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Cellular senescence is a cellular state characterized by irreversible growth arrest, resistance to apoptosis and
secretion of inflammatory molecules, which is causally linked to the pathogenesis of many age-related diseases.
Besides, there is accumulating evidence that selective removal of senescent cells can benefit therapies for cancer
and fibrosis by modulating the inflammatory microenvironment. While the field of so-called senolytics has
spawned promising small molecules and peptides for the selective removal of senescent cells, there is still no
effective means to detect senescent cells in vivo, a prerequisite for understanding the role of senescence in
pathophysiology and to assess the effectiveness of treatments aimed at removing senescent cells. Here, we
present a strategy based on an mRNA logic circuit, that yields mRNA-dependent protein expression only when a
senescence-specific miRNA signature is present. Following a validation of radiation-induced senescence induc-
tion in primary human fibroblasts, we identify miRNAs up- and downregulated in association with cellular
senescence using RT-qPCR. Incorporating binding sites to these miRNAs into the 3’ untranslated regions of the
mRNA logic circuit, we demonstrate the senescence-specific expression of EGFP for detection of senescent cells
and of a constitutively active caspase-3 for selective removal. Altogether, our results pave the way for a novel
approach to execute an mRNA-based programme specifically in senescent cells aimed at their detection or se-
lective removal.

1. Introduction

Cellular senescence is a functional state of non-proliferating cells
with physiological but also high pathophysiological relevance (Childs
et al., 2017). This state is associated with various sources of cellular
damage, most notably DNA damage and among other functions, serves
to prevent expansion of potentially malignant cells. DNA-damage sig-
nalling leads to p53- and Rb-dependent cell cycle arrest (Zhu et al.,
2021). Key upregulated markers of senescence include cyclin-dependent
kinase inhibitors p16™N%** and p21WAFL/CIPL genescent cells often also
display high p-galactosidase activity at pH 6.0, referred to as
senescence-associated p-galactosidase (SA-p-gal) (Lee et al., 2006).
Furthermore, senescent cells frequently secrete inflammatory factors
such as IL-6 and IL-8 to communicate the compromized state to the
surroundings, thereby promoting regeneration and immune clearance
(Rodier et al., 2009). The totality of secreted factors is referred to as the

senescence-associated secretory phenotype (SASP). Particularly in
immunocompromized or aged individuals, the SASP may drive chronic
inflammation in the tissue microenvironment (Rodier et al., 2009; Zhu
et al., 2021).

Given the detrimental association with a number of pathologies
including cancer, considerable research is being invested into the se-
lective removal of senescent cells using so-called senolytics (Childs et al.,
2017). Generally, senolytics interfere with survival-promoting pathways
that are upregulated in senescent cells, thereby inducing apoptosis
(Bousset and Gil, 2022). The first-generation approaches used existing
small molecules including navitoclax, quercetin, dasatinib, fisetin and
others (Kirkland and Tchkonia, 2020). Second-generation approaches
were directed at small molecules that better distinguish senescent and
non-senescent cells, leading to clinical trials in osteoarthritis and
age-related macular degeneration (Zhang et al., 2022), however, with
limited success. The latest generation of senolytics is more diverse and
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includes peptide-based, antibody-based and gene-based therapies as
well as approaches that train the immune system to recognize and
remove senescent cells (Bousset and Gil, 2022; van Deursen, 2019).
After an initial, rapid growth phase, progress has slowed due to an
increasing realization of the complexity of cellular senescence in vivo,
including variability between different types of senescent cells (van
Deursen, 2019).

Very clearly, there is an urgent need for novel means to monitor
senescent cells, in particular in vivo, and also for additional options to
specifically eliminate senescent cells. It has been found that senescent
cells possess specific miRNA signatures (Suh, 2018). miRNAs are useful
indicators of phenotypic characteristics such as differentiation, inflam-
mation, proliferation and epithelial-mesenchymal transition
(Mahlab-Aviv et al., 2021; Faraonio et al., 2012; Zhang and Ma, 2012).
miRNAs act in the posttranscriptional control of gene expression
through binding to complementary sequences in the 3’ untranslated
repeats (UTRs) of the mRNAs, which leads to mRNA degradation. The
same principle can also be employed for exogenously introduced in vitro
transcribed mRNA (ivt mRNA). Here, sequences, complementary to cell
state-specific miRNAs are incorporated into the 3’ UTR of the ivt mRNA.
Downregulation of an miRNA then leads to an increased stability of the
mRNA and thus increased expression of the functional protein that the
mRNA codes for. The dynamic range of this approach has been increased
further by co-transfection of cells with an mRNA that encodes for a
protein that further suppresses the expression of the functional protein
(Matsuura et al., 2018; Wroblewska et al., 2015). One example for such
mRNA-based regulatory circuits employs the protein L7Ae that binds to
a stem-loop structure and thereby inhibits ribosome assembly (Saito
et al., 2010).

Whereas interest in mRNA-based therapeutics is surging in vacci-
nation and protein replacement as well as cell-based therapies (Beck
et al., 2021; Chaudhary et al., 2021; Rohner et al., 2022; Vavilis et al.,
2023; Wu et al., 2023), delivery strategies for mRNA still lack efficient
cell-specific targeting for cells outside the liver (Loughrey and Dahlman,
2022; Paunovska et al., 2022; Zak and Zangi, 2021). For senescent cells,
the challenge of reaching only these cells is aggravated by the fact that to
this point, no sufficiently specific cell surface receptor has been identi-
fied. The incorporation of cell state-specific responsiveness into the
delivered mRNA is a means to bypass the lack of selective delivery as
irrespective of the cells that are reached, expression of a functional
protein is restricted to those with the intended functional state.

In this project, we aimed to achieve selective expression of functional
proteins in senescent cells. First, we confirmed the radiation-induced
induction of cellular senescence in C5120 primary skin fibroblasts
(Hernandez-Segura et al., 2017) and IMR-90 lung fibroblasts (Nichols
et al., 1977). Then, we assessed senescence-induced changes in miRNA
expression profiles. The binding site for an upregulated miRNA was
incorporated into the 3'UTR of the L7Ae-encoding mRNA, the one for a
downregulated miRNA into the 3'UTR of the functional
protein-encoding mRNA. Senescence dependent expression was
observed for both EGFP and a constitutively active caspase 3 as func-
tional proteins, with the latter inducing senescence-specific cell death.

2. Materials and methods
2.1. Cell culture

Human C5120 primary skin fibroblasts were a gift from Dr. Roden-
burg (Radboud University Medical Center, the Netherlands), IMR-90
primary lung fibroblasts were obtained from the American Type Cul-
ture Collection (ATCC). Cells were cultured in Medium 199 (Gibco,
Waltham, MA, USA) supplemented with 10 % fetal calf serum (FCS,
PAN-biotech, Aidenbach, Germany) and 1x penicillin/streptomycin
(PenStrep, Merck, Burlington, MA, USA) (Distelmaier et al., 2012). Cells
were cultured at 37 ‘C with 5 % CO».
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2.2. Senescence induction by X-irradiation

Cells were collected by trypsinization, seeded at a density of 3000
cells/cm? and allowed to adhere overnight. The next day, cells were
exposed to 6 or 18 gray (Gy) of ionizing radiation using an X-RAD 320ix
Biological Irradiator (Precision X-Ray, Madison, CT, USA). Proliferating
cells of identical passage number were used as controls. The induction of
senescence was investigated 7 days after irradiation. Culture media was
refreshed once at day 3 or 4 after irradiation.

2.3. Senescence-associated f-galactosidase staining

Seven days after irradiation, cells were fixed in a 12-well plate for
5 min at room temperature (RT) using 2 %/0.2 % formaldehyde/
glutaraldehyde (w/w) in PBS, then washed twice with Hepes-buffered
saline (HBS; 10 mM HEPES, 135 mM NaCl, 5 mM KCl, 5 mM MgCly,
1.8 mM CaClyp). Staining solution (1 mg/mL 5-bromo-4-chloro-3-indolyl-
B-D-galactopyranoside (X-gal), potassium ferrocyanide 5 mM, potassium
ferricyanide 5 mM, NaCl 150 mM, MgCly 2 mM, citric acid/sodium
phosphate buffer, pH 6 40 mM) was prepared fresh, pre-heated to 37 C,
and passed through a 0.45 um filter to prevent crystallization. The plate
was sealed with parafilm and aluminium foil and incubated for 16 h at
37 C, atmospheric CO,. After 16 h, the cells were washed and assessed
for blue staining using conventional light microscopy (see 2.9).

2.4. RNA extraction

Total RNA was extracted via guanidinium thiocyanate-phenol-
chloroform extraction. Cells were lysed in a 25 cm? culture flask with
TRI Reagent (Merck), after which the lysates where homogenized and
incubated for 5 min at room temperature to allow dissociation of all
nucleoprotein complexes. Phase separation was achieved by addition of
chloroform and vigorous shaking, before incubation for 3 min at RT and
centrifugation at 12,000xg and 4 ‘C for 15 min. RNA was precipitated
from the aqueous phase using isopropanol by incubating 10 min at RT
and centrifugation at 12,000xg and 4 C for 25 min. The colourless
precipitate was washed with EtOH/RNase-free water (75:25 v/v) at
7500xg and 4 C for 5 min. The RNA was air-dried and resuspended in
RNase-free water followed by a 10-min incubation at 55C, then stored at
—20C. Total RNA concentration, purity, and quality were assessed using
a Qubit 4.0 fluorometer (Invitrogen, Carlsbad, CA, USA), Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA; Supplemental
Table S1) and bleach agarose gel electrophoresis, respectively (Supple-
mental Figure S1).

2.5. Gene expression analysis

Total RNA (700 ng) was cleared of genomic DNA contamination by
addition of DNase I reaction buffer (Invitrogen) and DNase I (Thermo
Fisher Scientific) followed by 15 min incubation at RT. DNase treatment
was halted by addition of ethylenediaminetetraacetic acid (EDTA;
Invitrogen) and enzyme deactivation at 65 C for 10 min. dNTPs (New
England Biolabs, Ipswich, MA, USA) and random hexamer primers
(Invitrogen) were added following denaturation for 5 min at 65 ‘C and
cooling on ice to allow primer annealing. Reverse transcription was
achieved by addition of RNase inhibitor (New England Biolabs), First
Strand Buffer (Invitrogen), dithiothreitol (DTT, Invitrogen), and Su-
perscript Il Reverse Transcriptase (Invitrogen), then subjecting the 40 pL
reaction volume to 10 min at 20C, 59 min at 42C, and 3 min at 95C. RT-
gPCR was performed in a CFX Connect Real-Time system (Bio-Rad,
Hercules, CA, USA) by mixing primer pairs (425 nM each), IQ SYBR
Green Supermix (Bio-Rad), Milli-Q, and 10x diluted ¢cDNA (Supple-
mental Table 2). Relative expression levels were determined using the
geometric mean of ACTB and HPRT1 as reference genes according to the
Pfaffl equation (Pfaffl, 2001; Supplemental Figure S2).
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2.6. miRNA profiling

100 ng of total RNA was mixed with miRNA-specific stem-loop
primers (50 nM each, Supplemental Table 3); Sigma-Aldrich, Zwijn-
drecht, the Netherlands), RNase inhibitor, dNTPs, First Strand Buffer,
Superscript II Reverse Transcriptase, and RNase-free water. Reverse
transcription was achieved by subjecting the 7.5 L reaction mixtures to
30 min at 16 'C, 30 min at 42 C, and 5 min at 85 C. RT-qPCR was per-
formed by mixing specific forward primers (300 nM), a universal reverse
primer (300 nM), IQ SYBR Green Supermix, Milli-Q, and 17 x diluted
cDNA. Relative expression levels were determined using the geometric
mean of miR-16-5p and miR-17-5p as reference miRNAs. These nor-
malisation miRNAs were selected as the two most stable targets in the
dataset using the GeNorm algorithm (Vandesompele et al., 2002; Sup-
plemental Figure S3).

2.7. mRNA transfection

Transfections were performed in 8-well or 18-well p-Slides (Ibidi,
Grafelfing, Germany). Lipofectamine MessengerMAX (LMM, Invitrogen)
was mixed with OptiMEM (Gibco) and incubated at RT for 10 min.
mRNA constructs were mixed with OptiMEM, then mixed with the LMM
mixtures for 5 min at RT. The LMM-mRNA formulations were added to
the cells in the appropriate, serum-containing and antibiotic-free media.
Media were refreshed 2 h after particle addition. All custom mRNA
constructs were purchased from RIBOPRO (Oss, Netherlands).

2.8. Fluorescence microscopy

16 h after transfection, cells were stained using Hoechst 33342 only
(for EGFP experiments), or also with propidium iodide and calcein AM
green (for rCasp3 experiments). Culture media was switched to Opti-
MEM, and microscopy was performed using a Leica SP8 SMD confocal
microscope, with a 405 nm diode laser and white light laser at appro-
priate wavelengths for each dye and/or EGFP where applicable using HC
PL Fluotar 10 x NA 0.3, 20 x NA 0.5 lenses.

2.9. Image processing and analysis

All images were processed and analysed using ImageJ software. The
fraction of SA-B-gal, EGFP positive or dead cells was determined as
described in supplemental methods.

2.10. Statistical analysis

Data processing was performed in Microsoft Excel, and statistical
tests were performed using Graphpad Prism (GraphPad Software,
version 7.0, San Diego, CA, USA). Since our experimental designs were
comprized of matched pairs (irradiated vs. not irradiated), we assumed
dependency for statistical testing. For all experiments, repeated mea-
sures one-way ANOVA was performed whenever a comparison was
made between three irradiation groups, or between constructs in the
transfection experiments. The ANOVA was followed by Dunnett’s mul-
tiple comparison test to compare irradiated samples to their specific
unirradiated counterpart, or Tukey’s multiple comparison test when
constructs were being compared against each other. For comparisons
between two irradiation groups, paired two-tailed t-tests were per-
formed. P-values were considered statistically significant when o <0.05.
Statistical analyses for QPCR were always performed on the normalized
data (normalisation strategies are explained above) and not on fold
changes, as the results distribute normally in this format.
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3. Results
3.1. Senescence markers emerge following exposure to X-irradiation

We selected two primary human fibroblast cell lines for establishing
the concept of senescence-induced changes of miRNA-controlled mRNA
expression. Fibroblasts are an important component of tumor stroma
and cancer treatment such as irradiation can induce senescence in
cancer-associated fibroblasts which may further promote tumor growth
(Krtolica et al., 2001; Ruhland et al., 2016). Before devising our mRNA
computational logic, we verified that ionizing radiation (IR) can
robustly induce cellular senescence. First, we examined whether
SA-p-gal activity was detectable in C5120 cells and IMR-90 lung fibro-
blasts seven days after 6 Gy or 18 Gy doses of IR. In both cell lines
SA-p-gal activity increased for both 6 Gy and 18 Gy (Fig. 1).

Qualitatively, cells increased in size, and were flattened as shown by
the lack of spindle 3D architectures usually present in proliferating
fibroblast cultures; such morphological changes are commonly associ-
ated with cellular senescence (Noren Hooten and Evans, 2017).

Since SA-B-gal activity by itself is not sufficient to unequivocally
confirm senescence induction, we additionally analyzed mRNA expres-
sion of senescence-associated cell cycle regulators p16 and p21, and of
two common SASP markers IL-6 and IL-8. Through RT-qPCR, in both cell
lines we found increased p21 expression after 6 Gy and 18 Gy. IL-8 levels
were increased in C5120 cells upon 6 Gy (6.1-fold, p=0.027) and 18 Gy
(5.6-fold, p=0.010; Fig. 2A). By comparison, in IMR-90 cells only IL-6
expression was increased slightly upon 18 Gy irradiation demonstrating
differences between these cell lines in their response to irradiation
(Fig. 2C). Expression of p16 was only slightly increased. By further
examining the normalized raw data, we noticed that upregulated
markers were not only expressed more on average, but also increased for
each individual irradiation experiment in most cases (Fig. 2B, D).

3.2. miRNA profiles change by the cellular senescence programme

After validating senescence induction by IR, we applied this
approach to detect senescence-regulated miRNAs that we could exploit
for the mRNA computational logic. From literature, we identified a
focused panel of candidate miRNAs (Faraonio et al., 2012; Greussing
et al., 2013; Marasa et al., 2009; Olivieri et al., 2013; Wang et al., 2011)
and determined their relative expression levels after exposure to 18 Gy
IR using stem-loop RT-qPCR (Chen et al., 2005). Emphasis was placed on
experiments using 18 Gy, as it demonstrated a more prominent senes-
cence phenotype compared to 6 Gy, without apparent signs of toxicity.
For the design of our circuit we aimed for a miRNA with a large
fold-change and a low p-value (Fig. 3). In C5120 cells, the expression of
miR-15b-5p and also miR-155-5p decreased upon exposure to 18 Gy. In
IMR-90 cells, 155-5p and 20a-5p were downregulated, however,
downregulation was less pronounced than the one observed in C5120
cells. By comparison, IMR-90 cells showed a more prominent upregu-
lation of miRNAs with 486-5p and 30e-5p demonstrating the strongest
changes. Nevertheless, both miRNAs also showed upregulation in C5120
cells. For our regulatory circuit we selected miR-15b-5p and
miR-30e-5p. We favored miR-15b-5p over miR-155-5p because of its
higher down-regulation and miR-30e-5p over miR-486-5p due to its
higher expression level, potentially having a stronger impact on an
exogenously introduced mRNA.

3.3. Functional mRNA design

Based on the information obtained for the changes in miRNA pro-
files, we designed mRNA constructs to establish proof-of-concept for our
mRNA computational logic (Fig. 4). We aimed to first explore a detec-
tion tool, by constructing a logic circuit that acts as a senescence-
responsive on-switch for EGFP expression. We rationalized that to
assess the dynamics of selective EGFP expression in senescent cells,
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Fig. 1. Increased SA-B-gal activity following ionizing irradiation (IR). (A) Brightfield microscopy images following SA-f-gal staining of C5120 cells and IMR-90 lung
fibroblasts exposed to the indicated doses of IR. Also note the morphological changes associated with senescence (see enlargements). Scale bars: 200 um. (B)
Quantification of stained area relative to total cellular area in C5120 cells. Each data point represents one of three individual irradiation experiments with 10 images
per dose. Bars represent the mean, error bars the SEM, and significance levels represent p-values derived from t-tests (*p<0.05, **p<0.01). The ratio of positive cells
increased 6.0-fold, p=0.024, for 6 Gy and 8.1-fold, p=0.007 for 18 Gy relative to the 0 Gy control.

rapid turnover would be desirable. For this reason, we used a destabi-
lized EGFP by genetically fusing a PEST sequence from mouse ornithine
decarboxylase (MODCy422 461) to its C-terminus (Li et al., 1998). As a
non-responsive control, we designed an mRNA encoding only this
EGFP-PEST (construct 1, Table 1). Next, we designed construct 2, which
encodes the protein L7Ae from A. fulgidus (Huang and Lilley, 2013),
connected to an mCherry-PEST via a T2A site. The T2A site is a
self-cleaving peptide, which induces ribosome skipping to allow the
expression of both proteins from a single open reading frame in a 1:1
ratio (Kim et al., 2011). Construct 2 was supplied with five response
elements for miR-30e-5p, one in the 5’UTR, and four in the 3’UTR. All
miRNA response elements are fully complementary to induce
AGO2-mediated cleavage, which together with the specific positions in
the mRNA sequence and a high miRNA load due to the multiple binding
sites, has been shown to allow effective regulation of the mRNA
(Matsuura et al., 2018; Meister et al., 2004). This design ensures that 2
will be efficiently degraded in senescent cells which upregulate
miR-30e-5p. Construct 3 was an output mRNA encoding EGFP-PEST, but
it also possessed two k-turn structural elements to which L7Ae can bind
and repress its translation. Two k-turns allow stronger translational
regulation than only one, especially when positioned close to the 5’ end,

and when combined with a Kozak sequence instead of other trans-
lational initiation sequences (Moore et al., 2004; Lilley, 2014; Saito
et al., 2010). Lastly, 3 contained four fully complementary response
elements for miR-15b-5p in its 3'UTR, so that this construct is degraded
more slowly in senescent cells which downregulate miR-15b-5p. Alto-
gether, constructs 2 and 3 would combine responsiveness to miR-30e-5p
and miR-15b-5p, which both showed changes in expression in senescent
cells of both cell lines, albeit to different extent, with the translation
regulation of 3 by the L7Ae protein from 2, to form a logic circuit for
senescence-specific expression of the EGFP-PEST output (Fig. 4).

3.4. Selective labelling of senescent cells with a miRNA-responsive EGFP
switch

Next, as a proof of concept for use in detection of senescent cells, we
assessed the combination of constructs 2 and 3 as a logic circuit for
senescence-selective EGFP expression in both cell lines. In a first step, we
co-transfected cells with different ratios of 2 and 3 to identify the
amount of 2 at which both efficient suppression in non-senescent cells
and senescence-specific expression of 3 was achieved. Importantly, both
mRNAs were co-formulated as it has been demonstrated that co-
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Fig. 2. Elevated mRNA levels of cell cycle and inflammatory markers associated with senescence after IR. (A, C) Fold changes for each gene of interest in (A) C5120
and (C) IMR-90 fibroblasts, normalized to the geometric mean of ACTB and HPRT1 (C5120) or HPRT1 (IMR-90). Data points represent five independent irradiation
experiments, bars their mean, error bars the SEM (*p<0.05, **p<0.01). (B, D) Normalized raw measurements for (B) C5120 and (D) IMR-90 cells, where connected

points were derived from the same irradiation experiment.

formulation is more reliable in delivering several mRNAs at intended
ratios than treatment of cells with two separately formulated mRNAs
(Zhang et al., 2022). As we went from a 1:1 ratio of 2/3, towards 1:16 of
2/3, the EGFP-PEST expression increased and ultimately resembled the
condition for only 3 (Supplemental Figures S5, S6). This result demon-
strated that the L7Ae protein encoded in 2 was indeed expressed and
able to repress the EGFP-PEST expression from 3. Detection of mCherry
expression was challenging, likely attributed to too rapid turn-over due
to the PEST sequence. At a ratio 1:4 of 2/3, we observed the most
senescence-specific EGFP-PEST expression.

To further support that the change in EGFP expression was senes-
cence specific, we then co-transfected senescent C5120 cells with a
combination of 24-3 or 1+2. We also took along construct 3 alone, to
evaluate whether selective EGFP expression is owed only to miR-15b-5p
regulating construct 3, or if miR-30e-5p regulating construct 2 also
contributes, and construct 1 alone. Sixteen hours after transfection, we
examined EGFP expression by fluorescence microscopy. Co-transfection
with 243 led to strong expression after 18 Gy whereas in unirradiated
cells it did not (Fig. 5A and Supplemental Figure S7). By comparison, co-
transfection of 2+1, did not result in a radiation-dependent increase of
EGFP expression consistent with the absence of k-turns and miRNA
response elements in 1. These visual impressions were confirmed by
digital image analysis. Co-transfection with 2+3 gave a 2-fold increase
in EGFP expression after 18 Gy compared to 0 Gy (Fig. 5B) whereas for
transfection with 3 alone, this difference was only 1.5-fold. This obser-
vation indicates that most of the selective EGFP expression was due to
miR-15b-5p, which was also the miRNA with the strongest change in
expression in senescent C5120 cells from our miRNA profiling, but miR-
30e-5p further contributed to the increase. Since general expression
levels differed largely between 3 and 1, imaging of all transfections with

3 was performed with higher detector gain than of those with 1. As such,
a direct quantitative comparison between 1 and 3 cannot be made.
Higher expression of construct 1 was likely due to the absence of miRNA
binding sites and UTRs optimized for expression. For p21, we also
confirmed the irradiation-induced increase determined by RT-qPCR by
immunofluorescence in both fibroblast lines (Supplemental Figures S8,
S9). Single-cell analysis for both EGFP and p21 demonstrated that the
fraction of cells positive for both signals increases upon irradiation.
However, there was no correlation of p21 and EGFP signal as one may
potentially expect assuming that the most senescent cells also show the
strongest response of the mRNA switch. We attribute this lack in cor-
relation to heterogeneity in cell transfection that masks a potential
correlation.

3.5. Preferential elimination of senescent cells by a miRNA-responsive kill
switch

Lastly, we intended to demonstrate the senescence-selective elimi-
nation of cells. We conducted these experiments in the C5120 fibro-
blasts. To this end, we replaced EGFP-PEST in construct 3 with a
constitutively active caspase-3 (rCasp3; construct 4) or a protease dead
mutant (construct 5) (Srinivasula et al., 1998). Again, the first step was a
titration of construct 2 relative to 4, to confirm that L7Ae could suppress
rCasp3, and to determine the ratio with the most selective induction of
apoptosis. Sixteen hours after transfection, cells were stained with a
live-dead dye combination (calcein AM green (live)/propidium iodide
(dead)), and Hoechst (total). Using fluorescence microscopy, we
observed an increase in propidium iodide-positive cells and a decrease in
calcein AM-positive cells after 18 Gy when transfected with 2+4
(Fig. 6A, Supplemental Figure S10). Here, a 1:8 ratio for 2/4 led to the
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Fig. 4. Senescence-controlled mRNA expression. (A) Schematic of the mRNA design, where mRNA #1 encodes L7Ae, which binds the k-turn in mRNA #2 to repress
its translation. While #1 has response elements for miRNAs upregulated in senescent cells, #2 contains binding sites for miRNAs upregulated in non-senescent cells.
(B) When both mRNAs are delivered to senescent cells, #1 is degraded and cannot repress #2, leading to apoptosis when mRNA #2 encodes an apoptosis inducer. In
non-senescent cells, #2 is degraded and repressed, allowing survival. The same principle, but with a detectable readout encoded via mRNA #2 (e.g., a fluorescent
protein), can be employed to detect senescent cells.
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Table 1

Overview of mRNA constructs designed and tested in this study. The left column shows the number for each construct, referred to in the main text. The middle column
shows a schematic of the main functional elements in the construct; the full sequences can be found in Supplemental Figure S4. The right column lists the miRNA
response elements in the constructs, to aid interpretation of our transfection experiments below.
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Fig. 5. Transfection of senescent cells with a miRNA-responsive EGFP switch. (A) Fluorescence microscopy to detect EGFP expression using a Hoechst counterstain
for cell nuclei. Enlargements are shown to better visualize cell morphology. Scale bars: 200 um. (B) Quantification of mean EGFP fluorescence intensity for each
(combination of) construct(s). Mean intensities are calculated by total cellular area. Each point represents data from an independent irradiation experiment, bars
their mean and error bars the SEM*p<0.05. See Fig. S7 for additional representative microscopy images.
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p<0.05). See Fig. S7 for additional representative microscopy images of the conditions in B.

most  selective
Figure S11).

By co-transfecting senescent cells either with the 2+4 circuit, or with
the circuit 2+5 or with constructs 4 and 5 alone, or with 1 as a non-
apoptotic control mRNA, we demonstrated that 2+4 could indeed
induce selective apoptosis in senescent cells (3.6-fold, p=0.022),
whereas 2+5 could not. Construct 4 showed selectivity by itself owing to
miR-15b-5p (2.4-fold, p=0.049), nevertheless, co-transfection with 2
increased senescence-specific cell death induction. Compellingly, the
number of apoptotic cells in the 0 Gy group remained relatively close to
the level of the untransfected condition, indicating the potential for our
platform to avoid off-target effects.

senescence-dependent cell death (Supplemental

4. Discussion

We here report the successful functional discrimination of senescent
from non-senescent fibroblasts using a miRNA-responsive mRNA logic.
Expression of EGFP as an example of a diagnostic marker and of
constitutively active caspase-3 for removal of senescent cells as a po-
tential therapeutic approach were achieved. Importantly, the same
mRNA logic showed senescence responsiveness in two different fibro-
blast cell lines. These cell lines showed commonalities in the identity of
differentially expressed miRNAs even though the extent of up- and
downregulation differed for the individual miRNAs. While selective
expression of output proteins in response to miRNA profiles by itself is
not novel (Matsuura et al., 2018), we are to our knowledge the first to
demonstrate such a strategy in regards to cellular senescence.

We validated induction of senescence via upregulation of SA-B-gal
expression and expression of genes associated with senescence. There
was a clear upregulation of p21 in both fibroblast cell lines, whereas the
increase of p16 and IL-6 expression was less pronounced and upregula-
tion of IL-8 expression was only observed in C5120 cells. These results
may be explained by isolation of RNA 7 days after irradiation, as it has
been described that some cell types require longer to express certain
markers, and mechanistically p21 upregulation is almost always detec-
ted before p16 (Bourgeois and Madl, 2018). Moreover, detection of
senescence markers can vary between the way of senescence induction
(Hernandez-Segura et al., 2017). In particular senescence caused by

DNA damage through irradiation involves a p21-dependent pathway
(Chandra et al., 2022; Bai et al., 2020; Kumari and Jat, 2021; Ben-Porath
and Weinberg, 2005). Further research will be required to understand to
which degree the senescence-associated miRNA signature is stimulus
and pathway dependent. In the course of our experiments we also noted
that it makes a differences whether expression levels in senescent cells
are referenced to non-irradiated cells for which mRNA is isolated 4 days
after seeding or 7 days after seeding.

For IL-6, upregulation in primary fibroblasts is often detected (Childs
et al., 2017; Hernandez-Segura et al., 2017). Absence of expression in
our case may again be time-dependent since IL-6 is a late SASP marker
(Childs et al., 2017).

Further research is required to identify the guiding principles for
miRNA selection. The choice for miR-30e-5p was motivated from the
observed upregulation and the relatively high expression level. The
functional effect of the L7Ae mRNA confirms that our circuit responded
to changes in miR-30e-5p levels. As a next step, we would like to better
understand the interplay of fold-change and total expression level.
Expression levels of miRNAs need to be sufficiently high to yield down-
regulation of target mRNAs. Thus one may want to favor a miRNA with a
higher expression level but lower fold-change over a miRNA with a
larger fold-change but lower expression level. Furthermore, the present
selection of miRNAs was based on available literature data.
Transcriptome-wide expression profiling may reveal cell and senescence
stimulus-specific miRNAs undergoing larger changes in expression.
Future experiments should also show to which degree the combination
of the two different mRNAs increases the robustness towards variations
in expression levels across cells.

Considering the only approximately 2-fold change in senescence-
dependent EGFP levels, the level of selectivity of senescence-
dependent induction of cell death was remarkable. For non-irradiated
cells, the induction of cell death did not reach above background,
providing a promising avenue for therapeutic applications. Possibly,
senescent C5120 cells are more sensitive to the pro-apoptotic action of
the executioner caspase, as downregulation of caspase 3 has been re-
ported as a pro-survival mechanism of senescent cells (Marcotte et al.,
2004). The implication for our approach would be a further enhance-
ment of selectivity. Further experiments, also in vivo will be required to
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define conditions that ensure maximum selectivity for senescent cells
and avoidance of potential non-specific cell killing also due to leakage of
effector protein expression.

Since our mRNAs can be adapted to the miRNA signature of any
senescent cell type and can be designed to drive expression of any
protein, our constructs provide a flexible and selective mRNA-based
platform for use in therapies as a senolytic, or as diagnostic tool for in
vivo-monitoring of senescent cells following therapy.

Accumulating evidence is showing that selective removal of senes-
cent cancer-associated fibroblasts (CAFs) can alleviate multiple types of
cancer (Hanley and Thomas, 2021; Meng et al., 2021). Most senolytics
currently being evaluated are small molecules or peptides, normally
targeting anti-apoptotic pathways such as variants related to the BH3
mimetic navitoclax (Wilson et al., 2010), or senescence maintenance
effectors like the FOX04-DRI (Baar et al., 2017). However, such agents
cannot or only partly realize selectivity and cell type-specificity. Our
platform could be applied to output proteins that target the same or
other pathways much more specifically. This approach would combine
the selectivity of the mRNA platform with the inherent selectivity of the
output protein, to outclass smaller drugs in both efficacy and selectivity.

Further efforts will be needed to develop methods and protocols for
the delivery of senescence-responsive mRNAs in vivo. Delivery through
complexation with lipofectamine as employed here is restricted to in
vitro applications. At present, the only clinically approved formulations
for mRNA delivery are lipid nanoparticles as used in the siRNA drug
Onpattro and the mRNA SARS-CoV-2 vaccines. Upon systemic injection,
these LNPs show a strong propensity for the liver (Escalona-Rayo et al.,
2024). For specific cell types, LNPs could be conjugated to targeting
ligands (Kedmi et al., 2018). Furthermore, local application during
surgery may be a viable option.

Aside from applications as a senolytic, a highly valuable imple-
mentation of our platform would be as a diagnostic tool. Detecting se-
nescent cells is currently impossible in vivo. SA-B-gal staining requires
biopsies and fixation ex vivo as does measuring mRNA or protein content
from tissue sections (Gonzalez-Gualda et al., 2021). Some probes have
been developed that can detect SA-p-gal in vivo in animal models like the
fluorescent probe SPiDER-fgal (Doura et al., 2016) or the NIR-BG (Wang
et al.,, 2019) probe. We could apply our platform to drive selective
expression of a cell surface receptor, that can be detected with a corre-
sponding systemic radiotracer ligand. This would allow
senescence-specific labelling in vivo, with additional cell-type specificity
in tissues accessible with mRNA, in a non-invasive fashion and inde-
pendent of endogenous receptors or SA-p-gal. We therefore think that
our approach can provide a valuable tool in diagnosing the senescent
cell burden in age-related diseases, including cancer, as well as provide a
much-needed non-invasive tool to investigate the true in vivo senolytic
efficacy of the candidate senolytics agents that are currently being
developed.
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