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ABSTRACT: Cellular senescence is an irreversible form of cell-cycle arrest caused by excessive stress or damage. While various
biomarkers of cellular senescence have been proposed, there are currently no universal, stand-alone indicators of this condition. The
field largely relies on the combined detection of multiple biomarkers to differentiate senescent cells from non-senescent cells. Here
we introduce a new approach: unbiased cell culture selections to identify senescent cell-specific folded DNA aptamers from vast
libraries of trillions of random 80-mer DNAs. Senescent mouse adult fibroblasts and their non-senescent counterparts were employed
for selection. We demonstrate aptamer specificity for senescent mouse cells in culture, identify a form of fibronectin as the molecular
target of two selected aptamers, show increased aptamer staining in naturally aged mouse tissues, and demonstrate decreased aptamer
staining when pl16 expressing cells are removed in a transgenic /NK-4ATTAC mouse model. This work demonstrates the value of

unbiased cell-based selections to identify new senescence-specific DNA reagents.

INTRODUCTION

Cellular senescence is a state of irreversible cell cycle ar-
rest, first characterized by Hayflick and Moorhead in 1961.!
Since that time there has been extensive research to character-
ize mechanisms of senescence induction, the role of senes-
cence in tissue remodeling, its anti-tumorigenesis function, its
contribution to age-related diseases, and biomarkers to more
specifically define senescent cells.>* While many proposed
markers of senescence have been characterized, a single uni-
versal marker has not been defined. Combinations of various
markers are generally needed to identify senescent cells.
Common indicators include markers of cell cycle arrest, ex-
pression of cyclin dependent kinase inhibitors (CDKIs) pl6
and p21,>® expressed features of the senescence-associated
secretory phenotype (SASP) including cytokines such as IL-
6, chemokines such as MCP-1, and metalloproteinases,’ in-
creased senescence-associated B-galactosidase (SA-B-gal) ac-
tivity,'® and various morphological alterations such as cell size
and shape.!' The accumulation of senescent cells in aging or
in response to chemotherapeutic damage causes chronic in-
flammation due to the SASP and leads to increased pathogen-
esis.b 12

Senolytics are a class of drugs intended to selectively clear
senescent cells. These drugs must therefore selectively target

senescent cells and avoid harm to quiescent or healthy, post-
mitotic cells. To improve targeting of senolytics, several mod-
ifications have been developed, including antibody-drug con-
jugates'® and lysosomal-dependent prodrugs.'* A similar strat-
egy has been employed using an aptamer-functionalized lipo-
some to deliver senolytics to a specific cell type, synovio-
cytes, associated with osteoarthritis.'> Recently, a strategy for
highly specific targeting of a subpopulation of senescent cells
was reported, which employed a three-part strategy. An ap-
tamer targeting a membrane protein upregulated on the cells
of interest was conjugated to a senolytic intended to selec-
tively eliminate senescent cells by a self-immolating linker
cleavable by SA-B-gal.'s

Thus, these approaches attempt to identify markers upregu-
lated in senescent cells of interest and modify a targeting moi-
ety with the goal of increasing selective drug delivery. With
such applications in mind, here we apply Systematic Evolu-
tion of Ligands by EXponential enrichment (SELEX) to iden-
tify DNA aptamers that distinguish carefully validated senes-
cent cells from matched, healthy cells. We characterize the
binding of several candidate aptamers using various cell lines
in vitro. The molecular target of two of these aptamers is iden-
tified as a form of fibronectin. Binding activity of one of the
identified aptamers is shown to exhibit a correlation with age
and senescence burden in vivo.
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RESULTS

Aptamer selection. Primary mouse ear fibroblasts were
isolated from adult C57BL6/J mice (henceforth termed Mouse
Adult Fibroblasts, MAFs). Senescence was induced in these
cells using an etoposide regimen, and the status of the MAF
cultures was confirmed by change in morphology, increased
senescence associated B-galactosidase (SA-B-gal) activity,
and upregulation of cyclin-dependent kinase inhibitors and
SASP factors (Figure 1). Unchallenged MAFs were used as
negative selection “control” targets and the etoposide-chal-
lenged senescent MAFs served as positive selection targets
(Figure 2A). Selection progress over multiple rounds was
monitored by subjecting recovered aptamer libraries to
gPCR.!” A notable increase in library recovery was observed
by round 7, and this increase was sustained through two addi-
tional rounds of selection (Figure 2B). To further assess the
ability of late round aptamer library DNA to bind preferen-
tially to senescent cells, the cell binding of samples of round
2 and round 8 libraries was compared. These aptamer libraries
were exposed to senescent MAFs only, washed, recovered,
and residual binding assessed by qPCR (Figure S1A). A sig-
nificantly higher proportion of the round 8 library was recov-
ered compared with the round 2 library (Figure S1B).
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Figure 1. Validation of senescent phenotype in etoposide-
challenged MAFs. A) Bright field images of control and
etoposide-challenged MAFs show morphological changes
and SA-B-Gal staining. The percent SA-B-Gal positive cells is
quantified per field and compared using a two-tailed unpaired
t-test (n=5; *p<0.05, **p<0.01, ***p<0.001). Scale bar is 400
pm. B) RT-qPCR mRNA quantitation of various markers of
senescence assessed by AACT method normalized to TATA-
box binding protein (TBP) mRNA as reference. Each compar-
ison is made using a two-tailed unpaired t-test (n=6; *p<0.05,
**p<0.01, ***p<0.001).

)

0

o

0

single-stranded rounds of selection

DNA pool
% - negative selection positive selection
o= o 7 e
senescel ) —» ! b
// YN0

b,
PPN )
VVJ) ¥ o T sequence candidates
B12 C 2 —— 6756
> <—°) —— 6757
S 9 15
§ s
& 6 %10
€ t
o @
o 8 s
5 ° 5
o o
0 =S
0 T | L L
2 3 4 5 6 7 8 9 0 2 3 4 5 6 7 8 9

Selection Round Selection Round

Figure 2. Selection of DNA aptamers that preferentially bind
senescent cells. A) Schematic of selection procedure. B)
gPCR quantification of library recovery across selection
round. Error bars show standard error of technical replicates.
C) Prevalence of selected aptamer candidates in deep se-

quencing data across rounds of selection.

DNA aptamers from all selection rounds and the original
naive library were subjected to Next Generation Sequencing
to determine candidate aptamer sequences contributing to in-
creased recovery observed by qPCR. The fraction of the li-
braries consisting of non-unique sequences substantially in-
creased at round 5 and continued to increase through round 9
of selection, indicating an enrichment of senescent cell spe-
cific DNA molecules (Figure S1C). We synthesized ten unre-
lated 80-mer aptamer sequences and screened them for the
ability to specifically bind to senescent cells (Figure 2C, Table
S1). We also chose two negative control sequences present in
the naive library but not in any of the sequences recovered
over 9 selection rounds (negative control oligonucleotides
6766 and 6767, Table S1).

In vitro senescent cell binding screen. We assessed bind-
ing of the candidate sequences and controls to senescent and
control MAFs by using qPCR to monitor recovery after incu-
bation with cells, stringent washing, and cell lysis. These re-
sults indicated that all candidate aptamers, but not negative
controls, bound to senescent cells more strongly than control
cells (Figure 3A, Table S2). All aptamer candidates except
6764 exhibited statistically significant increased senescent
cell binding relative to negative control oligonucleotide 6766
(Figure 3A). We then monitored cell binding of biotin-labeled
candidates and controls using fluorescent streptavidin and
quantified total fluorescence. Six of the candidates exhibited
statistically significantly increased staining of senescent cells
compared to 6766 (Figure 3B-C).

To assess the importance of the different culture times prior
to aptamer binding for senescent cells (8 d) vs. control cells (1
d), the growth of control MAFs was slowed by temporary se-
rum starvation. An imaging experiment was repeated to assess
aptamer binding under these conditions. Seven of the aptamer
candidates exhibited statistically significantly increased stain-
ing relative to negative control 6766 (Figure S2A). In contrast,
when senescent MAFs were treated with trypsin and replated
the day before imaging, only two aptamers exhibited statisti-
cally significant staining relative to negative control 6766
(Figure S2B). These data suggest that senescent cell-specific
aptamer binding is not an artifact due to prolonged senescent
cell culture, but the data also suggest that the molecular tar-
get(s) of the selected aptamers are damaged by trypsin treat-
ment or removed in the process of replating senescent MAFs.

Aptamer specificity was tested by subjecting MAFs to two
alternative methods for senescence induction. X-ray irradia-
tion has been a standard for in vitro senescence induction, and
we again demonstrated typical senescence markers after using
this methodology (Figure S3). All tested aptamers except
6764 exhibited statistically significant binding to X-ray in-
duced senescent MAFs compared with the negative control
oligonucleotide (Figure S4). Hydrogen peroxide exposure
was also tested as a method for senescence induction. The re-
sulting senescence phenotype was detectable, though less pro-
nounced as determined by senescent marker characterization,
therefore serving as a model of oxidative stress induced
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Figure. 3. Candidate aptamer binding to senescent MAFs. A) Quantification of candidates (6756 — 6765) and controls (6766 and
6767) binding to control and senescent MAFs by qPCR. Aptamer concentration was 50 nM. Statistical significance is shown for
candidates compared with control 6766 by one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons (f: p<0.005, }:
p<0.0005). Error bars indicate standard error for biological replicates (n=4). B) Quantification of staining by 50 nM aptamer/control
calculated as total NIR signal intensity per image field. Statistical significance is shown for candidates compared with control 6766
by one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons (*: p<0.05, {: p<0.005, f: p<0.0005). Error bars are
shown as standard error for multiple image fields (n=9). C) Images taken with IncuCyte SX5 are shown at 20x magnification. Con-
stitutively expressed TdTomato is shown in red, and aptamer staining is shown in blue (secondary stain with AlexaFluor647 labeled
streptavidin binding biotinylated candidates and controls). Scale bar (lower right panel) is 200 pm.
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senescence (Figure S5). Again, all the aptamers except 6764
exhibited statistically significant binding to hydrogen perox-
ide-induced senescent MAFs compared with the negative con-
trol oligonucleotide (Figure S6). This demonstrates that the
specificity of these aptamers for senescent cells is not changed
by the induction method.

We tested the performance of candidate aptamers with a
different senescent cell type. Mouse C2C12 myoblasts were
challenged with etoposide and conventional markers of senes-
cence were assessed (Figure S7). Five of the aptamers showed
significant staining of senescent C2C12 cells compared to a
negative control oligonucleotide (Figure S8). These five ap-
tamers also demonstrated specific staining of senescent
C2C12 cells compared to replicating control C2C12 cells (Ta-
ble S2).

For further comparison, Normal Human Lung Fibroblasts
(NHLF) and human IMR90 cells, were challenged with etopo-
side and the same increase in senescent markers was docu-
mented (Figures S9 and S10). Interestingly, none of the se-
lected aptamers bound to the senescent NHLF or IMR90 cells
above the level of the negative control oligonucleotide (Figure
S11). These results demonstrate that the selected aptamers
display binding specificity for senescent mouse cells (MAFs,
C2C12) compared to senescent human cells (NHLF, IMR90).

Binding target identification and characterization. To
identify possible molecular targets, aptamers 6756 and 6762
were chosen for analysis. A SILAC-based proteomic assay
was performed as described in Materials and Methods.
Briefly, potential target proteins on isotopically labeled cul-
tured cells were cross-linked to the tested biotinylated aptamer
(6756 or 6762) using formaldehyde. A biotinylated negative
control oligonucleotide, 6766, was similarly cross-linked but
to non-isotopically labeled cells. Cell lysates were applied to
streptavidin magnetic beads followed by stringent washing.
Proteins were recovered by cross-link reversal at elevated
temperatures. Heavy and light isotope labeled samples were
combined as aptamer and negative control. Experiments were
repeated with heavy and light isotope labeling reversed. After
trypsin digestion, samples were subjected to LC-MS/MS anal-
ysis and peptide mass fingerprinting to identify proteins
uniquely cross-linked to specific aptamers. Notably, peptides
from only a single protein, fibronectin, were strongly cross-
linked by both aptamers 6756 and 6762, displaying a selection
ratio >1 for duplicate forward (heavy + aptamer/light + con-
trol) and duplicate reverse (light + aptamer/heavy + control)
experiments (Table 1).

To validate this nominated molecular binding partner, the
same cross-link and pull-down approach was applied, fol-
lowed by a Western blot. This experiment showed that ap-
tamers 6756 and 6762 selectively enriched fibronectin com-
pared to negative control oligonucleotide 6766 or streptavidin
magnetic beads only (Figures 4A and S12). Further, purified
native mouse fibronectin was exposed to immobilized ap-
tamer or negative control oligonucleotide displayed on

streptavidin magnetic beads without formaldehyde cross-link-
ing. This procedure resulted in fibronectin capture by ap-
tamers 6756 and 6762 when compared with negative control
oligonucleotide 6766 or beads alone (Figure 4B).

The affinity of 6756 and 6762 for fibronectin was assessed
by biolayer interferometry (BLI). Aptamers 6756 and 6762
exhibited equilibrium dissociation constants of 921 pM and
579 pM respectively (Figure 4C). The negative control oligo-
nucleotide 6766 displayed no appreciable binding (Figure
40).
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Figure 4. Identification and verification of target protein of
aptamers 6756 and 6762. A) Aptamer pull-down from cell ly-
sates followed by SDS-PAGE and Western blotting show fi-
bronectin to be enriched in both 6756 and 6762 compared to
negative controls. B) Purified fibronectin from mouse plasma
was incubated with aptamer or negative control loaded strep-
tavidin magnetic beads. Beads were washed and any remain-
ing protein was eluted and analyzed by SDS-PAGE. The gel
was stained with Coomassie blue and imaged. C) Biolayer In-
terferometry result shows dissociation constants of 6756 (921
pM) and 6762 (579 pM), and no binding of negative control
6766, with purified fibronectin from mouse plasma.

Confocal microscopy was used to assess colocalization of
anti-fibronectin antibody staining and staining by aptamers
6756 or 6762 on cultured cells. Interestingly, the staining pat-
terns are subtly different, suggesting that a variant form of fi-
bronectin may be detected by senescent cell-specific aptamers
(Figure S13). Confocal microscopy was also utilized to assess
the relative amount of anti-fibronectin antibody staining on
control and senescent mouse C2C12 cells and human IMR90
cells. Both cell lines showed an increased amount of fibron-
ectin staining in senescent cells versus control cells. There
was not a statistically significant difference in the amount of
fibronectin staining between senescent C2C12 and senescent
IMR90 cells (Figure S14).

Levels of Fnl mRNA transcripts (encoding fibronectin)
from RNA-seq data were compared between etoposide-in-
duced senescent MAFs and control MAFs. Intriguingly, Fnl
transcript expression is not statistically different between the
two in vitro conditions (Figure S15), implying senescent cells
may have a different abundance, location, or isoform of fi-
bronectin that is only detectable at the protein level.

Table 1. Results from SILAC based proteomics experiment show only fibronectin enriched in either 6756 or 6762 compared with

negative control 6766.

. . . . Ratio Ratio
Protein ID Protein name Gene name Unique peptides
(6756/6766) (6762/6766)
P11276 Fibronectin FNI1 35-56 1.80+0.41 1.854+0.20
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Aptamer stain correlation with in vivo age and senes-
cence burden. To assess whether DNA aptamer specificity
for senescent cells in vitro correlates with binding to tissue
from animals of different ages, we compared senescence-spe-
cific aptamer 6762 to negative control 6766 for staining lung
tissue sections from naturally aged mice. There is no appre-
ciable staining in younger mice, and we observed that for ages
22 and 30 months there is an obvious increase in specific ap-
tamer staining across the tissue sections that is much stronger
than for the negative control (Figure 5). Higher magnification
images show that this staining varies by region of the tissue
(Figure S16). This increased staining with age is consistent
with the known age-associated increase in senescent cell bur-
den.

6762 6762 + DAPI

6766 (control) 6766 + DAPI

22 months 18 months 12 months 6 months 3 months

30 months

Figure 5. Aptamer 6762 staining of mouse lung tissue in-
creases with age. Aptamer 6762 and negative control oligonu-
cleotide 6766 are directly detected using the fluorescein label
(green). Nuclei are stained with DAPI (blue). Inlays are 3x
enlargements of indicated regions. The images are 5x tiled
confocal images of the entire tissue section. Scale bar (lower
right panel) is 2 mm.

antibody and 6762 stains do not show the same pattern of tar-
get interaction (Figure S19).
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Figure 6. Removal of p16-positive cells leads to reduced ap-
tamer 6762 (but not fibronectin) staining. Aptamer 6762 is de-
tected by fluorescein label (green). Fibronectin antibody is de-
tected with AlexaFluor594 anti-rabbit secondary (red). Nuclei
are stained with DAPI (blue). Quantification of aptamer 6762
fluorescence per nuclei and fibronectin fluorescence per nu-
clei was obtained from 8 image fields per condition. Each
comparison is made using a two-tailed unpaired t-test
(***p<0.001, ns: p>0.05). Scale bar (lower right panel) is 50

pum.

To further assess whether age-related staining of tissue sec-
tions correlates with in vivo senescent cell burden, we stained
lung tissues from 21-month-old /INK-ATTAC mice either
treated with AP (selectively eliminates senescent cells'®) or
with vehicle. AP-treated tissues showed a statistically signifi-
cant decrease in 6762 staining compared with vehicle (Figures
6, S17, and S18). In this same experiment, there was no
change in anti-fibronectin antibody staining (Figure 6, S17,
and S18). Interestingly, higher magnification (40X) images
show that, as in the in vitro experiment, anti-fibronectin

DISCUSSION

The results reported here suggest the successful identifica-
tion of a collection of DNA aptamers with varying specifici-
ties for senescent cells in culture. These results extend to var-
ious cell types (fibroblasts and myoblasts) and various meth-
ods for senescence induction (etoposide challenge, X-ray ir-
radiation, and hydrogen peroxide exposure). Our results fur-
ther suggest that the selected aptamers demonstrate binding
preference for senescent mouse cells over senescent human
cells. This selectivity might be explored by screening addi-
tional cell lines.

The apparent fibronectin specificity of lead selected ap-
tamers is interesting considering the mouse vs. human selec-
tivity and the evident difference in cell staining pattern by se-
lected aptamers and conventional anti-fibronectin antibodies.
It may be possible to review epitope differences and post-
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translational modifications that vary between mouse and hu-
man fibronectin to understand these results. Because the stain-
ing patterns between the anti-fibronectin antibody and ap-
tamers 6756 (in vitro) and 6762 (in vitro and in vivo) do not
match, the aptamer target epitope may represent a unique fi-
bronectin form produced during senescence. This concept is
further supported by our results showing that fibronectin ex-
pression is constant in senescent mouse and senescent human
cells in culture as judged by an anti-fibronectin antibody.

It has been previously argued that fibronectin protein levels
increase in cell culture models of senescence.!” While we do
not detect increases in fibronectin mRNA upon induction of
senescence, we do show an increase in staining with an anti-
fibronectin antibody. However, this did not hold true in tissue
staining. We interpret our results to show that some unique
senescence-specific form of fibronectin is detected during the
selection of multiple aptamers in our unbiased cell culture se-
lection. It will be of future interest to determine what fibron-
ectin variant is detected by the aptamers we have selected and
if this variant can be of value as a biomarker, potential diag-
nostic/prognostic marker, and possible target for homing
senolytics. We again note that if fibronectin protein levels in-
crease with senescence, this is not accompanied by an increase
in fibronectin mRNA.%°

Our work further demonstrates that binding of representa-
tive selected aptamer 6762 is dependent on age and senescent
cell burden in tissue sections. In contrast, binding of the anti-
fibronectin antibody we studied did not correlate with senes-
cence burden. These results again support the notion that 6762
recognizes a fibronectin epitope uniquely present in senes-
cence. Alternatively, a component of aptamer selectivity vs.
anti-fibronectin antibodies could be due to the smaller size of
DNA aptamers and corresponding greater tissue section pen-
etration. However, this would not explain the difference in
species specificity between the reagents.

Aptamer 6762 stains widely across all mouse tissue sections
associated with advanced age and senescent cell burden. If
6762 is truly selective for senescent cells, this staining result
would indicate a much higher prevalence of senescent cells
than previous work has shown in animals at advanced age.*'
Because 6762 binds some form of fibronectin, a component
of the extracellular matrix (ECM), we hypothesize that some
of the observed staining may not directly indicate the presence
of senescent cells, but perhaps ECM residue left behind by
senescent cells that have migrated or been cleared over time.
Additionally, the powerful paracrine signaling from the SASP
of senescent cells can remodel ECM and change the local tis-
sue environment, even when senescent cells are rare. To-
gether, these observations highlight an age-associated change
in fibronectin in tissues. This will be an important considera-
tion moving forward in targeting age-related or senescent-re-
lated targets in vivo.

It is interesting to speculate as to the exact fibronectin spec-
ificity of 6756 and 6762, given that cellular staining does not
precisely match that of conventional anti-fibronectin antibod-
ies (e.g. Figure S13). One possibility is that 6756 and/or 6762
have specificity for fibronectin containing Extra Domain A
(EDA), a unique splice variant that has been shown to be more
highly expressed in tissues with higher senescence burden.?
If 6756 or 6762 preferentially binds EDA but also cross-reacts
to some extent with related Type III fibronectin domains, this
could help to explain the observed staining patterns. In

support of this hypothetical anti-fibronectin-EDA aptamer
specificity, we note that EDA peptides were detected among
those recovered after 6756 and 6762 cross-linking to senes-
cent cells.

It is possible to envision future aptamer selections to iden-
tify aptamers for senescent human cells. Selections might also
be designed to identify aptamers that are internalized into se-
nescent cells. Such tools might eventually be applied prognos-
tically to identify individuals most likely to benefit from
senolytic treatment. Similar aptamers might be applied in the
development of aptamer-drug conjugates that selectively de-
liver drugs to senescent cells. Such approaches might improve
the specificity of senolytics and senomorphics.

The complexity of the senescence phenotype and the lack
of a single universal biomarker to reliably identify senescent
cells have posed significant challenges in the field of aging
research. In this study, we leveraged an unbiased cell-based
selection technique and demonstrated its value in identifying
new senescence-specific DNA reagents.
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