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Abstract

The role of senescent cells has been implicated in various tissue dysfunction associated with
aging, obesity, and other pathological conditions. Currently, most transgenic mouse models

only target p16"k4a_highly-expressing (p26"9") cells. Here, we generated a p27-Cre mouse
model, containing a 21 promoter driving inducible Cre, enabling us to examine p21CiP1-
highly-expressing (p22M9M cells, a previously unexplored cell population exhibiting several
characteristics typical of senescent cells. By crossing p21-Cre mice with different floxed mice,
we managed to monitor, sort, image, eliminate, or modulate p22M9" cells /n vivo. We showed
p21M9h cells can be induced by various conditions, and percentages of p22M3" cells varied from
1.5 to 10% across different tissues in 23-month-old mice. Intermittent clearance of p22M9h cells
improved physical function in 23-month-old mice. Our study demonstrates that the p27-Cre mouse
model is a valuable and powerful tool for studying p22M9" cells to further understand the biology
of senescent cells.
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Editor summary:

Wang et al, report a mouse model which can target p21-highly-expressing senescent cells. Using
this model, they are able to monitor, sort, image, eliminate, or modulate these cells in vivo, which
could be a valuable tool to study senescent cells.

Introduction

Cellular senescence is a cell fate characterized by essentially irreversible proliferative
arrestl. A variety of stimuli, including DNA damage, dysfunctional telomeres, oncogenic
proteins, fatty acids, reactive oxygen species (ROS), mitogens, and cytokines, can act
alone or in combination to drive cells into the cellular senescence fate through pathways
involving p16/Rb (retinoblastoma), p53/p21, and probably others2. These contribute to the
widespread changes in gene expression that underlie senescence-associated growth arrest,
the senescence-associated secretory phenotype (SASP), resistance to apoptosis, and changes
in morphology?3. In these respects, cellular senescence can be considered a state of major
cellular programming in addition to differentiation, proliferation, or apoptosis. Intracellular
autocrine loops reinforce progression to irreversible replicative arrest, heterochromatin
formation, and initiation of the pro-inflammatory SASP over a span of days to weeks24.

Senescent cell burden increases in various tissues with aging® and multiple chronic
conditions®. Depending on specific tissues and varied pathological states, the percent of
senescent cells can vary from 1-20%7~2. In spite of relatively small percentages, senescent
cells cause substantial tissue dysfunctionl?. Senescent cells can elicit damage in both an
autocrine and paracrine fashion. In addition to intracellular dysfunction induced by autocrine
signaling, senescent cells can be “contagious” and induce cellular senescence and the SASP
in nearby non-senescent cells®11-14, Senescent cells can also directly impair function of
healthy stem cells8. The paracrine signaling from senescent cells, possibly through the
SASP, ROS, or other factors, amplifies damage within tissues, which might partially explain
why small number of senescent cells can be so harmful.

Currently, the /INK-ATTACY and p16-3MR8 mouse models are the two most commonly
used transgenic models to investigate the role of senescent cells /77 vivo. Both

models were designed using the pZ6 promoter to drive an inducible suicide gene,

by which p16"k4a_highly-expressing (p26"9" cells) can be eliminated in vivo. By
leveraging these two models, the causal role of p26"9N cells has been suggested in a
number of pathological conditions including osteoporosis!’, metabolic dysfunction®18,
osteoarthritis'®, neurodegenerative diseases??, cardiac dysfunction’, kidney dysfunction’,
vasomotor dysfunction?!, atherosclerosis??, liver steatosis23, pulmonary fibrosis?4, stem cell
dysfunction®25, and lifespan reduction’. Recently, two more senescence-related transgenic
mouse models were reported?6:27, both of which had knock-in Cre inserted into the native
pl6locus. Although valuable, all of these models only target p26M9" cells. Since not all
p16M9N cells are senescent28:29, and not all senescent cells express high levels of p26, it has
been increasingly perceived by the field that pZ6 might not be a fully sensitive or specific
marker for senescent cells. Models that target other cellular senescence markers are needed
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to expand our understanding of the underlying complexity and heterogeneity of senescence
biology especially when studied /n vivo.

pl6and p21CiPL (p21) are two major regulators, as well as being the two most recognized
and used cellular markers for senescent cells3°. However, unlike p16"9" cells, the role of
p21-highly-expressing (p21M9") cells in vivo remains largely unknown at this time. In this
study, we generated a p21-Cre transgenic mouse model containing a p21 promoter driving
an inducible Cre, allowing us to investigate p21M9" cells in vivo. By crossing this model
with floxed mouse models, we were able to monitor, image, sort, eliminate, and modulate
p21M9h cells jn vivo. The p21-Cre mouse model holds great promise as a valuable and
potentially powerful tool for examining the role and underlying mechanisms of p22M9h cells
in aging and in various diseased conditions associated with cellular senescence.

p16Mi9h and p21high cells are two distinct cell populations.

Senescent cells are highly heterogeneous in their biological properties, tissue distribution
and responses to varied therapies3!. Although pZ6and p21 have been widely used as two
major cellular markers for senescent cells, very little is known about possible overlap of
169N cells and p22M9h cells or their respective population diversity. To explore this,

we leveraged a single cell transcriptomic (SCT) atlas database, 7abula Muris Senis®?,
which includes transcriptomic data from a range of tissues in 18-30 months old mice. We
visualized the p21 and p16 expression levels using the browser based interactive platform
(https://tabula-muris-senis.ds.czbiohub.org/). In aged visceral fat, p22M9" cells are mainly
endothelial cells, mesenchymal stem cells, and myeloid cells, while p26M9h cells are scarce.
In liver, p21Mi9h cells are mainly Kupffer cells, and myeloid cells, while p26"9" cells, are
mainly Natural Killer (NK) cells and a different population of Kupffer cells. In heart, p2high
cells are mainly endothelial cells, while p26M3h cells are mainly leukocytes (Extended Data
Fig.1). Thus, p16M9" cells and p22Mi9" cells are indeed two distinct populations, at least in
aged tissues. These findings emphasize the need for models targeting p22M9" cells.

Generation of p21-Cre mouse model.

To generate the p21-Cre mouse model, we synthesized a 7 kb DNA fragment (Fig.1a)
containing a 3225 bp mouse p21 promoter fragment followed by a bicistronic message
consisting of the coding sequence for Cre recombinase (Cre) fused to a tamoxifen-inducible
estrogen receptor (ERT2) domain33. Cre-ERT2 is normally retained in the cytoplasm
(inactive) in the absence of an inducer. Upon addition of tamoxifen or 4-hydroxytamoxifen
(4-OHT), the Cre-ER T2 translocates to the nucleus where it acts preferentially on /oxPsites.
An internal ribosome entry site (IRES) followed by an open reading frame (ORF) coding for
enhanced green fluorescent protein (GFP) was also added to facilitate detection of p22gh
cells. The 3225 bp mouse p21 promoter fragment is well conserved between human and
mouse, and contains 3 p53-binding sites responsive to DNA damage3*. Integrase-mediated
transgenesis (IMT)3% was used to generate the p21-Cre transgenic mice. The synthesized
fragment (p21-Cre) was first subcloned into the vector pBT378 containing 2 attB sites,

then was microinjected into the pronucleus of recipient zygotes containing attP sites in the
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Hipp11 (H11, chromosome 11) locus, which has a high recombination rate and results in
stable expression of a single copy of the transgene3®. Site-specific recombination occurred
between the attB sites in the construct and attP sites in the 477 genomic locus, leading to
insertion of p21-Cre transgene into the A1 locus.

One advantage of this site-specific transgenic approach using the the 471 locus is that

it is far less likely to interfere or disrupt any endogenous gene as opposed to the use of
random insertion or insertion into targeting gene locus. In addition, this approach allows us
to design genotyping primers to distinguish +/+, p21-Cre/+, and p21-Cre/p21-Cre genotypes
(Fig.1b). As shown in Fig.1c, we validated two different sets of genotyping primers. For set
1, SH176-F and SH178-R generated a 326bp band for the wildtype (4/7) allele, while Cre-F
and Cre-R generated a 200bp band for the p2Z-Cre transgene allele. For set 2, SH176-F and
SH178-R generated a 326bp band for the WT allele while SH176-F and BT436-R generated
a 260bp band for the p21-Cre transgene allele.

Whole-body live imaging of p21Nigh cells in vivo.

To validate function of the transgene, we first crossed the p21-Cre mouse with floxed knock-
in firefly luciferase (LUC) mice3’. Floxed knock-in LUC mice contain a /oxP-flanked
STOP fragment between the GI{(ROSA)26Sor (ROSA) promoter and LUC, which prevents
LUC expression without presence of Cre (Fig.2a). We generated p21-Cre/+; LUC/+ (PL)
mice (Fig.2a), which contain one copy of p21-Cre in chromosome 11 and one copy of
LUC in chromosome 6. This PL mouse model allows us to detect p22M9" cells in live

mice through bioluminescence imaging (BL1) in a temporal manner. Doxorubicin (DOXO)
is a potent DNA damaging agent, which can induce p21 expression38 and accumulation

of p21M9h cells. We treated PL mice with DOXO and tested whether we could detect
p21M9h cells jn vivo. We observed little signal in either the DOXO- or PBS-treated groups
without tamoxifen treatment (Fig.2b), indicating that Cre or STOP fragment leakage is
minimal. After 2 tamoxifen treatments to induce Cre and subsequent LUC activity in p22Migh
cells, DOXO-treated PL mice had more BLI signal compared to PBS-treated ones (Fig.2b),
suggesting the transgene works properly. Metabolic stress and obesity are also known to
induce cellular senescence®® and p21 expression3®. We next examined whether we can
detect p21M9N cells in PL mice under metabolic stress. We fed PL mice with a high fat

diet (HFD) for 4 months, and then treated these mice with 2 doses of tamoxifen. We

found HFD significantly increased BLI signals in PL mice when compared to regular chow
diet (RCD), indicating accumulation of p22M9" cells with obesity (Fig.2c). Moreover, we
examined whether p2M9h cells are induced with aging. We treated 3-month-old (young)
and 23-month-old (old) PL mice with 2 doses of tamoxifen, and found that BLI signals
were significantly higher in old PL mice than young mice (Fig.2d). Thus, all 3 conditions
(chemotherapy drugs, obesity, and aging) can induce p22M9" cells, which can be monitored
by BLI in live mice.

p21high cells accumulate in various tissues with aging.

To image p21M9" cells using fluorescence /n vivoat the tissue level, we crossed the p21-Cre
mouse with floxed knock-in tdTomato mice*?, which contain a /oxP-flanked STOP fragment
between the CMV early enhancer/chicken B actin (CAG) promoter and tdTomato (Fig.3a).
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We generated p21-Cre/+; tdTomato/+ (PT) mice (Fig.3a). Compared to the GFP included

in the transgene (driven by p21 promoter), tdTomato (driven by the strong CAG promoter)
generates a much brighter red fluorescent signal with less confounding by an autofluorescent
background, which makes it highly suitable for /n vivo fluorescence imaging. We first
examined the p21 protein level in tdTomato+ cells and tdTomato- cells. We found
tdTomato+ cells had more p21+ cells and higher p21 protein level than tdTomato- cells,
indicating the enrichment of p21 expression in tdTomato+ cells (Extended Data Fig.2a—c).
We then treated young (3-month-old) and old (23-month-old) PT mice with 2 doses of
tamoxifen and collected a number of tissues for fluorescence imaging. Most of the tissues
from old PT mice contained more tdTomato+ p22M9h cells, including visceral fat, brain,
intestine, heart, liver, and skeletal muscle (Fig.3b). The percentages of p22M9h cells in these
old tissues ranged from 1.5 to 10%, comparable to the percent of senescent cells in aged
tissues. No reliably tdTomato+ cells were seen in aged kidneys due to high autofluorescence,
and very few tdTomato+ cells were observed in the aged lung. Importantly, very few
tdTomato+ cells were seen in all the tissues we collected from young and healthy PT mice,
indicating that our p27-Cre mouse model might only target age- or disease-specific cells
such as senescent cells without affecting most cells in young mice. p22M3" cells can also

be detected by flow cytometry. Consistent with the fluorescence imaging, flow cytometry
analysis revealed that the tdTomato+ p22M9" cells% in visceral fat and liver was higher

in old mice than young PT mice (Fig.4a). We also carried out flow cytometry analysis

using GFP and found similar results (Fig.4b), indicating that both tdTomato and GFP can
be used to detect p22M9" cells using flow cytometry. While using BLI to detect p220igh

cells in dissected tissues from old mice, p21M9" cells were mainly found in visceral fat
(Extended Data Fig.3), indicating the better sensitivity of fluorescence to detect p22Mgh
cells. In addition to aging, both DOXO treatment and HFD induced tdTomato+ p22M9" cells
accumulation in visceral fat (Figs.4c and 4d) similarly to the findings using BLI (Figs.2b and
2¢). Notably, p21-Cre is only activated (indicated by tdTomato) in a very small percentage
(~0.1%) of DOXO-treated mouse embryonic fibroblasts (MEFs) with 2 copies of p21-Cre
transgene, and the p21-Cre activity is higher in MEFs with 2 copies of transgene compared
to 1 copy (Extended Data Fig.4). These findings indicate that the transgene is indeed
working /n vitro, and the low activity is likely due to low p21 promoter activity in cells in
vitro. Altogether, these results suggest that p22M3h cells specifically accumulate in various
tissues with aging or other conditions and can be precisely detected in our mouse models.

p21high cells exhibit features of cellular senescence.

In a previous study, we showed that p22M9" adipose-derived mesenchymal stem cells
(ADSCs) accumulate in aged mice*!. By single cell transcriptomics, these naturally
occurring p21M9h cells appear to exhibit altered pathways commonly observed in senescent
cells, including Senescent Cell Anti-Apoptotic Pathways (SCAPs; increased cell survival
and decreased apoptosis) and NF-xB, IL6/JAK, mTOR, FOXO, and HMGB1 pathways*!.
Here, we further characterized p22M9h cells using our p21-Cre mouse model i vivo. We

fed PL mice a HFD for 5 months to induce p21M9" cells in visceral fat (Fig.4d), isolated

the stromal vascular fraction (SVF) from fat, and separated GFP+ p21M9h cells and GFP-
non- p21Ni9h cells using fluorescence-activated cell sorting (FACS). Compared to GFP- cells,
GFP+ p21Midh cells express 4-fold higher levels of p21 as well as 6-fold and 4-fold higher
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level of two major SASP components, //6and Cxc/1. Notably, p16 mRNA levels are not
statistically different between these 2 cell populations (Fig.5a). We also leveraged imaging
flow cytometry (ImageStreamX) technology, which combines flow cytometry with high
content image analysis, to further characterize these GFP+ p21M9h cells at the single cell
level. Enlarged size, senescence-associated-p-galactosidase (SA-B-gal), and proliferation
arrest are 3 major features of senescent cells both i vitroand in vivo®. By analyzing

the bright field (BF) images, GFP+ cells exhibit a larger cell size compared to GFP- cells
(Fig.5b). We next stained SVF with SA-B-gal staining buffer and quantified SA-B-gal+
cells using a newly published method*2. More than 60% of GFP+ cells were SA-B-gal+
compared to 40% in GFP- cells (Fig.5c). We also injected a thymidine analog, 5-ethyl-2"-
deoxyuridine (EdU), into the mice, and assessed the incorporation of EdU using imaging
flow cytometry 20 hours later. GFP- cells had more EdU+ cells (6%) than GFP+ cells (2%;
Fig.5d), suggesting GFP+ cells had reduced proliferation rates. Loss of Lamin B1 is another
commonly used marker for senescent cells*3. By flow cytometry analysis, we found most
GFP- cells (97%) expressed Lamin B1, while Lamin B1 was absent in 43% of GFP+ cells
(Fig.5e). Altogether, p21M9" cells exhibited several characteristics typical of senescent cells,
including higher expression of p21, the SASP, enlarged size, SA-B-gal-positivity, reduced
proliferation, loss of Lamin B1, and a number of altered senescence-associated pathways.

Inducible elimination of p21high cells.

To enable elimination of p22M9" cells in a temporal manner 7 vivo, we crossed PL

mice with floxed diphtheria toxin A (DTA) mice*4, which contain a floxed-STOP cassette
followed by DTA driven by the ROSA promoter (Fig.6a). We generated p21-Cre/+;
LUC/DTA (PLD) mice (Fig.6a), which contain one copy of p21-Cre at the Hipp11 locus,
one copy of LUC at the ROSA locus, and one copy of DTA at the ROSA locus. Diphtheria
toxin has two subunits, A and B. Subunit B is responsible for binding the receptor and
internalization of DTA. Once inside cells, DTA inhibits eukaryotic translation elongation
factor 2 (eEF2), leading to protein translation block and ensuing apoptosis*®. Since PLD
mice have only DTA without subunit B, it is theoretically unlikely that DTA leakage from
p21M9h cells (if any) could enter nearby non-p22M9" cells and kill them. Thus, the PLD mice
allow us to specifically kill (by DTA) as well as monitor p22M9" cells (by LUC) in vivo. To
validate clearance, we fed both PL and PLD mice a HFD for 4 months. After 2 doses of
tamoxifen treatment, HFD-fed PL mice had high BLI signals, while the BLI signals were
much lower in PLD mice (Fig.6b), demonstrating successful clearance of p22M9" cells from
obese mice. Two doses of tamoxifen treatment also reduced BLI signal in 23-month-old
PLD mice compared to PL mice (Fig.6c), suggesting that p22M3h cells can be eliminated
using our model with aging as well.

Genetic inhibition of the SASP in p21Mi9h cells in vivo.

The role of senescent cells has been extensively examined across a range of pathological
conditions, while the underlying mechanisms have rarely been investigated /n vivo. The
SASP has long been speculated as one of the major mechanisms responsible for the harmful
effects of senescent cells2. Here, we leveraged our p21-Cre mouse model to suppress the
SASP exclusively in p21M9" cells. The N/F-xB pathway serves as a master regulator of

the SASP#®, and Rela (v-rel reticuloendotheliosis viral oncogene homolog A, or p65) is
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a crucial subunit for NF-xB activation*’. Both Re/aand the NF-xB pathway are highly
activated in p22M9" preadipocytes isolated from aged mice*!. To inactivate the NF-xB
pathway in p21Mdh cells, we crossed p21-Cre mice with floxed Re/a mice*®, in which

exon 1 of the Re/agene is flanked by loxP sites (Fig.7a). We generated p2ICre/ + Relafl/fl
(P-Rela) mice, which contain one copy of p21-Cre and two copies of floxed Relaand +/+;
Relaf/fl (Rela) mice, which only have two copies of floxed Re/a (Fig.7b). We fed these
mice a HFD for 3 months to induce p22M3h cells. SVF cells were collected from visceral
fat after 2 doses of tamoxifen administration to allow Rela mutation detection. We designed
primers that generated a 164bp Re/a mutant band and a 160bp WT band. Re/a mutant bands
were detected only in P-Rela SVF cells, while WT bands were detected in both P-Rela

and Rela SVF cells (Fig.7c). The Rela mutation was further confirmed by sequencing the
Relamutant bands. In addition, Re/a mutant bands were much fainter than WT bands, and
strong WT bands were also observed in P-Rela SVF cells, indicating that only a small
percent of P-Rela SVF cells (02219 cells) had the Rela mutation. We next interrogated
whether the Re/a mutation lead to SASP inhibition. We crossed CAG-Cre mice?9, which
carry a constitutively active CAG promoter driving Cre, with floxed Rela mice to generate
CAG-Cre/+; Relaffl (CAG-Rela) mice. We isolated ear fibroblasts from these mice and
induced senescence using DOXO. After 4-OHT treatment to induce Cre, expression levels
of Relaand several key SASP components were reduced by 40-70% in senescent CAG-Rela
cells compared to senescent WT cells (Fig.7d). Thus, the SASP of senescent cells can be
genetically suppressed in our models.

Clearance of p21high cells improves physical function.

Physical function declines with aging, leading to physical frailty, compromised systemic
homeostasis, and increased vulnerability to stresses®0. We next investigated whether p2znigh
cells play a causal role in physical frailty with aging. We treated 20-month-old PL and PLD
mice with 2 doses of tamoxifen per month for 3 months (Fig.8a) to eliminate p22M3" cells in
PLD mice (Fig.6c). We assessed physical frailty following the frailty criteria widely used in
clinic practice®1:52_ including weight loss, walking speed, grip strength, physical endurance,
food intake, and daily activity. No difference was observed in body weight, maximal
walking speed, or grip strength between 20-month-old PL and PLD mice before tamoxifen
treatment. After 3 months of intermittent tamoxifen administration (total 6 doses), maximal
walking speed, grip strength, hanging endurance, daily food intake, and daily activity were
all significantly higher in PLD mice than PL mice, while body weight changes were not
statistically different (Fig.8b—g). These results demonstrate that clearance of p21M9" cells
alleviate physical frailty in old mice.

Discussion

In this technical report, we present a mouse model that enables us to investigate the role
and underlying mechanisms of p21Mdh cells in various conditions, including obesity and
aging. Senescent cells are highly heterogeneous, and no single marker has been shown
to be sufficient to define senescent cells3L. Up to now, to our knowledge, most mouse
models in the field1516.26.27 were designed to exclusively target p26M3h cells, limiting
our perspective on senescence biology. Here, we characterized a previously unexplored
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senescent cell population, p22M9N cells. We found that p22M9" cells accumulate in tissues
with aging and obesity, and that these cells exhibit a number of typical features of senescent
cells. Moreover, single cell transcriptomic analysis reveals that p22Md" cells and p26"9"
cells are two distinct cell populations in a number of aged tissues, suggesting that the

role of p21M9h cells in various age-related conditions could be different from p16"9" cells.
Thus, future investigations using this model focusing on p22M9" cells could provide key
novel insights into the biology of aging, pathogenesis of chronic diseases of aging and the
discovery of novel geroscience-guided interventions.

Both p21 and p16are cell cycle regulators and are widely expressed across a range of cells
and tissues at relatively low levels. It is possible that models leveraging these two markers
for senescent cells might target some non-senescent cells, especially in the models using a
knock-in strategy. Since senescent cells accumulate exponentially in aged mice (older than
20-month-old)®3-55 it is critically important to precisely identify the cells targeted by these
models in aged tissues, not just in young to middle-aged tissues. The p2Z-Cre mouse model
presented here was made by introducing a transgene containing the p21 promoter driving
Cre, which is likely to have a high threshold for Cre activation. Using PT mice, we found
that percentages of p22M3h cells varied from 1.5 to 10% across a number of tissues in
23-month-old mice, which is consistent with the percent of senescent cells in aged mice®?,
while few tdTomato+ p22M9" cells (<1%) were observed in young tissues. Moreover, p211igh
cells targeted by this model showed typical features of senescent cells (Fig.5). Therefore, our
p21-Cre mouse model seems to only target a small number of cells, which only accumulate
with aging or other pathological conditions. Importantly, intermittent clearance of these

cells was sufficient to improve age-associated physical dysfunction (Fig.8), consistent with
findings using senolytic drugs!3.

The p21-Cre mouse model offers various opportunities to study p22M9" cells in vivo. As
demonstrated in this report, we can monitor, sort, image, eliminate, or modulate p22M9" cells
by crossing this model with different floxed mice. Inducible Cre allows us to intermittently
clear p21Ni9h cells in later life, in contrast to continuous clearance, and is more clinically
relevant. Notably, our strategy of eliminating p22M9" cells is distinct from interference with
p21 gene function. As a cyclin-dependent kinase inhibitor, p21 plays an essential role in a
wide range of cellular events. Inactivation or suppression of the p21 gene /n vivois likely

to have severe side effects, such as tumorigenesis®6. Our strategy here is to leverage p21

as a marker to eliminate p22M9" cells. In addition, the p21-Cre transgene was specifically
inserted into A1 locus, rather than the native p27 locus. Theoretically, this is less likely to
affect function and regulation of the p21 gene. PL mice also offer a unique opportunity for
us to assess p22M9n senescent cell burden in live mice. PL mice are distinct from p2138.57

or p166:54 reporter mice, which are currently used for monitoring the load of senescent
cells in vivot925:58 The expression of LUC from all these reporter mice is driven by either
the pZ6or p21 promoter. Since p16and p21 expression levels may fluctuate and are highly
variable across different cell types, the BLI signals observed in these reporter mice likely
indicate the pZ6 or p21 promoter activity /n7 vivo, rather than the absolute numbers of p26Mdh
or p21M9h cells. Our PL mouse model is mechanistically distinct. After a STOP fragment

is excised by Cre in p21M9" cells in PL mice, expression of LUC in these cells is driven

by GI(ROSA)2650r promoter, which is ubiquitously and stably active in most prenatal and
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postnatal cells and tissues®®. Therefore, compared to p21 or p16 reporter mice, the BLI
signals in PL mice more likely represent the number of p22M9" cells /n vivo. This makes
PL mice more suited for screening drugs that can kill p22M3h cells, because a reduction

in BLI signals in PL mice indicates clearance of p21Mdh cells, rather than inhibition of

p21 promoter activity. This is important since drugs that reduce p21 promoter activity

(thus interfere p21 gene function as a tumor suppressor) will likely initiate tumorigenesis®®.
Thus, these mice can be indispensable models for screening novel senolytic drugs to kill
p21M9h cells jn vivo and greatly accelerate next-generation senolytic drug development and
senescence biomarker discovery.

The underlying mechanisms of how senescent cells cause tissue dysfunction are largely
unknown Jn vivo. The SASP has been considered to be one major mechanism and a number
of SASP inhibitors can improve healthspan in aged mice, including JAK inhibitors8:9.60,
metformin®1.62 and rapamycin®-65. However, it is difficult to distinguish effects of these
inhibitors on senescent cells from other cells. The p22-Cre mouse model allows us to
suppress the SASP only in p22M9" cells, thus is a cleaner system for examining the
contribution of the SASP to age-related disorders. Moreover, using this tool, we can
modulate specific SASP components or multiple genes of interest (any gene located outside
chromosome 11, since the p21-Cre is located on chromosome 11) specifically in p22Midh
cells, which will be valuable for the senescence field.

In summary, our study demonstrates that the p2Z-Cre mouse model is a valuable and
powerful model for studying p22M9h cells and could initiate a new avenue of research to
further understand the biology of senescent cells.

p21-Cre mouse model generation.

A 7 kb DNA fragment was synthesized by GenScript (Piscataway, NJ), containing a 3225
bp mouse p21 promoter fragment followed by a bicistronic message consisting of the
coding sequence for Cre fused to a tamoxifen-inducible estrogen receptor (ERT2) domain.
An internal ribosome entry site (IRES) followed by an open reading frame (ORF) coding
for enhanced green fluorescent protein (EGFP) was also added into the transgene. The
synthesized fragment (p27-ER-Cre) was subcloned into vector pBT378 for generating p21-
Cre mice through Integrase-mediated transgenesis (IMT). Briefly, the p27-ER-Cre-pBT378
construct was microinjected into the pronucleus of recipient zygotes containing attP sites
in the Hipp11 locus, which has a high recombination rate and results in stable expression
of a single copy of the transgene (done at the Transgenic Research Center in Stanford
University). Site-specific recombination occurred between the attB sites in the plasmid and
attP sites in the H11 genomic locus. Positive embryonic stem (ES) cell clones were then
implanted into C57BL/6 females. A positive founder mouse was confirmed by PCR using
a set of primers flanking the recombined 5’- and 3’- attP/attB sites in the H11 locus, as
well as sets of specific primers that amplify unique sequences within the transgene. The
investigators are happy to share the p21-Cre mouse model with the research community.
Please contact Dr. Ming Xu at mixu@uchc.edu to request the mouse model. The mice will
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be shipped after a Material Transfer Agreement (MTA) is approved by Mayo Clinic. For
non-profit research purpose, the requestor will be only responsible for the shipping cost.

Mouse models and drug treatments.

All animal experiments were performed according to protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at UConn Health. All mice were maintained in
a pathogen-free facility at 23—-24 °C with humidity of 30-60% under a 12-h light, 12-h dark
regimen with free access to a RCD (Teklad global 18% protein, Envigo #2918, Indianapolis,
IN), or a 60% (by calories) HFD (D12492, irradiated; Research Diets, New Brunswick,

NJ) and water. For tamoxifen treatment, tamoxifen (Sigma-Aldrich, St Louis, MO) was
dissolved in corn oil, and was administrated to mice by intraperitoneal (i.p.) injection one
dose (2 mg per mouse) daily for two consecutive days. For DOXO treatment, DOXO
(Sigma-Aldrich) was given to mice (20 mg/kg) once by i.p. injection. Tamoxifen was given
one dose at the same time of DOXO administration, and one more dose was given 16 h
after. Floxed tdTomato mice (#007914), floxed LUC mice (#005125), floxed DTA mice
(#009669), CAG-Cre mice (#004682), and Rela/fl mice (#024342) were all purchased from
the Jackson Laboratory.

Single cell RNA-seq analysis.

Single cell RNA-seq data was collected from the Tabula Muris Senis single cell
transcriptomic atlas for aged mice32. Data were visualized using the provided browser based
platform available at https://tabula-muris-senis.ds.czbiohub.org/. In brief, single cell RNA
seq data was examined from visceral adipose tissue (FACS method), liver (droplet method),
and heart (droplet method). To account for differences in animal ages available for each
tissue, all available data from animals 18 months or older was included in our analysis (Fat:
18 and 24 months; Liver: 18, 21, 24, 30 months; Heart: 18, 21, 24, 30 months). Expression
profiles were then captured for p27 and p16in each tissue.

Tissue dissociation.

Visceral fat and liver tissues were minced with scissors, and digested in PBS containing

1 mg/ml type Il collagenase (Sigma-Aldrich) and 10 pg/ml DNase | (Sigma-Aldrich) at
37°C for 1 h. After digestion, stromal vascular fraction (SVF) cells were separated from
visceral fat. SVF cells and liver cells were washed with PBS/2% FBS and filtered through
100 pm cell strainer. Cells were then incubated with ACK lysing buffer (Thermo Fisher
Scientific, Waltham, MA) at room temperature for 10 min to remove red blood cells. Cells
were washed with PBS/2% FBS for further experiments.

SA-B-gal staining.

SA-B-gal staining was assayed as previously described®42. Briefly, purified SVF cells
were fixed in 4% paraformaldehyde (PFA, Thermo Fisher Scientific) for 15 min at room
temperature. Cells were washed with PBS, then incubated with SA-B-gal staining solution
containing 1 mg/ml X-gal (Teknova, Hollister, CA), 40 mM citric acid/sodium phosphate
at pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NacCl,
and 2 mM MgCl, at 37 °C in a humidified chamber, and protected from light. After
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16 h incubation, cells were washed in ice-cold PBS to stop the enzymatic reaction and
resuspended in PBS buffer for ImageStreamX analysis.

EdU staining.

Mice fed HFD for 5 months were treated with 1 mg/kg 5-ethynyl-2”-deoxyuridine (EdU,
Cayman Chemical, Ann Arbor, MI) via intraperitoneal injection. After 20 h, SVF cells

were isolated and fixed in 4% PFA for 15 min at room temperature. After being washed

with PBS/1% BSA, cells were permeabilized by 0.3% Triton X-100, and stained with 100
mM Tris-HCI (pH 7.5), 2 mM CuSQy4, 10 mM ascorbic acid, 2 pM Alexa Fluor 647 azide
(Thermo Fisher Scientific) for 30 min at room temperature. Cells were washed with PBS/1%
BSA twice, incubated with 0.1 pg/ml DAPI (Sigma-Aldrich) for 5 min, and analyzed by
ImageStreamX.

Imaging flow cytometry analysis.

Cell culture.

SVF cells stained with SA-B-gal, EdU, or p21 antibody were imaged by ImageStreamX
Mark Il (Amnis, Seattle, WA) and analyzed by IDEAS 6.2 software (Amnis). To focus cells,
samples were gated using gradient RMS values of brightfield channel. Cells were further
gated using brightfield area and aspect ratio to select single cells. GFP- and GFP+ SVF cells
were measured for cell areas using brightfield area. Mean pixel of brightfield was used to
calculate SA-B-gal intensity in GFP- and GFP+ SVF cells as previously described*2. Low
passage wildtype mouse ear fibroblasts stained with SA-B-gal were used as control. Notably,
SA-B-gal staining did not significantly affect the GFP signal in SVF cells from obese PL
mice. To measure EdU, the intensity of Alexa Fluor 647 channel was compared between
GFP- and GFP+ SVF cells. Wildtype young mice SVF cells with staining buffer but without
EdU injection were used as control. tdTomato— and tdTomato+ SVF cells were measured for
p21 expression using the intensity of Alexa Fluor 647 channel. The SVF cells from same old
PT mice but without anti-p2 primary antibody were used as control for p21 expression.

Mouse embryonic fibroblasts (MEFs) were isolated from embryos between embryonic day
13.5-14.5 of gestation with their head, tail, limbs and visceral organs removed. The embryo
carcass was washed with PBS, minced thoroughly with scissors before being dissociated in
0.05% trypsin-EDTA (Thermo Fisher Scientific) at 37°C for 15 min. Then embryo tissue
was pipetted up and down, and filtered through cell strainer. Single cells were seeded into
culture plates in DMEM high glucose (Thermo Fisher Scientific) containing 10% fetal
bovine serum (FBS, Corning, Corning, NY) and 1% penicillin-streptomycin (Thermo Fisher
Scientific). Cells were cultured at 37°C in a humidified 5% CO, and 3% O, incubator.

To test the p21-Creactivity in vitro, MEFs were treated with 0.5 pM DOXO for 24 h

and 0.5 pM 4-OHT (Sigma-Aldrich) for 3 days. Ear fibroblasts were isolated as described
previously®®. To induce senescence, ear fibroblasts were treated with 0.5 pM DOXO for 24
h, and considered to be senescent 10 days after.
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Immunofluorescence staining.

SVF cells were fixed in 4% PFA for 15 min at room temperature. Cells were then

washed with PBS prior to a 10 min incubation in permeabilization buffer (0.2% Triton
X-100, 1% BSA in PBS). Next, the cells were washed with PBS and blocked for 1 h in
PBS/1% BSA solution. After blocking, cells were incubated with anti-Lamin B1 primary
antibody (1:100, 12987-1-AP, Proteintech, Rosemont, IL) or anti-p21 primary antibody
(1:40, 14-6715-81, Thermo Fisher Scientific) in PBS/1% BSA overnight at 4 °C. The next
day, cells were washed with PBS and incubated for 1 h at room temperature with Alexa
Fluor 647-conjugated anti-rabbit secondary antibody (A-21244, Thermo Fisher Scientific)
diluted 1:200 in PBS/1% BSA. Stained cells were then washed with PBS and analyzed by
flow cytometry or ImageStreamX.

Flow cytometry analysis.

SVF cells and liver cells were isolated from visceral fat and liver tissues, and washed with
PBS/2% FBS. Cells were stained with 0.1 pg/ml of DAPI for 5 min and detected by BD
LSR 1l flow cytometer (BD Biosciences, San Jose, CA). Data analysis was performed on
the FlowJo V10.7 software. SVF cells and liver cells from wildtype young mice were used
as control for tdTomato and GFP expression. For Lamin B1 expression, the SVF cells from
same obese PL mice but without anti-Lamin B1 primary antibody were used as control.

Fluorescence-activated cell sorting (FACS).

SVF cells were isolated from mice fed HFD for 5 months, cells were sorted into GFP- and
GFP+ populations through BD FACSAria 1l flow cytometer (BD Biosciences). Sorted cells
were used to detect p21, p16and SASP expression.

Bioluminescence imaging.

Mice were anesthetized with isoflurane (Piramal Critical Care, Bethlehem, PA) gas and
injected intraperitoneally with 3 mg D-luciferin (Gold Biotechnology, St. Louis, MO) in 200
ul PBS. 5 min after injection, mice were placed in IVIS spectrum in vivo imaging system
(PerkinElmer, Waltham, MA) and bioluminescence images were subsequently captured with
3 min exposure time. Region of interest (ROI) was manually selected in a consistent way
for individual mouse in same cohort. Bioluminescent signal of ROl was calculated using the
Living Image 4.5.5 software (PerkinElmer). Bioluminescence images of brain, lung, heart,
pancreas, spleen, kidney, liver, intestine, inguinal fat, visceral fat, and muscle tissues were
also captured from young and old PL mice.

Histological analysis.

Visceral fat, liver, intestine, brain, heart, muscle tissues were fixed with 4% PFA overnight
at 4°C. After being washed with PBS, tissues were then transferred to 30% sucrose (Sigma-
Aldrich) overnight at 4°C, and embedded in OCT compound (Thermo Fisher Scientific).
Liver, intestine, brain, heart, muscle tissues in OCT blocks were cut into 6 um thickness
sections on Leica CM3050 S cryostat, and visceral fat tissues were cut into 10 um thickness
sections. Nuclei were counterstained with Hoechst 33342 (Thermo Fisher Scientific) and
imaged on a fluorescence microscope (Zeiss, Jena, Germany). To quantify tdTomato+ cells,
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three sections from each mouse were scanned and then counted using ImageJ (v1.51g)
software.

Physical function measurements.

Physical function measurements were performed as previously described3. To test muscle
strength and neuromuscular function, maximal walking speed, grip strength and grid
hanging test were performed in aged mice. Maximal walking speed was tested by
accelerating 4 lane RotaRod system (Columbus Instruments, Columbus, OH). Mice were
trained on the RotaRod for consecutive 2 d at a constant speed of 4 r.p.m. for 300 s. The
day after the last day of training, mice were acclimatized to the testing room for 30 min.
RotaRod test was started at 4 r.p.m. and accelerated from 4 to 47.2 r.p.m. in 6 min. The
speed was recorded when the mouse fell off, the average of 4 trials were calculated and
normalized to the baseline speed. Forelimb grip strength (g) was assessed by a grip strength
test meter (Bioseb, France). Results were averaged over 10 trials. Grid hanging test was
performed on the grid which was placed onto a holding apparatus at a 35 cm distance from
the floor, a soft pad was used to avoid injuries. Hanging time was recorded when the mouse
fell off, the average of 3 trials were calculated and normalized to body weight as hanging
duration (sec) x body weight (g). A threshold at 7 min was set to consider the maximum
hanging time.

Comprehensive laboratory animal monitoring system (CLAMS).

Daily activity, food and water intake, metabolic performance, temperature were measured
for the 23 months old PL and PLD mice on a CLAMS system equipped with Oxymax open-
circuit calorimeter (Columbus Instruments, Columbus, OH). Physiological and behavioral
parameters for individual mouse were monitored over a 24 h period (12 h light/dark cycle),
and results were analyzed by CLAX software (Columbus Instruments).

DNA preparation and PCR.

Rela and P-Rela mice were sacrificed 24 h after tamoxifen injection for 3 doses. Genomic
DNA was extracted by lysing the SVF cells in an alkaline reagent containing 25 mM NaOH
and 0.2 mM EDTA at 94°C for 2 h and neutralizing with equal volume of 40 mM Tris-HCl
(pH 7.4), followed by purifying with isopropanol and 75% ice-cold ethanol (Sigma-Aldrich).
Equal amount of DNA for each sample was adopted to react with GoTaqg Green Master Mix
(Promega, Madison, WI) and indicated genotyping primers, respectively. PCR products were
separated on a 2% agarose gel with SYBR safe DNA gel stain (Thermo Fisher Scientific)
running in TAE buffer (Bio-Rad, Hercules, CA) and visualized by ChemiDoc MP imaging
system (Bio-Rad). All primers were purchased from Integrated DNA Technologies (IDT,
Coralville, 1A). Primer sequences (5" to 3”) are listed below.

Cre-F: ACCAGCCAGCTATCAACTCG;
Cre-R: TACATTGGTCCAGCCACC;
SH176-F: TGGAGGAGGACAAACTGGTCAC;

SH178-R: TTGTTCCCTTTCTGCTTCATCTTGC;
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BT436-R: ATCAACTACCGCCACCTCGAC;
Rela-F: GACACGCTGAACTTGTGGCCGTTTA,
Rela-WT-R: TATCATGTCTGGATCAATTCATAAC;

Rela-Cut-R: TTTCGACCTGCAGCCAATAAGCT

RNA extraction and real-time PCR.

Cells were collected, lysed in TRIzol reagent (Thermo Fisher Scientific) and then extracted
with chloroform, isopropanol and 75% ice cold ethanol (Sigma-Aldrich). RNA was
dissolved in RNase free water, and reverse transcribed to cDNA with M-MLV reverse
transcriptase kit (Thermo Fisher Scientific). Quantitative real-time PCR was conducted in
four or five duplicates using PerfeCTa FastMix 11 (Quantabio, Beverly, MA) on CFX96
Real-Time PCR detection system (Bio-Rad). The relative mMRNA level of target genes was
normalized to TATA-binding protein ( 7hp) and calculated via the 2722CT method. Probes
and primers for Tbp, p21, p16, 116, Cxcll, Ccl?and Relawere purchased from Integrated
DNA Technologies (IDT, Coralville, 1A).

Statistics and Reproducibility

Sample sizes were determined using power analysis based on the means and variation of
pilot experiments and previous publications®13, No data was excluded. Mice were assigned
to experimental groups based on their genotypes. Investigators were blinded to allocation
during experiments and outcome assessments. Data was analyzed using Prism 7 (Graphpad
Inc.).

Data Availability Statement

The source data are published with the manuscript and are available from the corresponding
author upon reasonable request. The link for Tabula Muris Senis database is https://tabula-
muris-senis.ds.czbiohub.org/.
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Extended Data
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Extended Data Fig. 1. plehigh and p21high cells are two distinct cell populations in aged tissues.
Uniform manifold approximation and projection (UMAP) plots showing expression levels

of p21 (cdknia) and p16 (cdknZ2a) in visceral fat, liver and heart in 18-30 months old
mice. The figures were generated using the 7abula Muris Senis interactive platform (https://
tabula-muris-senis.ds.czbiohub.org/).
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tdTomato— SVF cells. For ¢, n=3 for both groups. Results were shown as mean + s.e.m. * p<
0.05; two-tailed, paired Student’s t-test. p=0.009 for p21+ cells%; p=0.028 for p21 MFI.
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Representative images of LUC activity in various tissues from young and old mice. r.l.u.,
relative luciferase units.
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Extended Data Fig. 4. The activity of p21-Creis low in cells in vitro.
(a) Flow cytometry analysis of tdTomato (T) in MEFs (P/P; T/+ and P/+; T/+).

Representative image of tdTomato+ cells can be only seen in P/P; T/+ MEFs treated with
both 4-OHT and DOXO. (b) tdTomato+ cells percentage in MEFs. For b, n=4 for all groups.
Results were shown as mean + s.e.m. * p= 0.018; two-tailed, unpaired Student’s t-test.
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Figure 1. Generation of p21-Cre mouse model.

(a) Schematic of p21-Cre transgene. (b) Schematic of genotyping primers. (c) PCR results
for two sets of genotyping primers. Set 1 was repeated in more than 2,000 mice. Set 2 was

repeated in ~100 mice.
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Figure 2. Whole-body live imaging of p21high cells in vivo using bioluminescence imaging.

(a) Schematic of PL mice. (b) Representative images of LUC activity in DOXO or PBS
treated PL mice (both male and female). Mice were given a single dose of DOXO (20
mg/kg) or PBS. Tamoxifen (2 mg/mouse) was given immediately after DOXO treatment and
16 h later, total 2 doses. BLI was performed 24 h after the DOXO administration. r.l.u.,
relative luciferase units. (c) Representative images of LUC activity in RCD or HFD-fed

PL male mice, and quantification of LUC activity. n=5 for both groups. * p=0.013 (d)
Representative images of LUC activity in young and old PL mice (both male and female),
and quantification of LUC activity. n=14 for young and n=12 for old mice. Results are
shown as means + s.e.m. * p< 0.001; two-tailed, unpaired Student’s t-test.
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(a) Schematic of PT mice. (b) Representative micrographs of 6 tissues in young and old PT

(male and female) mice. Red: tdTomato, Blue: DAPI. The percentages of tdTomato+ cells

are shown as means + s.e.m. Experiments were repeated in 3 mice.
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Figure 4. p21high cells can be induced by aging, chemotherapy, and obesity.
(a) Flow cytometry analysis and proportion of tdTomato+ 219" cells in 3-month-old (n=4)

and 23-month-old (n=3) PT mice. * p=0.008 for fat, p/=0.005 for liver; (b) Flow cytometry
analysis and proportion of GFP+ p229h cells in 3-month-old (n=4) and 23-month-old

(n=3) PT mice. Results are shown as means + s.e.m. * p=0.017 for fat, p<0.001 for

liver; two-tailed, unpaired Student’s t-test. (c) Representative micrographs of visceral fat in
3-month-old PT mice treated with PBS or DOXO. Red: tdTomato, Blue: DAPI. Experiments
were repeated in 3 mice. (d) Representative micrographs of visceral fat in 5-month-old PT
mice fed with RCD or HFD for 2 months. Red: tdTomato, Blue: DAPI. Experiments were
repeated in 4 mice.
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Figure 5. p21high cells exhibit features of cellular senescence.
(a) Relative mMRNA expression in GFP+ p21M9h cells and GFP- cells sorted from SVF from

obese PL mice. * p< 0.05; two-tailed, paired Student’s t-test. p=0.008 for p21; p=0.1365 for
p16; p=0.029 for 116; p=0.002 for Cxcll. (b) Representative images, cell size distribution
and average cell size of GFP+ and GFP- cells. * p=0.006; two-tailed, paired Student’s t-test.
(c) Representative images, mean SA-B-gal staining pixel distribution, and SA-B-gal+ cells
as a percentage of GFP+ and GFP- cells. * p=0.003; two-tailed, paired Student’s t-test. (d)
Representative images, mean EdU staining intensity distribution, and EdU+ cells percentage
of GFP+ and GFP- cells. * p=0.019; two-tailed, paired Student’s t-test. (e) Flow cytometry
analysis of Lamin B1 in GFP+ and GFP- cells. For A, n=7 for both groups. For b-e, n=5 for
both groups. Results are shown as means + s.e.m. * p=0.004; two-tailed, paired Student’s
t-test.
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Figure 6. Inducible elimination of p21high cells using diphtheria toxin A.
(a) Schematic of PLD mice. (b) Representative images and quantification of LUC activity in

PL and PLD male mice fed with a HFD. n=5 for all groups. * p< 0.05; two-tailed, unpaired
Student’s t-test. p=0.013 for RCD-PL vs. HFD-PL; p=0.018 for HFD-PL vs. HFD-PLD.
(c) Representative images and quantification of LUC activity in 23-month-old PL and PLD
mice (both male and female). n=14 for Y-PL, n= 12 for O-PL, and n=11 for O-PLD mice.
Y, young; O, old. Results are shown as means * s.e.m. * p< 0.05; two-tailed, unpaired
Student’s t-test. p<0.001 for Y-PL vs. O-PL; p=0.009 for O-PL vs. O-PLD.
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Figure 7. Genetic inhibition of SASP in p21high cells in vivo.
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(a) Schematic of floxed Rela mice. (b) Schematic of P-Rela and Rela mice. (c) PCR
results using Rela-F, Rela-WT-R, Rela-Cut-R primers for SVF from P-Rela and Rela mice.
Experiments were repeated in 3 mice. (d) Relative mRNA expression in senescent WT and
CAG-Rela ear fibroblasts. n=6 for both groups. Results are shown as means + s.e.m. * p<
0.05; two-tailed, unpaired Student’s t-test. p<0.001 for Rela; p=0.037 for 116; p=0.033 for
Cxcl1; p=0.005 for Ccl2.
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Figure 8. Clearance of p21high cells improves physical function in old mice.

(a) Experimental design. (b) Bodyweight, (c) Maximal walking speed, and (d) Grip strength
was measured in PL and PLD mice (both male and female) at age 20 months (before
tamoxifen treatment) and 23 months (after tamoxifen treatment, p=). (¢) Hanging endurance,
(f) Food intake, and (g) Daily activity was measured at age 23 months. n=9 for both groups.
Results are shown as means + s.e.m. * p< 0.05; two-tailed, unpaired Student’s t-test. For

¢, p=0.026 for 23 months; p=0.001 for baseline%. For d, p<0.001 for 23 months; p=0.020
for baseline%. For e, p=0.044. For f, p=0.017, 0.006, 0.022, 0.004 for D1, N1, D2, N2
respectively. For g, £/=0.001, 0.001, 0.026, 0.062 for D1, N1, D2, N2 respectively.
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