecco's modified Ea-
11
uz After 16 hours of incubation, the medium was replaced with a
us chemically defined serum-free medium (CDCHO medium). The
19 culture supernatants were collected after 48 hours of incubation.
120 The obtained culture supernatants were diluted to a total protein
121 concentration of 5 pug/mL (20 uL) and then added to individual
122 wells of a 96-well plate, which contained solutions of PICs in 20
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Figure 2. Changes in the enzyme activity upon addition of PEG-
b-QPAMAs. (A) Chemical structures of the PEG-b-QPAMA
block co-polymers. (B) Normalized enzyme activity of 5 nM
GAO or 2 nM GEC for 5 mM oNPG with various concentra-
tions of PEG-b-QPAMAs were measured in 20 mM MOPS (pH
=7.0).

123 mM MOPS (pH = 7.0; 100 pL; for details, see the Supporting In-
124 formation). After 30 min of incubation, 25 mM oNPG in 20 mM
125 MOPS (pH = 7.0; 30 puL) was added, and the enzyme activity was
126 quantified using the time course of the absorbance at 400 nm, gen-
127 erating a training matrix (4 PICs x 4 APDLs x 6 replicates) (Table
128 S1).

129 Figure 3B shows the changes in enzyme activity for four PICs.
130 The addition of culture supernatants resulted in increased enzyme
131 activities, indicating that competitive interactions occurred be-
132 tween PICs and secreted molecules, such as proteins. In order to
133 examine whether the individual fingerprints differ significantly,
134 these were subjected to a linear discriminant analysis (LDA), i.e., a
135 supervised pattern recognition method that produces a graphical
136 data output that provides insight into data clustering.'® In a linear
137 discriminant score plot (Figure 4A), each point represents the fin-
138 gerprint of a single analyte in the PIC array. The plot showed four
139 separated clusters corresponding to the individual APDLs in a
140 three-dimensional space. Interestingly, the cluster positions did not
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Figure 3. Fingerprinting of the secretomic profiles of TIG-1 in
different senescent stages. (A) SA-p-Gal-staining of TIG-1. (B)
Fingerprints of the changes in enzyme activity obtained from a
PIC array. Values are shown as mean values + SD (n =6).



141 change in a simple monotonous fashion with increasing APDL, i.e.,
142 in the initial senescence stages (APDL = 6-19), the cluster moves
143 along the z-axis, which accounts for merely 0.4% of the total vari-
144 ance. After that, the cluster position varied markedly, especially on
145 the x- (98.7% of the total variance) and y-axes (0.9% of the total
146 Variance). Thus, it seems feasible to assume that the selected PICs
147 are probably more susceptible to the changes in secretory profiles
148 regarding the later stages of TIG-1 senescence.

149 To evaluate the reliability of our sensing system to correctly
150 identify senescence levels, a cross-validation analysis was per-
151 formed. A leave-one-out procedure (jackknife classification analy-
152 Sis) revealed accuracies of 46-83% when using one PIC, while
153 combinations of four PICs afforded 100% classification accuracy
154 (Table S2). Combined, our PIC array was able to track the gradual
155 senescence progress of TIG-1 by generating enzyme-activity fin-
156 gerprints.

157 In order to quantitatively investigate the relevance between the
158 response generation and the senescence progression, the distances
159 between all analytes were visualized via an unsupervised hierar-
160 chical clustering analysis (HCA) (Figure 4B), where the calculated
161 distance between analytes corresponds to similarities in the finger-
162 prints of the analytes.*® Again, four clusters corresponding to indi-
163 vidual values of APDL were well distinguished in a horizontal den-
164 drogram, wherein APDL = 19 and APDL = 46 were initially clus-
165 tered, followed by APDL = 6 and APDL = 34. For TIG-1 cells,
16 many factors such as telomere shortening,®* expression regulations
167 of genes including cell cycle inhibitors, mitochondria®® and other
168 proteins,3>3738 are involved in cellular senescence. In general,
169 SASP is produced in a dynamic fashion during cellular senescence,
o i.e., early SASP is dominated by the secretion of the transforming
111 growth factor-p (TGFp) family, while subsequent signals of inter-
w2 leukin-1ao  (IL-1o) or p38-mitogen-activated protein Kinase
173 (MAPK) cause late SASP, which consists of metalloproteinases,
174 1L-6, IL-8, and numerous other factors.® Consequently, about half
175 of the analyzed 120 proteins exhibited significant differences with
176 respect to secretory quantities between presenescent and senescent
177 cells.® Therefore, our time-course analysis implies that these com-
178 plicated and serial senescent-stage-dependent changes in the com-
179 position of proteins were sensed by the PIC array. Further investi-
180 gations of the correlation between response fingerprints of model
181 cells and gene/protein expression patterns at each senescent stage
182 should provide a more detailed understanding of not only the mech-
183 anism underlying the generation of fingerprints but that of cellular
184 Senescence.

185 Finally, the similarities in the responses of individual PIC ele-
186 ments were analyzed to gain insight into the effective design of
187 cross-reactive PIC sets. A vertical dendrogram (Figure 4B) af-
18 forded two branches that comprise i) GAO-consisting PICs, and ii)
189 GEC-containing PICs. In other words, we observed a lower corre-
190 lation between the responses generated by PICs containing differ-
191 ent enzymes. Thus, it could be argued that the enzymes possibly
192 play @ more dominant role in the interactions with secretomic com-
193 ponents related to senescence. Accordingly, the use of different en-
194 Zymes may be effective to acquire diverse responses reflecting
195 TIG-1 senescence. The use of block co-polymers with different
196 functional groups that e.g. increase the hydrophobicity should lead
197 to a further diversification of responses and improve the discrimi-
198 nation ability.

199 Insummary, we have developed a proof-of-concept study for the
200 fingerprinting-based tracking of replicative senescence of normal
200 human fibroblasts. Significantly, this sensing system is capable of
202 generating unique fingerprints that reflect different senescent levels,
203 even at the stage where the most commonly used senescent marker
204 SA-B-Gal is negative. In contrast to the conventional specific
20s marker-based methods, this fingerprint-based approach enables the
206 characterization of cultured cells based on the “overall” secretion
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Figure 4. Analysis of the obtained fingerprints using pattern
recognition methods. (A) Discriminant score plot for TIG-1 in
four senescent stages obtained from the PIC array. The centers
of the points that represent identical APDL (same color) are
connected to facilitate a visual comparison between clusters.
(B) Clustering analysis of the responses obtained using the PIC
array. The hierarchical clustering dendrogram based on the Eu-
clidean distance using the Ward method was created with a data
set (4 PICs x 4 APDL x 6 replicates). Therein, each element
was standardized prior to the analysis based on the following
equation; z = (x-u)/o, wherein z is the standardized score, x the
raw score, u the mean of the population, and ¢ the standard de-
viation of the population.

207 profiles in culture supernatants, which may contain rich infor-
208 mation on cell states. In this manner, accurate and noninvasive
200 Sensing systems can be constructed without considering the
210 knowledge regarding any marker molecules. Given that various se-
211 nescent-inducing stimuli cause common influence on secretion pro-
212 files,>1* we believe that the fingerprint-based approach could pro-
213 vide a versatile tool for the routine monitoring of cultured cells or
214 the screening of the influence of stimuli onto cell senescence.
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