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Aging is the leading predictive factor of many chronic diseases that account for most
of the morbidity and mortality worldwide, i.e., neurodegeneration, cardiovascular, pul-
monary, renal, and bone diseases, as well as cancers. Oxidative stress and reactive oxygen
species generation, over-production of inflammatory cytokines, the activation of oncogenes,
DNA damage, telomere shortening, and the accumulation of senescent cells are all widely
accepted mechanisms contributing to aging. Senescence is mainly thought to be provoked
by negative cellular stress but might also be induced by physiological developmental stim-
uli. Senescence is characterized by irreversible cell cycle arrest independent of quiescence
and terminal differentiation. However, more recent observations suggest that the status of
developmental and cancer senescent cells might not be irreversible. Aside from cell cycle
arrest, senescent cells are characterized by morphological changes and molecular damage,
metabolic alterations, and a specific secretory phenotype (SASP). Senescent cells contribute
to embryonic development and participate in tissue repair and tumor sup-pression, but
they are also involved in detrimental tissue decline during aging. Thus, the application
of senolytic or senostatic drugs to halt or reverse age-related pathologies could represent
an interesting therapeutic option. This Special Issue of Cells compiles novel and exciting
insights into the mechanisms of aging and senescence.

Carrillo-Salinas and colleagues describe the effects of short-chain fatty acids on the
function of neutrophils in young and older women with relevance for HIV infection risk [1].
HIV infection risk is high in younger women, but new HIV infections in older women
are rising worldwide. Vaginal microbiota represent a defense against infections including
HIV. Alterations in the physiological vaginal bacterial populations occur alongside other
stimuli in older women as well. High concentrations of short-chain fatty acids are the result
of vaginal dysbiosis. The authors compared the response of neutrophils from younger
and older woman to short-chain fatty acids. In response to HIV stimulation, short-chain
fatty acids reduced the chemokine secretion of neutrophils of young and older women. In
addition, incubation with pathological concentrations of short-chain fatty acids diminished
the activation and migration of neutrophils from older women and reduced the secretion
of alpha defensins as molecules with antiviral activity. These interesting results do not only
show that vaginal dysbiosis via short-chain fatty acids reduces neutrophil function but that
these perturbations become more prominent with increasing age. The data also suggest
that the re-establishment of physiological vaginal microbial flora with a resulting decrease
in short-chain fatty acids might be a relatively simple way to reduce to some extend the
risk of infections, especially in older populations.

Oxidative stress is generally assumed to increase with aging and induce senescence
which might have consequences for one’s lifespan. Reducing neuronal oxidative stress
is known to extend the lifespan in Drosophila [2]. However, the exact source for reactive
oxygen species in this model is not fully understood. Baek and colleagues published in this
Special Issue of Cells the identification of dual oxidase (Duox) as a source for reactive oxygen
species (ROS) in Drosophila melanogaster [3]. Duox is activated by intracellular calcium to
produce HyO,. Duox heterozygous male flies showed an expected reduced expression of
Duox by 50%, as well as decreased ROS and H,O, production. They survived longer under
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standard conditions as well when they were exposed to ROS-producing food. Whether
neuroinflammation and senescence in this model are reduced remains to be determined.
Nevertheless, the data nicely support the critical involvement of reactive oxygen species in
lifespan determination in this model. Unfortunately, the relations between antioxidants,
ROS production, and human health and longevity seem to be more complex [4,5].

Ke et al. determined ROS production in retinal pigment epithelial (RPE) cells [6].
They compared mononucleated and multinucleated RPE cells and determined that under
baseline conditions, ROS production was similar in both cell types, while multinucleated
cells had higher ROS production and DNA damage after irradiation. Surprisingly, in mice,
the number of multinucleated cells was not age-dependent and the comparison between
different species revealed that multinucleation seems to be a characteristic of nocturnal
animals, while in humans and other diurnal species the fraction of multinucleated cells is
low. Differences in ROS production and DNA damage were only detectable after the irradi-
ation of mononucleated and multinucleated cells. As multinucleation was independent of
the age of the mice, this represents another example of the dissociation of reactive oxygen
species production, DNA damage, and age-related phenotypes.

Besides the deleterious effects of ROS, telomere shortening is considered to be a
hallmark of aging [7]. Exercise is believed to have positive effects on telomere length
and the associated shelterin complex proteins, while the opposite is the case for obesity.
Nevertheless, shelterin genes show a very dynamic spaciotemporal expression pattern
throughout the lifespan [8], and the effects of exercise on telomere length differ largely
across multiple studies and have mostly been measured in peripheral blood cells. The
group of researchers working alongside Markus Herrmann reported a careful study using
exercised and sedentary rats fed with either a standard or a high-fat diet [9]. The rats were
exercised for quite a long period of 10 months and telomere length and mRNA expression
of telomerase, as well as the shelterin genes Terf-1 and Terf-2, were measured in multiple
organs. A high-fat diet in the non-exercised control group induced telomere shortening and
reduced mRNA expression for telomerase, Terf-1, and Terf-2 only in visceral fat, while in
most organs no conclusive effects were observed in telomere length, telomerase, Terf-1, and
Terf-2 expression in response to exercise or a high-fat diet. Nevertheless, it seems possible
that such a difference might occur in response to training in very old age. A challenge for
the future will be to establish training protocols and dietary interventions which might
increase telomere length and delay aging.

Unfortunately, long telomeres and high telomerase activity might not only protect
against aging but are also characteristic of cancer cells. Therefore, the inhibition of telom-
erase activity could represent an attractive therapeutic target for anti-tumor applications.
Yan et al. screened a library of 800 natural compounds for potential inhibitors of telomerase
activity [10]. They identified sanguinarine chloride as being an inhibitor of telomerase
expression and activity. This compound inhibits the growth of several cancer cell lines
in vitro and of xenograft tumors in vivo. The safety and efficacity as a potential drug
candidate for anti-tumor therapy in humans remains to be determined in future studies.

Another important factor driving aging is cellular senescence. Senescence is charac-
terized by the growth arrest of cells, which was first described in fibroblasts in long-term
culture [11,12] and the expression of characteristic markers and secretion of a variety of
diverse molecules, the so-called senescence-associated secretory phenotype (SASP) [13].
A problem with the characterization of senescent cells is that not a single highly specific
marker exists to identify these cells. Thus, the International Cell Senescence Association
released a consensus statement remarking that a combination of more than two typical
markers is required to identify a cell as being senescent [14]. Zimmermann and colleagues
carefully investigated markers of senescence in melanocytes and melanoma cells. They
induced senescence in human melanocytes via the overexpression of mutant BRAFV600E
and in melanoma cells via the chemotherapeutic agent etoposide [15]. Both cell types
showed increased beta-galactosidase (3-Gal) activity. As this is very common but poorly
understood in the field, although all cells were exposed to the senescence-inducing stimuli,
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only a fraction became 3-Gal positive. The cell cycle inhibitor p16INK4A was induced
in both models, and as a third marker for the SASP, the authors suggested CXCL2. The
use of the two independent cell systems allows important conclusions to be drawn on the
choice of senescence biomarkers when working with melanocytic systems, and thus the
paper serves as important guidance in the field. In the future, an enormous amount of
work regarding the detection of senescence in response to different stimuli and in different
cell and organ systems will have to be conducted.

Although the authors describe p16INK4A as a marker for senescence and p1l6Ink4a-
targeting models are frequently used to eliminate senescent cells (reviewed in [13]), we
reported a careful analysis of pl6Ink4a expression in several organs starting from embry-
onic development (Embryonic Day 10) until old age in mice [16]. The expression of p16
was highly dynamic in all organs in the embryonic and postnatal stages and increased
dramatically in old mice, which at this time point agrees with senescence and SASP factor
expression. The expression of p19 and p21 was less variable and increased to a moderate
extent in old age. Interestingly, high pl6Ink4a protein expression during embryonic de-
velopment coincided with organ differentiation. In old mice, we observed a predominant
expression of p16 mRNA and protein in liver endothelial cells versus non-endothelial
cells. This is in agreement with a recent p16 ablator mouse model, which affects liver
sinusoidal endothelial cells the most prominently [17]. The expression of pl6Ink4a in
early life was confirmed recently in a highly sensitive reporter system in fibroblasts of
the lung. These pl6Ink4a-positive cells surprisingly had an enhanced capacity to sense
tissue inflammation and respond through their increased secretory capacity to promote
epithelial regeneration [18].

In addition, we reviewed the roles of p16INK4A, p14ARF/p19ARE and p21 in organ
development and homeostasis in this Special Issue of Cells [19]. We analyzed the knowledge
surrounding p16INK4A, p14ARF/p19ARE and p21 in embryonic and organ development
and described in detail the data reported in the literature and the different animal models
targeting these senescence-associated proteins. We highlight the most recent advancements
and controversial findings, which have largely contributed to a broader understanding
of the senescence mechanism and the roles of p16, p19Arf, and p21 therein. Interestingly,
senescent cells do not only have detrimental effects but are also required for physiological
functions and are involved in tissue repair. The SASP is not a uniform set of secret factors
but differs depending on p16 or p21. The beneficial effects of senescent cell removal are
most likely due to a normalization of the SASP and not merely attributed to the removal
of these “non-functional” cells; finally, p21-dependent senescence is not an irreversible
mechanism which leads to the clearance of the p21-expressing cells via macrophages, but
can be reversible [20].

Chen and Skutella propose in their review partial senescent cell reprogramming as
a strategy for anti-aging therapies [21]. They suggest that partial reprogramming can
produce a secretory phenotype that facilitates cellular rejuvenation. They carefully point
out that only partial reprogramming is desired to avoid tumor risk and organ failure and
describe approaches for achieving this goal. The authors review the strategies for reversing
senescence and the potential underlying mechanisms, identify candidates for this approach,
and develop clinical translational strategies to achieve partial reprogramming of senescent
cells with the aim of increasing people’s healthy lifespan and reducing frailty. This review
has already attracted a very broad audience.

Hong and colleagues focus in their review on the molecular mechanisms of alveolar
epithelial stem cell senescence and the senescence-associated differentiation disorders in
pulmonary fibrosis [22]. The topic is of high actual interest as SARS-CoV-2 viral infec-
tions induce acute pulmonary epithelial cell senescence, which is followed by fibrosis and
largely determines the disease outcome. The authors focus on the TGF-3 signaling pathway
inducing the suppression of telomerase activity and thereby inducing senescence of the
alveolar epithelial stem cell and pulmonary fibrosis. Alternatively, dysregulation of the
shelterin complex protein TPP1 mediating the DNA damage response, pulmonary senes-
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cence, and fibrosis is discussed. They highlight studies indicating that the development
of senescence-associated differentiation disorders is reprogrammable and reversible by
inhibiting stem cell replicative senescence in pulmonary fibrosis, and provide a framework
for the targeted intervention of the molecular mechanisms of alveolar stem cell senescence
and pulmonary fibrosis.

Cellular senescence in aging lungs and lung diseases is reviewed in this Special Issue
of Cells by Aghali and colleagues [23]. They provide a successful overview of cellular
senescence, as well as the known signaling pathways and biomarkers of senescence. The
role of cellular senescence in chronic obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis (IPF) is reviewed in detail. Furthermore, the implications of mitochon-
drial alterations and mitochondrial DNA mutations in senescence and aging in the lung are
discussed. Finally, the authors provide a clinically important outlook regarding senescence
as a potential therapeutic target in lung diseases.

The group working with Maria Cavinato published two review articles in this Special
Issue of Cells entitled “Controversies and Recent Advances in Senescence and Aging”. The
first article deals with the topic of senescence. The authors introduce the relation between
cellular senescence and skin aging and analyze in great detail the major components
of air pollution on lungs and mainly skin aging. Air pollution and the consequences for
senescence and aging is a highly relevant topic for countries with increased industrialization
and intensified transport. Fortunately, the authors also provide guidance for tackling
the consequences of air pollution on the skin by reviewing the available information on
therapeutics and cosmetics in this specific field [24].

In the second article, the group summarizes the current knowledge surrounding
age-related lysosomal dysfunctions [25]. Deregulated nutrient sensing, mitochondrial dys-
function, and altered intercellular communication are additional characteristics of senescent
cells, which can be attributed to lysosomal dysfunction. The authors introduce lysosomal
components, their structure, and lysosomal biogenetic and metabolic pathways. They
describe the function of lysosomes in endocytosis, autophagy, mitophagy, and mitochon-
drial dysfunction, and explain in detail the lysosomal dysfunctions related to aging and
senescence. As a major pathway for senescence, mTORC signaling is discussed. In terms
of potential therapeutic interventions, it is interesting to note that the treatment of senes-
cent cells with mTORC1 inhibitors ameliorates senescence phenotypes and extends the
lifespan in mice [26]. In addition, increased [3-galactosidase activity in the lysosomes of
senescent cells might represent an opportunity to activate highly specific pro-drugs as
senolytic compounds [27].

Jin and colleagues review the relation between pyroptosis, autophagy, and sarcopenia
in aging [28]. Pyroptosis—cellular inflammatory necrosis—represents a form of regulated
cell death, which plays a role in the ageing progress. It is closely related to age-related
diseases such as cardiovascular diseases, Alzheimer’s disease, osteoarthritis, and sarcope-
nia. Sarcopenia refers to an aging-related loss of muscle mass. Autophagy of skeletal
muscle cells can inhibit the activation of the pyroptosis pathway. The authors discuss the
mechanisms of aggravated oxidative stress and poor skeletal muscle perfusion in ageing
muscle, which activate the nod-like receptor (NLRP) family to trigger pyroptosis, and the
role of chronic low-grade inflammation in this process.

Brauning et al. discuss natural killer cells” phenotypes and functions in aging [29].
The age-related impairment of the immune function (immunosenescence) is one important
cause of age-related morbidity and mortality. Despite an increased number of natural
killer (NK) cells in aged individuals, their function is impaired with reduced cytokine
secretion and decreased target cell cytotoxicity. NK cells are the central actors in the
immunosurveillance of senescent cells, thus also linking the mechanisms of senescence and
aging together. This excellent review describes the recent advances and open questions
in understanding the interplay between systemic inflammation, senescence burden, and
NK cell dysfunction in the context of aging. A profound understanding of the factors
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driving NK cell aging is a pre-requisite for developing potential therapies countering
age-related diseases.

Last but not least, Cai and colleagues review mouse models of accelerated aging [30].
Mice are frequently used in aging and senescence research due to their similarities to
humans, their short lifespan, and the ease of reproduction. Nevertheless, models of
accelerated aging are highly valuable in order to decrease time and costs in aging research.
This review provides excellent guidance and a description of the available models for
researchers working in the field.

Taken together, the Special Issue “Controversies and Recent Advances in Senescence
and Aging” comprises an excellent collection of original articles and reviews highlighting
different novel aspects in the fields of senescence and aging research. They will hopefully
stimulate discussions and further research in these fields which are extremely important
for a constantly aging human population.
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Abstract: Half of the people living with HIV are women. Younger women remain disproportionally
affected in endemic areas, but infection rates in older women are rising worldwide. The vaginal
microbiome influences genital inflammation and HIV infection risk. Multiple factors, including
age, induce vaginal microbial alterations, characterized by high microbial diversity that generate
high concentrations of short-chain fatty acids (SCFAs), known to modulate neutrophil function.
However, how SCFAs may modulate innate anti-HIV protection by neutrophils is unknown. To
investigate SCFA-mediated alterations of neutrophil function, blood neutrophils from younger and
older women were treated with SCFAs (acetate, butyrate and propionate) at concentrations within
the range reported during bacterial vaginosis, and phenotype, migration and anti-HIV responses
were evaluated. SCFA induced phenotypical changes preferentially in neutrophils from older women.
Butyrate decreased CD66b and increased CD16 and CD62L expression, indicating low activation and
prolonged survival, while propionate increased CD54 and CXCR4 expression, indicating a mature
aged phenotype. Furthermore, acetate and butyrate significantly inhibited neutrophil migration
in vitro and specifically reduced x-defensin release in older women, molecules with anti-HIV activity.
Following HIV stimulation, SCFA treatment delayed NET release and dampened chemokine secretion
compared to untreated neutrophils in younger and older women. Our results demonstrate that SCFAs
can impair neutrophil-mediated anti-HIV responses.

Keywords: short-chain fatty acids; neutrophil; HIV; aging; women

1. Introduction

New human immunodeficiency virus (HIV) infections have been reduced by 40%
since 1998, but around 1.5 million people were still newly infected with HIV in 2020 [1].
Although younger women are at higher risk in endemic areas, new HIV infections in older
women are rising worldwide [2-5], a fact to take into account given the increase in the size
of the elderly population expected in the upcoming decades [6,7].

The vaginal microbiota is a dynamic community of bacteria that works as a first-line
defense against invading pathogens, along with the epithelial mucosal barrier and the
immune mucosal response [8-10]. The vaginal microbiota, dominated by the Lactobacilli
species that maintain high concentrations of lactic acid [11] and a low pH in the lower tract,
is considered to be beneficial and reduce the risk of HIV acquisition [12-15]. However,
multiple stimuli, including antibiotics, sexual activity, vaginal hygiene, menstrual cycle, and
oral contraceptives, can alter these bacterial populations, resulting in vaginal dysbiosis and
increased risk of HIV acquisition [12,16-21]. Data also indicate that the vaginal microbiome
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changes after menopause, with a decreased presence of Lactobacillus species compared to
premenopausal women [22-24]. This fact, together with changes in immune cell responses,
the pro-inflammatory environment, and a reduction of protective mediators in the female
reproductive tract (FRT), may increase the risk of HIV acquisition in postmenopausal
women [7,23,25-28].

An important consequence associated with vaginal dysbiosis is the increased presence
of short-chain fatty acids (SCFAs), metabolic products of anaerobic bacterial fermentation.
SCFAs are physiologically present in the genital mucosa at low concentrations (0—4 mM),
with acetic, butyric and propionic acids being the most abundant [11,29-32]. However,
under conditions that induce vaginal dysbiosis, the reduction in Lactobacilli is associated
with a drop in lactate concentration and an increased vaginal pH that facilitates the growth
of facultative and anaerobic bacteria, resulting in abnormally elevated concentrations of
acetate, butyrate and propionate (20-140 mM) [11,29-32].

SCFAs present at mucosal surfaces act on epithelial cells to modify barrier function [9]
and also diffuse into the subepithelial compartment to act directly on immune cells by
interaction with the G-protein coupled receptors GPR43, GPR41 and GPR109A [33-35].
SCFAs have been described to play a critical role as immunomodulators to prevent mucosal
inflammation in the gut [36]. However, high concentrations of SCFAs in the FRT seem to
promote inflammation [9,31,37]. Genital inflammation is known to increase susceptibility to
HIV infection [15,38,39], but very little is known about the effect of high concentrations of
SCFAs on innate immune responses and the susceptibility to HIV infection in women [31].

We recently demonstrated that neutrophils from the FRT of healthy women release
neutrophil extracellular traps (NETs) in response to HIV stimulation [40]. NET release
is a process characterized by the extracellular ejection of DNA associated with granular
proteins with antimicrobial activity [40-42], which has been shown to inactivate HIV
in vitro [40,41]. In contrast, studies of inflammation in the context of sexually transmitted
infections (STIs) describe associations between neutrophil-derived molecules in cervico-
vaginal secretions with an increased risk of HIV acquisition [43-45]. These apparently
opposite findings highlight the gap in our knowledge about how alterations in the micro-
biome may affect neutrophil function and anti-HIV responses. Importantly, neutrophils
highly express GPR43, the main SCFA receptor [35], representing a likely candidate to be
modulated by changes in the microbial metabolome. However, it is unknown whether the
anti-HIV potential of neutrophils is modified by SCFAs.

In this context, we hypothesize that pathological concentrations of SCFAs due to
changes in genital microbiota can modulate neutrophil responses to HIV and directly
impact the risk of HIV acquisition. To begin to answer this question, we optimized an
in vitro model to evaluate the effects of pathological concentrations of SCFA on neutrophil
function and anti-HIV activity in younger and older women.

We found that pathological concentrations of SCFAs reduced neutrophil activation
in an age-dependent manner, inhibited neutrophil migration and reduced the release of
NETs and innate antiviral molecules. Our findings provide proof of concept that genital mi-
crobial alterations that induce an increase in SCFA concentrations may impair neutrophils’
physiological functions and reduce their antiviral potential.

2. Materials and Methods
2.1. Study Subjects

All investigations involving human subjects were conducted according to the prin-
ciples expressed in the Declaration of Helsinki and carried out with the approval of the
Institutional Review Board of Tufts University (protocol code: MODCR-01-11201, approved
on 20 October 2014). Volunteer healthy and HIV-seronegative women were included in the
study, and informed consent was obtained from all subjects. Information regarding age
was provided, but no other information was disclosed. Women included in the study were
classified as younger (1 = 17; 18-28 years-old; median = 24) or older (n = 18; 65-72 years-old;
median = 68).
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2.2. Neutrophil Isolation from Human Peripheral Blood and Treatment with SCFAs

Venous blood of healthy women was collected into 10 mL EDTA tubes (BD Vacutainer;
Franklin Lakes, NJ, USA). Polymorphonuclear cell (PMN) isolation was performed by
positive selection using CD15 MicroBeads (Miltenyi Biotec; Auburn, CA, USA) and a whole
blood column kit following the manufacturer’s instructions (Miltenyi Biotec). This isolation
method was effective with 92.84% viability (Figures 1a and Sla) and >94% neutrophil
enrichment (as CD45" CD15* CD66b* cells), determined by flow cytometry. Purified
neutrophils were resuspended in HBSS culture medium (Hanks’” Balanced Salt Solution,
Gibco; Waltham, MA, USA) for imaging analysis or in X-VIVO 15 media for cell culture
(Lonza; Bend, OR, USA) and stimulated with 25 mM of sodium acetate, sodium butyrate or
sodium propionate for 1 or 3 h as indicated for further analysis.
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Figure 1. High concentrations of butyrate and propionate induce phenotypical changes in hu-
man neutrophils. (a) Quantification of cell death induced by high concentration of SCFA (n = 12).
(b) Representative example of flow cytometry plots showing CD66b expression on neutrophils in
control condition (CTL) and after butyrate treatment (25 mM) for 3 h. (c) Percentage of CD66bow
neutrophils after treatment with SCFAs (acetate, butyrate, and propionate) 25 mM for 3 h (n = 12).
(d) Representative example of flow cytometry plots and (e) percentage of CD66b'°" CD16"8" neu-
trophils after SCFA treatment (n = 12). (f) Flow cytometry plots and (g) changes in percentage of
CD62L* neutrophils induced by SCFAs. Effect of pathological concentration of SCFAs on ((h,i);
n = 11) CD16Msh CDe2Lhgh or CD62LIOW neutrophil population and (j k) CD54* neutrophils (n = 11).
(1) Representative flow cytometry plots and (m) quantification of the percentage of CXCR4high
CD62LI1°" neutrophils after treatment with pathological concentration of SCFAs (1 = 4). (n) Changes
induced by propionate treatment in CD54 expression of neutrophils gated on CXCR4M8h CD62L!1ow
population. Each dot represents a different patient (age of patients: 18-72 years old). Non-parametric
paired Friedmann test was used, * p < 0.05, ** p < 0.01, ** p < 0.001. CTL: control; Acet: acetate
25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.
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2.3. Determination of Neutrophil Phenotype by Flow Cytometry

Neutrophils were fixed with 4% PFA for 30 min at 4 °C, washed and stained for
20 min in the dark with the following anti-human antibodies: CD45-APC-Cy7 (clone
2D1; Biolegend, San Diego, CA, USA), CD54-BV421 (clone HA58; Biolegend), CD62L-
BV711 (clone SK11; Biolegend), CXCR4-BV-785 (clone 12G5; Biolegend), CD66b-APC
(clone REA306; Miltenyi Biotec), CD15-FITC (Miltenyi Biotec) and CD16-PE (clone 3GS;
BD Biosciences, Franklin Lakes, NJ, USA). A live/dead fixable blue dead cell stain kit
(Thermo Scientific; Waltham, MA, USA) was used to assess cell death in cultures before
fixation. Fluorescence Minus One (FMO) controls were used to identify and gate positive
populations (Figures 1 and Figure S1b). Analysis was performed on an LSRII flow cytometer
(BD; Ashland, Wilmington, DE, USA) or Aurora cytometer (Cytek Biosciences; Fremont,
CA, USA) and assessed using Flow]Jo software (BD) or OMIQ (www.omiq.ai (accessed
on 13 July 2021)). The expression of surface markers was measured by the percentage of
positive cells.

2.4. Migration Assay

Neutrophil migration was evaluated using a Transwell assay inserted into an ultra-low
attachment 24-well plate (Corning Inc., Corning, NY, USA). Cells were seeded at a density
of 4 x 10°/well in X-VIVO 15 media (Lonza) into the upper chamber of a Transwell insert
(5 pm pore size; Corning, Inc.), and XVIVO-15 with sodium acetate, sodium butyrate or
sodium propionate at a final concentration of 25 mM was added to the lower chamber
to study if SCFAs at this concentration could act as a chemoattractant. After 3 h at 37 °C,
the cells from both chambers were collected and stained for immune phenotyping by
flow cytometry. The migration ratio was calculated by dividing the number of cells in the
bottom chamber by the sum of cells in the top + bottom chamber and normalizing to the
control group.

2.5. Generation of GFP-Labeled VLPs

Modified pNL43 provirus-based plasmid for expression of GFP-labeled viral-like
particles (VLPs) and encoding NL43 Env in cis (referred to as pNL4GagGSGFP /K795)
was described previously [46]. Briefly, the enhanced GFP (EGFP) coding sequence is
expressed in the frame at the 3’end of the gag, replacing the protease and most of the
reverse transcriptase coding region. The ¥-signal on the RNA and the complete gag open
reading frame (ORF) remain intact. Furthermore, a plasmid with an inactivated Env ORF,
resulting in no expression of functional Env protein (referred to as pNL4GagGSGFPDelta-
env/K806), was derived from K795 for pseudotyping and complemented with pBaL.26 Env
expression plasmid (NIH AIDS Reagent program, catalog number 11,446, contributed by
Dr. John Mascola) [47]. Non-infectious, EGFP-labelled VLPs were produced by transfection,
concentrated by ultracentrifugation, and enumerated essentially as described [46].

2.6. Time-Lapse Microscopy of NETs

Human purified neutrophils from blood were plated in a 96-well plate (Corning Inc.;
Corning, NY, USA) and stimulated with 25 mM of sodium acetate, sodium butyrate or
sodium propionate (Sigma-Aldrich; St. Louis, MO, USA), in the presence or absence of
GFP-labeled HIV-viral like particles (HIV-VLPs). Cytotox red reagent (Essen Bioscience;
Ann Arbor, MI, USA) was used to label DNA. Images were collected every 3-5 min for at
least 3 h at 37 °C using a 10x objective with the IncuCyte S3 (Sartorius; Bohemia, NY, USA).
Extracellular DNA-labeled red signal and GFP-VLP signal were quantified to determine
the NET-HIV area with the Incucyte software as described [40].

2.7. HIV Stimulation

HIV-1-BaL (R5) isolates were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH, from Dr. Suzanne Gartner, Dr. Mikulas Popovic
and Dr. Robert Gallo [48] and propagated in PBMCs as described [49]. Purified blood
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neutrophils were stimulated with HIV-1 BaL for 1h at an MOI of 0.5, after which the culture
supernatants were collected and stored at —80 °C until used for cytokine and chemokine
analysis by Luminex. Uninfected controls were incubated for the same length of time in
media without the virus.

2.8. Quantification of Cytokines and Chemokines by Luminex

Supernatants from SCFA- and HIV-stimulated neutrophils were centrifuged at
18,000 g for 10 min to remove any cell debris and NETs. Then, supernatants were trans-
ferred to a new plate for HIV inactivation with 0.5% Triton X-100 (Sigma) for 30 min at
4 °C. Two different panels of cytokines and chemokines were measured using Millipore
human cytokine multiplex kits (EMD Millipore Corporation; Billerica, MA, USA) following
the manufacturer’s instructions. Panel 1: sCD40L, MIP-1x, MIP-13, GM-CSF, IFNvy, TNF«,
IL-1B, IL-5, IL-6, IL-8, IL-10, IL-22, GROw, IFN«2, IL-13, IL-27 and PDFG-AB/BB. Panel 2:
IL-8, MCP-1, MIP-1a, RANTES, MDC and MIG. Signal was measured using the MAGPIX
system by Luminex (Luminex Corporation; Austin, TX, USA) and quantified with Luminex
xPONENT software.

2.9. ELISA

The concentration of x-defensins 1-3 was quantified in cell-free culture supernatants
after 3 h of treatment with acetate, butyrate or propionate 25 mM using the commercial Hu-
man alpha-defensin 1 DuoSet ELISA (R&D Systems; Minneapolis, MN, USA) following the
manufacturer’s instructions. The control group was incubated with X-VIVO 15 media. The
concentration of sCD62L was also measured using the Human L-Selectin/CD62L DuoSet
ELISA (R&D Systems) from the same supernatants used for x-defensin and Luminex.

2.10. Quantification of GPR43 by Western Blot

Human neutrophil pellets were resuspended in extraction buffer containing RIPA
buffer, 1% NP-40, 1mM PMSF, 1x phosphatase inhibitor (PhosSTOP, Millipore Sigma;
Burlington, MA, USA), and 1 x protease inhibitor (cOmplete, Millipore Sigma) and were
lysed for 45 min on ice. The cell lysate was centrifuged at 12,000x g at 4 °C for 5 min.
Protein concentration was determined with a protein assay reagent (Pierce 660 nm, Thermo
Scientific), and 10-20 pug were mixed with 1x Laemmli SDS sample buffer and heated at
95 °C for 5 min. Samples were run in 4-20% acrylamide gels (Mini-PROTEAN TGX Precast
Protein Gels, Bio-Rad; Hercules, CA, USA) at 200 V for 1 h. After electrophoresis, proteins
were transferred to a PVDF membrane using a rapid transfer system (Trans-Blot Turbo
Transfer System, Bio-Rad). Membranes were blocked using a blocking solution (Pierce
Fast Blocking Buffer, Thermo Scientific) for 5 min at RT, washed with 0.1% Tween20 in
TBS (pH 7.6), and then incubated overnight with 1:1000 polyclonal rabbit anti-human
GPR43 antibody (Thermo Scientific) in a 5% BSA, 0.05% NaN3, 0.1% Tween-20 TBS solution.
After washing, the membrane was incubated with 1:7500 anti-Rabbit IgG (H + L) (IRDye
800CW, Li-Cor; Lincoln, Dearborn, MI, USA) in a 1% dry milk, 0.1% Tween 20, TBS solution
for 45 min at RT. Protein quantification was performed using the Li-Cor Odyssey system.
Protein levels were relativized to unstimulated control.

2.11. Statistical Analysis

Data analysis was performed using the GraphPad Prism 9 software. Data are repre-
sented as median =+ interquartile range (IQR). A two-sided p-value < 0.05 was considered
statistically significant. Non-parametric Mann-Whitney U test or Wilcoxon’s matched
pair test was used for comparison of two groups, and non-parametric Kruskal-Wallis or
Friedman tests followed by Dunn’s post-test were used for comparison of three or more
groups. *p < 0.05; ** p < 0.01; *** p < 0.001. Grubb’s analysis (alpha = 0.05) was used to
identify potential outliers.

11



Cells 2022, 11, 2515

3. Results
3.1. Pathological Concentrations of SCFAs Induce Phenotypical Changes in Human Blood Neutrophils

In order to identify phenotypical changes in neutrophils under conditions of high
concentration of SCFAs, we incubated blood neutrophils from healthy women (range
of age: 18-72 years old) with three different SCFAs (butyrate, propionate or acetate) at
a pathological concentration (25 mM) and compared the expression of several activation
markers by flow cytometry (Figure Sla; gating strategy). This concentration was selected
based on previous literature indicating a range concentration of SCFA of 20-140 mM during
vaginal dysbiosis [11,29-32]. First, we observed that pathological concentrations of SCFAs
did not induce cell death in neutrophils after 3 h of treatment compared to the control group
(Figure 1a). In untreated neutrophils, two subpopulations were identified based on CD66b
expression, CD66b'°" and CD66b"&" (Figure 1b, top panel). Treatment with butyrate
specifically induced a significant decrease in the expression of CD66b (Figure 1b; bottom
panel), increasing the proportion of CD66b'°¥ neutrophils (Figure 1c), while no significant
changes were observed for CD66b expression when neutrophils were treated with acetate
or propionate (Figure 1c). In addition, butyrate and propionate treatment modified CD16
expression, inducing a shift from the CD66b"8"CD16!°% population found in untreated
neutrophils (Figure 1d; top panels) to CD66b'°VCD16"8" in butyrate and propionate-
treated neutrophils (Figure 1d,e; bottom panels). Butyrate treatment also increased CD62L
expression on neutrophils (Figure 1f,g), while no significant changes were detected for the
other SCFAs (Figure 1g).

Because CD16 and CD62L can define different neutrophil subsets with distinct effector
functions [50], we next determined changes in the co-expression of these two markers
(Figure 1h). Consistent with our observations with each individual marker, we detected
a significant increase in the CD62LN&"CD16M#" neutrophil population after butyrate treat-
ment (Figure 1h,i; left graph), indicating a mature and partially activated phenotype.
Although we identified an outlier in Figure 1i (left graph), the difference remained signifi-
cant after excluding from the analysis this outlier data point in the data set (p = 0.016). In
addition, butyrate and propionate treatment also increased the proportion of CD62L1W
CD16Mgh neutrophils (Figure 1i; right graph).

Finally, we analyzed the expression of CD54 (intracellular adhesion molecule 1,
ICAM-1) in neutrophils, a marker of activation and migration. Only propionate induced
a significant increase in the proportion of CD54* neutrophils (Figure 1j k), while no effect
was observed with the other SCFAs. Since upregulation of CD54 and downregulation
of CD62L in combination with CXCR4 [51] are markers that indicate “aged” neutrophils,
an overly active population of circulating neutrophils with an expanded lifespan, we
further explored the expression of CXCR4 following SCFA treatment to confirm the induc-
tion of an aged phenotype. Only pathological concentrations of propionate significantly
increased the proportion of CXCR4hishCDp2[ low neutrophils (Figure 11,m), which also
showed higher expression of CD54 (Figure 1n), characteristic of neutrophils with an aged
phenotype [51].

Taken together, our results suggest that butyrate at pathological concentrations reduces
activation of neutrophils and increases maturation, while propionate induces phenotypical
alterations characteristic of “aged” neutrophils.

3.2. Effects of SCFA Treatment Are Enhanced in Neutrophils from Older Women

Recognizing that as women age, immune functions and the composition of the vaginal
microbiome are modified [7,24], we stratified the women in our study into younger (average
of 24.78 years old) and older groups (average of 66.22 years old) and evaluated phenotypical
changes to determine if age had any potential effects on susceptibility to a pathological
concentration of SCFAs. Interestingly, the CD66"8" (Figure 2a) and CD66b'°% (Figure 2b)
neutrophil populations were very conserved in younger women and did not change
after treatment with SCFAs. In contrast, older women showed high variability in the
levels of CD66b expression, and these levels were significantly reduced after butyrate

12
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treatment, with a decrease in the proportion of CD66b"8" neutrophils (Figure 2a) and
an increase in CD66b'°" neutrophils (Figure 2b). Furthermore, the observed effect of
butyrate and propionate increasing CD16 expression on CD66b'°W neutrophils (Figure 1c,d)
was enhanced in neutrophils from older women (butyrate: 12.2-fold change, propionate:
8-fold change) compared to younger women (butyrate: 3-fold change, propionate: 2-fold
change) (Figure 2c). Similarly, butyrate and propionate treatment only increased CD62L
expression on neutrophils in older women, with no significant changes in younger women
(Figure 2d). However, when we analyzed changes in the co-expression of CD62L and
CD16, we observed high variability of a CD62L"&h CD16M8" neutrophil population in
older women after SCFA treatment, while this population was almost absent in younger
women (Figure 2e).
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Figure 2. Pathological concentrations of butyrate and propionate preferentially modifies the phe-
notype of neutrophils from older women. Effect of SCFAs on the percentage of (a) CD66bMs8h,
(b) CD66b!°¥, (¢) CD66bIOV CD16Mi8M, (d) CD62L™, (e) CD62LMBRCD16M8M, and (f) CD54* neutrophils
after 3 h of treatment (25 mM) in neutrophils from younger (triangles) and older women (circles),
quantified by flow cytometry. Each dot represents a different patient (younger = 6; older = 5-6). Non-
parametric paired Friedmann test was used, followed by Dunn’s post-test for multiple comparisons;
*p <0.05,** p < 0.001. CTL: control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate

25 mM.

Finally, although propionate induced an increase in the proportion of CD54" neu-
trophils in the older population, this change did not reach statistical significance (Figure 2f).

Collectively, our data indicate that neutrophils from older women are more respon-
sive to high concentrations of SCFAs than younger women, specifically to butyrate and
propionate, resulting in a non-activated mature phenotype.

3.3. Pathological Concentrations of SCEAs Inhibit Neutrophil Migration In Vitro

CD62L (L-selectin) and CD54 (ICAM-1) are adhesion molecules involved in neutrophil
transmigration [52]. Since we observed changes in CD62L and CD54 expression following
SCFA treatment, we next investigated neutrophil migration in the context of pathological
concentrations of SCFAs. To determine if pathological concentrations of SCFAs would act
as a chemoattractant for neutrophils, we used a transwell system, plating neutrophils on
the top chamber and a high concentration of SCFAs (25 mM) or control media in the bottom
chamber, and the phenotype of neutrophils was determined by flow cytometry following
the same gating strategy used for Figures 1, 2 and Sla. After 3 h, high concentrations of
acetate and butyrate significantly inhibited neutrophil migration compared to the control

13



Cells 2022, 11, 2515

condition, while propionate did not affect neutrophil migration compared to control media
(Figure 3a).
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Figure 3. High concentrations of acetate and butyrate inhibit neutrophil migration. (a) Migration
ratio of neutrophils in the presence of SCFAs 25 mM for 3 h (n = 14). (b) Expression of CD16 on
neutrophils that migrated to the bottom chamber after 3 h in the absence (control: CTL) or presence of
different SCFAs (25 mM) measured by flow cytometry (1 = 14). (c) Effect of age on CD16* neutrophils
treated with SCFAs 25 mM (younger = 6; older = 8). Migrated neutrophils in the bottom chamber
of the transwell were collected and the percentage of (d) CD62L* neutrophils in the absence or
presence of SCFAs was quantified (n = 6). (e) Effect of age on CD62L* neutrophils that migrated
towards propionate (younger = 3; older = 3). The same analysis was conducted for CD54* neutrophils
(f, n = 12), and effect of age on CD54* neutrophils that were chemoattracted by propionate (g) was
examined (younger = 4; older = 8). Each dot represents a different patient. (a,c) Wilcoxon t-test and
(b,d—-g) non-parametric paired Friedmann test were used; * p < 0.05, ** p < 0.01, **p < 0.001. CTL:
control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.

Next, we analyzed changes in CD16, CD62L and CD54 expression in the neutrophils
that migrated. We observed a trend towards an increased proportion of CD16* neutrophils
in the butyrate condition, although it did not reach statistical significance compared to
untreated controls (Figure 3b). When we evaluated the effects of age, untreated neutrophils
from older women showed significantly higher expression of CD16 after migration com-
pared to neutrophils from younger women (Figure 3c). However, this difference was
abrogated in the presence of SCFAs (Figure 3c).

In contrast, we found a significant increase in CD62L* neutrophils after migration in
the propionate condition (Figure 3d), which was independent of age (Figure 3e), while these
populations were absent in the acetate and butyrate conditions. In addition, we observed
a higher proportion of CD54" neutrophils after migration to propionate (Figure 3f), and
this CD54" neutrophil population was significantly more abundant in younger compared
to older women (Figure 3g).

Taken together, these results demonstrate that high concentrations of acetate and
butyrate inhibit neutrophil migration, while propionate does not affect migration capacity
but modifies the phenotype of migrated neutrophils with increased expression of CD62L
and CD54 in an age-dependent manner.

3.4. High Concentrations of SCFAs Modify Innate Secretion Profile by Neutrophils from Older Women

Following cellular activation and migration, CD62L is rapidly cleaved off and released,
displaying immunomodulatory properties [53], mainly inhibiting leukocyte recruitment.
Because we detected changes in activation phenotype and surface expression of CD62L
after SCFA treatment of neutrophils, we next measured levels of soluble CD62L (sCD62L) in
supernatants. The concentration of sCD62L was significantly decreased when neutrophils
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were treated with butyrate or propionate for 3 h, but not acetate (Figure 4a). Interestingly,
when samples from women were stratified by age, SCFAs did not alter sCD62L secretion in
neutrophils from younger women (Figure 4b), but sCD62L was significantly reduced after
acetate, butyrate and propionate treatment in older women compared to untreated controls
(Figure 4c).
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Figure 4. Pathological concentrations of SCFAs significantly reduced the release of sCD62L
and «-defensin 1-3 by neutrophils from older women. (a) Quantification of sCD62L released
by SCFA-treated neutrophils and stratified by younger (b) and older women (c), measured by
ELISA. (d) Quantification of x-defensin 1-3 released by SCFA-treated neutrophils and stratified by
younger (e) and older women (f) after 3 h, measured by ELISA. Each dot represents a different
patient (n = 14; younger = 6, older = 8). Non-parametric paired Friedmann test was used; * p < 0.05,
**p <0.01. CTL: control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.

To evaluate if other innate secreted molecules could also be affected by SCFA treatment,
we measured the secretion of x-defensin 1-3, an antimicrobial peptide very abundant
in neutrophils that displays broad spectrum microbicidal activity, including anti-HIV
activity [54]. When all women were analyzed together, only butyrate significantly reduced
a-defensin 1-3 release by neutrophils after 3 h (Figure 4d). After separating women based
on age, no changes were observed in the younger group (Figure 4e), while acetate and
butyrate treatments significantly reduced «-defensin 1-3 release by neutrophils from older
women (Figure 4f).

Next, we determined if classical pro-inflammatory molecules were modified by SCFA
treatment. A panel of cytokines and chemokines was measured in supernatants from SCFAs-
treated neutrophils by Luminex. However, none of the secreted cytokines and chemokines
analyzed, which included the classical pro-inflammatory cytokines GM-CSF, IFN-y, IL-1§3,
IL-6, IL-8 and TNF«, changed after 3 h of treatment with SCFAs (Figure S2). No significant
differences were found between younger and older women, although neutrophils from
older women showed a trend to secrete lower levels of most of the molecules analyzed
(Figure S2).

Overall, these data demonstrate that pathological concentrations of SCFAs modify
secretion profiles of innate molecules selectively in neutrophils from older women but do
not alter the secretion of pro-inflammatory cytokines and chemokines.

15



Cells 2022, 11, 2515

3.5. High Concentrations of SCFAs Delay NET Release and Chemokine Secretion in Response to HIV

Since vaginal dysbiosis is known to increase the vaginal concentrations of SCFAs [55,56]
and the risk of HIV acquisition [13,17,19,21], we next investigated if the high SCFA envi-
ronment could affect neutrophil antiviral response to HIV. SCFA-treated neutrophils from
younger and older women were challenged with HIV-VLPs, and the release of NETs was
measured with time-lapse microscopy as described [40]. Consistent with our previous
results, we observed that following HIV stimulation, neutrophils actively released NETs,
which entrapped HIV-VLPs (Figure 5a). NET release started within minutes after HIV
exposure and was sustained for at least 3 h after HIV stimulation (Figure 5b). Quantifica-
tion of NET-HIV complexes demonstrated a significant upregulation after HIV exposure
compared to unstimulated controls (Figure 5c).

Next, we asked if SCFA could modify NET release by themselves or in response to HIV.
In the absence of HIV stimulation, high concentrations of acetate, butyrate or propionate
did not increase NET release in comparison to control untreated neutrophils (Figure S3).
In addition, pathological concentrations of SCFAs did not modify the overall magnitude
of HIV-induced NET release during the first 3 h after stimulation, whether women were
analyzed together (Figure 5d) or separated into younger and older groups (Figure 5e).

Next, we evaluated if SCFA treatment could modify the timing of NET release. HIV-
induced NETs were significantly upregulated as early as 5 min following HIV stimulation
in untreated and butyrate-treated neutrophils (Figure 5f, white and black symbols). In
contrast, acetate- and propionate-treated neutrophils showed a 15 min delay in NET
release after HIV stimulation (Figure 5f). Furthermore, propionate-treated neutrophils not
only delayed but significantly decreased initial NET release following HIV stimulation
compared to the HIV control condition (Figure 5f). Then, we evaluated whether SCFA
treatment affected neutrophils from younger and older women differently. In the absence
of SCFAs, HIV-induced NET release was detected 5 min after stimulation in neutrophils
from younger women (Figure 5g) and 15 min after stimulation in neutrophils from older
women (Figure 5h). Interestingly, acetate, butyrate and propionate treatments delayed 1 h
HIV-induced NET release in neutrophils from younger women (Figure 5g), while butyrate
induced a 30 min delay and propionate induced a 1h delay in the anti-HIV response of old
neutrophils (Figure 5h).

As a control, we determined whether HIV could modify the protein level of the
main receptor for SCFAs, GPR43, which is highly expressed by neutrophils [35]. HIV did
not change the expression of GPR43 in neutrophils after 1h of stimulation, quantified by
Western blot (Figure 5ij).

In order to study if additional mechanisms involved in neutrophil-mediated anti-HIV
responses were altered by a high concentration of SCFAs, neutrophils were stimulated with
replication-competent HIV-BaL for 1 h and a selected panel of chemokines relevant for
chemoattraction of HIV-target cells, and direct anti-HIV activity was measured in super-
natants by Luminex [39]. We observed a significant increase in the release of IL-8 (CXCLS),
MCP-1 (CCL2), MIP1e (CCL3), RANTES (CCL5), MDC (CCL22) and MIG (CXCL9) by
neutrophils in response to HIV (Figure 6), while other cytokines, such as TNF« or IL-10,
were undetectable (data not shown). Interestingly, HIV stimulation in the presence of
a high concentration of SCFAs dampened the release of these molecules, with a signifi-
cant reduction for most molecules detected in the presence of butyrate and a significant
reduction in MDC secretion in the presence of butyrate and propionate (Figure 6).

Taken together, our findings indicate that a pathological concentration of SCFAs
significantly delays HIV-induced NET release by neutrophils from both younger and older
women and reduces the release of chemokines in response to HIV stimulation.

16



Cells 2022, 11, 2515

HIVVLP(GFP) DNA(Cytoto), _Merge - CTL
; -+ HIV-VLP

0
0 30 60 90 120150 180
Time (min)

© g @ 5, z
= 5 = < 10
Z — = 8 a2 v Younger
o 4 . = = 8 v ® Older
£ . £ £
23 =6 26
S 2 84 S 4
5] ® T
> 1 22 > 2
T R T
'u_IJ 0 i 0 N R E 0 X X
A 2" &
Y OTL v 2 s B o R o
+ HIV-VLP + HIV-VLP
< Unstimulated ¢SCFA
) ¢ HIV-VLP ¢HIV-VLP+SCFA
- Acetate Butyrate Propionate
22.51 l g KRR K251« * Kk kkk kxk 257
D fEF RE¥ O RER kkx o kka Bk T o™ k™ k™ g™ | % kkk kR
€2 ks ~ n n n 2 * ok kK KKK AR
E ® ¢ ® @ ® n n N M [a]
31.59 1.5 o 1.51 . .
o 1 . . ¢ 1 1
P : vy ]
20.51 * . 3 0.5 051
' <
I o 0 0
w
z B 180 5 15 30 60 180 5 15 30 60 180
(8) _ Time (min)
52 5 * *x
X lkx 0057 k% * % * 7
& 210 m v m m m
= E v v v
0 315
2 v
s £ 1 v
> 20.54
I: ’ v
= ol
w
=z 15 _ 30 60 180 5 15 30 60 180 5 15 30 60 180
(h)e Time (min) Time (min) Time (min)
©2 5 2.57 2.5
= * * * * ¥k
‘E 21 [ sk 21 Ifl nfn X *.f.* 21
5 3159 noonn A g5 AR R OB s
T 8
L o14 [] 14 { Y ® 14
°© ; . . : i e o © LI ; H i .
2051 o g0 05,0 o $ ! 0.5
m o&a—olol—e‘.el—oqo:—en.oi' 3 $ 0 3 g 0
w = = J
z 5 15 30 180 5 15 30 60 180 5 15 _ 30 60 180
Time (min) Time (min) Time (min)
g
i e 3
CTL HIV a _
= ¥ L3 Eg)
GPR43 75kDa & 22 ns
c 2 —
@ c
GAPDH 37 kDa g% 1 &g) 'i‘
i
M =
T 0
& CTL HIV

Figure 5. Pathological concentrations of SCFA induce a significant delay in HIV-induced NET release
by neutrophils. (a) Representative image of NET formation and co-localization with HIV-VLPs,
quantified with IncuCyte S3 system. (b) Total NET-HIV area of unstimulated controls (white dots)
and HIV-VLP (black dots) is represented over time. (c) Quantification of HIV-NET area in the first
3 h and (d) after treatment with 25 mM of acetate, butyrate or propionate after stimulation with
HIV-VLPs (n = 16). (e) Effect of age on NET release by SCFA-treated neutrophils. (f) Comparison of
HIV-induced NET release by time intervals in all women (1 = 16) and separated in (g) younger (n = 7)
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and (h) older (n = 9) groups. (i) Representative Western blot and (j) neutrophil GPR43 protein
quantification after 1 h of stimulation with HIV-VLPs, relative to unstimulated CTL (n = 3). Scale
bar: 50 um. Each dot represents a different patient (n = 16; younger = 7; older = 9). Wilcoxon’s
matched-pairs signed-rank test was used for two-group comparisons, and Kruskall-Wallis with
Dunn’s post-test was used to compare three or more groups. * p < 0.05, ** p < 0.01, *** p < 0.001.
CTL: control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.
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Figure 6. High concentrations of butyrate significantly reduces the release of chemokines in response
to HIV stimulation. Neutrophils were stimulated with HIV-BaL in the presence or absence of SFCAs
for 1 h, and cell-free supernatants were used to quantify the concentration of the following molecules
by Luminex: (a) IL-8 (CXCLS), (b) MCP-1 (CCL2), (c) MIP1« (CCL3), (d) RANTES (CCLS5), (e) MDC
(CCL22) and (f) MIG (CXCL9). Each dot represents a different patient (n = 6). Dotted line: limit of
detection. Non-parametric paired Friedmann test was used, * p < 0.05, ** p < 0.01, ***p < 0.001. CTL:
control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.

4. Discussion

Our study demonstrates that pathological concentrations of SCFAs modify neutrophil
activation, secretion profile and anti-HIV responses in an age-dependent manner. We found
that different SCFAs exert specific effects and that neutrophils from older women are more
susceptible to modulation by SCFA treatment. Our findings are relevant to understanding
how changes in the composition of the genital microbiome that alter the metabolome
may affect neutrophil-mediated innate protection in the genital tract of younger and
older women.

It is well known that women with vaginal dysbiosis and bacterial vaginosis (BV) have
a shift in their vaginal microbiota, with an increased number and diversity of facultative
and anaerobic bacteria [8]. Furthermore, high-diversity bacterial communities in the FRT
are strongly associated with pro-inflammatory genital cytokines that activate immune cells
in vivo [15,57]. Several studies have shown that there is a shift in metabolites from lactate
toward mixed SCFAs during vaginal dysbiosis [30,31,55,56,58], which include a wide range
in concentrations (20-140 mM) of acetate, butyrate and propionate [11,29-31].

To understand how changes in the microbiome and microbial metabolites may af-
fect neutrophil-mediated innate protection against infections, in this study, we optimized
an in vitro model to evaluate the potential effects of a high-SCFA-concentration environ-
ment on neutrophils by treating blood neutrophils with three different SCFAs (acetate,
butyrate and propionate), known to be increased in conditions with vaginal dysbiosis and
at concentrations described as pathological in the lower tract of the FRT [9,11,29,30]. Under
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these conditions, we observed modifications specific to each SCFA. Butyrate induced phe-
notypical changes in neutrophils, with decreased CD66b and increased CD16 and CD62L
expression. CD66b is an adhesion molecule and a marker of neutrophil activation [59],
while CD16 is involved in neutrophil survival [60], and CD62L is a marker for transmigra-
tion and maturation that is downregulated as neutrophils age [61,62]. Therefore, our results
suggest that a high concentration of butyrate induces low activation and longer survival of
non-aged mature neutrophils. Consistently, previous studies have shown upregulation of
CD16 expression on vaginal neutrophils in women with BV [63] and inhibition of neutrophil
apoptosis after treatment of peripheral neutrophils with high concentrations of butyrate
in vitro [64]. Although Aoyama et al. [65] reported a significantly higher percentage of neu-
trophil apoptosis after treatment with a high concentration of butyrate, this only happened
after 20 h in culture, and no differences were observed only after 3 h, which is in line with
our observations. Furthermore, propionate treatment very specifically upregulated CD54
(ICAM-1) expression, which is typically upregulated in transmigrating neutrophils but not
in circulating or tissue-resident neutrophils [66].

Recently, aged neutrophils have been considered important in inflammatory
responses [51]. This pro-inflammatory subset, defined as CXCR4M8" CD62L.1o" CD54high
neutrophils, displays increased capacity to phagocytize and migrate [51], but can mediate
tissue damage by producing NETs and reactive oxygen species (ROS) under conditions of
sterile inflammation [67]. In this line, preventing the recruitment of aged neutrophils has
been demonstrated to be protective against tissue damage [62]. Interestingly, we observed
that pathological concentrations of propionate induced a phenotype of aged neutrophils.
A previous unpublished study has reported a higher number of aged neutrophils in cervi-
covaginal fluid and cervical cytobrush in women with vaginal dysbiosis [68], which could
be deleterious for the genital mucosa under vaginal dysbiosis.

Interestingly, phenotypical changes were mainly observed in older women in the
presence of SCFAs, while neutrophils from younger women only showed a minimal increase
in a CD66!°" CD16M8" population after butyrate and propionate treatment, suggesting
enhanced sensitivity to the effects of SCFA with aging. The reason for this remains unsolved,
but it could be related to changes in the expression of SCFA receptors. Future studies are
needed to address this question.

Upon neutrophil activation, surface expression of CD62L is quickly reduced mainly
through proteolytic cleavage [53,69], which results in the release of a functionally active
soluble extracellular fragment, known as sCD62L. sCD62L is detected in the plasma of
healthy humans [70,71] and plays two major roles: preventing lymphocyte recirculation [72]
and inhibiting transendothelial migration of other leukocytes [71]. Consistent with the
increase in expression of membrane-bound CD62L in neutrophils from older women
after SCFA treatment, we detected a significant reduction in the release of sCD62L. Given
that sCD62L has been involved in the regulation of leukocyte adhesion and migration,
the functional consequences of reduced sCD62L in the FRT of older women remain to
be investigated.

In addition to changes in phenotype, we observed reduced migration of neutrophils
towards SCFA-rich environments in both younger and older women. Particularly, high
concentrations of acetate and butyrate, but not propionate, significantly inhibited neutrophil
migration. These findings are in agreement with previous studies with human peripheral
neutrophils [35] and animal models [73-75], demonstrating that pathological concentrations
of SCFAs inhibit neutrophil migration. Interestingly, while propionate did not affect
neutrophil migration, we describe for the first time that unstimulated neutrophils which
migrated towards propionate experienced phenotypical changes with upregulation of
CD54 in an age-dependent manner, suggesting that these neutrophils are prepared for
transendothelial migration.

Taken together, our study and previous studies from others suggest that physio-
logical levels of SCFAs can act as chemoattractants for immune cells and specifically
for neutrophils [35,76], while pathological concentrations prevent neutrophil migration
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independently of age. This anti-chemotactic action could be a contributing factor to the de-
scribed low presence of neutrophils in vaginal secretions from women with BV [11,37,77], al-
though reduced neutrophil presence during BV has not been confirmed in all studies [10,63].
Importantly, while our in vitro model evaluated the individual effects of each SCFA, neu-
trophils in the genital tract would be exposed to a combination of SCFAs, and therefore,
the overall result remains to be elucidated. However, given that both butyrate and acetate
inhibited migration, we speculate that SCFAs in combination at pathological concentra-
tions would likely inhibit neutrophil recruitment as a final result. Nevertheless, it will be
important to determine which combinations and specific concentrations of SCFAs attract or
inhibit neutrophil chemotaxis in vivo since some microbial alterations associated with STIs
are accompanied by an increased presence of neutrophils in genital secretions, while other
alterations are not.

SCFAs are known to play an important role in the host as immunomodulators [36].
Despite their well-described anti-inflammatory properties at physiological levels, SCFAs
are less inhibitory when found at high concentrations [9,31,74,78]. Previous studies have
reported that peripheral blood mononuclear cells (PBMCs) increased their production of
pro-inflammatory cytokines, including IL-13, IL-6 and IL-8, after 6 to 18 h of treatment with
pathological concentrations of SCFAs alone [31]. In contrast to these findings, we did not
observe an increase in classical pro-inflammatory cytokines following SCFA treatment for
3 h, suggesting that pathological levels of SCFAs do not enhance the pro-inflammatory se-
creted profile of neutrophils. We did observe, however, that butyrate and acetate treatment
reduced the secretion of x-defensin 1-3, particularly in neutrophils from older women.
a-Defensins 1-3 are antimicrobial peptides with broad antimicrobial activity, including anti-
HIV activity [45,54,79,80], and are important for the anti-HIV activity of neutrophils [41].
Our finding of reduced «-defensin 1-3 secretion by neutrophils after SCFA treatment may
indicate reduced HIV inactivation potential.

Furthermore, we detected a delay in NET release after HIV stimulation when neu-
trophils were challenged in the presence of SCFAs. In contrast to a previous report [81]
showing increased NET release after neutrophil treatment with SCFAs in the mM con-
centration range, we did not observe any significant differences after SCFA treatment in
the absence of HIV stimulation. The reason behind these disparate results remains to be
determined but may be due to the different methodologies used to quantify NETs. We have
recently demonstrated that neutrophils from the FRT and blood display direct anti-HIV
activity through the release of NETs [40]. Therefore, our results suggest that tissue envi-
ronments with pathological concentrations of SCFAs can reduce NET release and impair
anti-HIV defense by neutrophils. Interestingly, while propionate delayed NET release in
both younger and older women, butyrate and acetate preferentially affected NET release
in neutrophils from younger women. The mechanisms responsible for these differences
remain unknown but recognizing that the composition of the vaginal metabolome changes
as women age, this finding may be relevant to understanding how anti-HIV protection
changes with age.

Another novel finding in our study is that we demonstrate that HIV stimulation of
neutrophils in vitro induces the secretion of the chemokines IL-8, MCP-1, MIP1«, RANTES,
MDC and MIG, and this effect is dampened in the presence of a high concentration of
SCFAs, particularly butyrate. This finding adds to the evidence suggesting that SCFAs
reduce the ability of neutrophils to respond to HIV stimulation.

Lastly, our study has several limitations. While our results with blood neutrophils
offer insight into how environments with high SCFA concentrations may modify neutrophil
phenotype and function, future studies with neutrophils obtained from the genital tract
of women with vaginal dysbiosis are needed to confirm our results. Further, we address
the effects of individual SCFAs, but in vivo, we would expect a combination of SCFAs and
different combinations depending on the microbiome alterations [32]. Studies that analyze
the effects of vaginal secretions (with a known metabolome) on neutrophils are needed. We
describe age-dependent effects; however, the sample size included in this study is limited,
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and the ages of the women recruited for our study were very polarized between younger
women (18-35 years old) and older women (5472 years old). Further studies with larger
sample sizes are needed to confirm our results and to define changes in middle-aged and
perimenopausal groups, also at high risk for infection in the US [82]. Finally, we have
described a number of factors that are modified in a high-SCFA environment that could be
relevant for inflammation and antiviral defense; however, additional factors and underlying
mechanisms for the described changes remain to be investigated, such as, for example, the
potential role of galectin-9 modifications in inflammatory cytokine/chemokine release and
neutrophil recruitment [83-86].

5. Conclusions

Overall, our study demonstrates that pathological concentrations of SCFAs can induce
phenotypic changes in neutrophils in an age-dependent manner, specifically butyrate and
propionate, which differentially upregulate CD16, CD62L and CD54, classical markers
of activation, maturation and aging. Furthermore, high concentrations of SCFAs reduce
anti-HIV responses in neutrophils, including reduced secretion of the antimicrobial peptide
a-defensin 1-3, reduced secretion of chemokines and delayed NET release following HIV
stimulation. Our findings provide proof of concept that genital microbial alterations which
induce an increase in SCFA concentrations may impair neutrophil physiological functions
and reduce their antiviral potential.
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Abstract: Reducing the oxidative stress in neurons extends lifespan in Drosophila melanogaster, high-
lighting the crucial role of neuronal oxidative damage in lifespan determination. However, the source
of the reactive oxygen species (ROS) that provoke oxidative stress in neurons is not clearly defined.
Here, we identify dual oxidase (duox), a calcium-activated ROS-producing enzyme, as a lifespan
determinant. Due to the lethality of duox homozygous mutants, we employed a duox heterozygote
that exhibited normal appearance and movement. We found that duox heterozygous male flies,
which were isogenized with control flies, demonstrated extended lifespan. Neuronal knockdown
experiments further suggested that duox is crucial to oxidative stress in neurons. Our findings suggest
duox to be a source of neuronal oxidative stress associated with animal lifespan.

Keywords: lifespan; duox; ROS; Drosophila melanogaster

1. Introduction

Hydrogen peroxide (H,O5) is a reactive oxygen species (ROS) that functions in signal-
ing pathways by specifically oxidizing redox-sensitive proteins in diverse biological pro-
cesses [1-4]. However, the upregulated or dysregulated production of HyO, in combination
with diminished anti-ROS activity confers oxidative stress that abrogates redox-dependent
signaling or nonspecifically and irreversibly damages macromolecules, in turn accelerating
the aging process and decreasing lifespan [5-9]. Neurons are particularly susceptible to
oxidative stress, and the elevation of the antioxidant power in neurons has been shown to
extend lifespan [10-14]. Various anti-ROS enzymes and anti-ROS transcriptional networks
are well known, yet the source of ROS production that provokes oxidative stress in neurons
is not yet completely understood.

ROS production is inducible by members of the NADPH oxidase (NOX) family;
such induced production is distinct from the steady-state ROS production that occurs
through oxidative respiration in mitochondria [15]. Dual oxidase (Duox) is a member
of the Nox family, with an EF-hand motif that is activated by intracellular calcium to
produce HyO, [1,16,17]. It is widely expressed in the nervous system in rats, zebrafish, and
Drosophila [18-21]. Inflammation, wounds, and various signals that increase intracellular
calcium ion concentration all activate duox [22-25] and, in particular, UV irradiation, ROS,
and p38 MAPK signaling increase its expression [18,26-30]. Duox is known to mediate pain
hypersensitivity due to UV-induced damage [31] and, in the CNS, axon regeneration after
wounds [32,33]. However, the full role of duox in the nervous system still remains largely
unknown. In Drosophila, there is only a single duox gene, in contrast to the two genes present
in mammals [21]. Here, we show that through its generation of HyO,, duox contributes to
oxidative stress in neurons and is a determinant of Drosophila melanogaster lifespan.
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2. Materials and Methods
2.1. Fly Strains and Maintenance

Tub-Gal4, elav-Gal4, Mef-Gal4, UAS-duoxRNAL (#38907 and #32903), and duoxKG07745
were purchased from the Bloomington Drosophila Stock Center. UAS-duoxRNAT (#38907
and #32903) and duoxKG0774> were outcrossed with w!8 for ten generations to eliminate
background effects. Flies were raised on standard cornmeal fly food at 25 °C and 50%
humidity in a 12-hour light/dark-cycle incubator.

2.2. Lifespan and Oxidative Stress Assays

For lifespan assays, 20 flies per vial were transferred to fresh food vials every two days.
Dead flies were counted every day. For survival under oxidative stress, 5-day-old flies were
starved for 6 h at 25 °C in vials containing water-soaked tissues and then transferred to
vials containing either normal food with 5 mM methyl viologen hydrate (paraquat) or 5%
sucrose-agar medium with 5% hydrogen peroxide [34]. Dead flies were counted every 12 h.

2.3. Locomotive Activity

Negative geotactic movement assays were performed as described previously [35].
Briefly, a vial (9.5 cm X 2 cm) containing 10 flies was tapped to send the flies to the bottom.
Flies that crossed the 8-centimeter line from the bottom within 10 s were scored. In total,
100 male flies were assessed in 10 vials (10 flies per vial).

2.4. RT-PCR and Real-Time PCR

Total RNA was extracted from 20 flies using Trizol reagent (Invitrogen, Grand Island,
NY, USA) and cDNA was obtained by reverse transcription (TOPscript RT Mix; Enzynomics,
Seoul, Korea). Real-time PCR was conducted using SYBR green PCR Master Mix on the ABI
PRISM 7500 system (Applied Biosystem, Foster City, CA, USA). The primer pairs used were
as follows. Duox: CAGACCGAGAAACAGCGCTAC, AAACAGCCGGCTGAGCCTGCG;
rp49: CACCAGGAACTTCTTGAATCCGG, AGATCGTGAAGAAGCGCACG; catalase: CG-
GCTTCCAATCAGTTGAT, GATGTGAACTTCCTGGATGAG; dSOD1:CAAGGGCACGGT
TTTCTTC, TCCGGACCGCACTTCAATC; dSOD2: AATTTCGCAAACTGCAAGC, AC-
CACCAAGCTGATTCAGC.

2.5. Determination of Total ROS Levels

Total ROS was measured as previously described [36]. Briefly, 10 flies or the heads
of 50 flies were homogenized in 200 uL of 50 mM Tris-HCl, pH 7.4, on ice. Extracts were
centrifuged at 13,200 rpm for 10 min at 4 °C. Homogenates were incubated with HyDCFDA
(Life Technologies, Carlsbad, CA, USA) at 5 uM in a 200-microliter reaction volume at 37 °C
for 15 min in darkness, carried out on 96-well plates. Florescence intensity was monitored
on a Gemini XPS fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA)
set for 488 nm excitation and 520 nm emission. Florescence intensity was normalized by
protein amount measured by Bradford method [37]. All experiments were carried out with
three biological replicates.

2.6. Determination of HyO, Levels

H,0O, was measured as previously described [36]. Briefly, 10 flies were homogenized in
phosphate saline buffer (50 mM, pH 7.4) containing aminotriazol (2 mg/mL) and incubated
at 4 °C for 15 min. The extracts were centrifuged at 13,200 rpm for 10 min at 4 °C to obtain
supernatants. HyO, levels were measured using a hydrogen peroxide assay kit (Cayman
Chemical, Ann Arbor, MI, USA) on a microplate reader (VersaMax; Molecular Devices)
set to 590 nm. H,O; levels were normalized according to protein amount measured by
Bradford method [37]. All experiments were carried out with three biological replicates.
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2.7. Determination of Protein Oxidation

Carbonyl groups in proteins were detected using an oxyblot protein oxidation detec-
tion kit (Milipore, Billerica, MA, USA) according to the manufacturer’s instructions. Briefly,
proteins were extracted from 10 flies or ~50 fly heads using RIPA buffer, reacted with 2,4-
dinitophenylhydrazine (5 mM) at 25 °C for 100 min, and then subjected to SDS/PAGE and
Western blotting using an antibody to the dinitrophenyl moiety. The blots were developed
with ECL (Amersham, Buckinghamshire, UK) and the images were captured with a Vilber
Lourmat Fusion FX (Vilber Lourmat, Eberhardzell, Baden-Wiirttemberg, Germany). Band
intensities were determined with the Fusion program (Vilber Lourmat). Finally, blots were
stripped with a stripping buffer (Thermo Fisher scientific, Waltham, MA, USA), and then by
a separate Western blot carried out using (3-actin antibody (Santa Cruz, Dallas, TX, USA),
which was used as loading control. All experiments were carried out with three biological
replicates.

2.8. Determination of DNA Oxidation

The level of 8-hydroxydeomyguanosine (8-OHdG) was measured using the OxiSelec
Oxidative DNA Damage ELISA kit (Cell Biolabs, San Diego, CA, USA). Briefly, genomic
DNA from 10 flies or ~50 fly heads was extracted using PureLink™ genomic DNA kits
(Invitrogen, Carlsbad, CA, USA), treated at 95 °C for 5 min, and digested with nuclease P1
(20 mM sodium acetate, pH 5.2) and alkaline phosphatase (100 mM Tris, pH 7.5). Samples
were centrifuged for 5 min at 6000x g and the supernatants were used for ELISA assays
following the manufacturer’s instructions. The amount of 8-OHdG in each sample was
calculated based on an 8-OHdG standard curve.

tTM

2.9. TUNEL Labeling

Adult fly brains were dissected in M3 medium (Merck, Boston, MA, USA), fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS, 50 mM, pH 7.4) for 20 min at room
temperature, washed with PBS, and permeabilized by 2 min incubation in PBS containing
Triton X-100 (0.1%) on ice. After washing with PBS three times, the samples were first
incubated in Na citrate (0.1 M, pH 6.0) for 10 min at 65 °C, followed by incubation in
Tris-HC1 buffer (0.1 M, pH 7.5) containing 3% BSA and 20% bovine serum albumin for
30 min. After washing three times with PBS, the samples were incubated in TUNEL assay
solution (In Situ Cell Death Detection Kit; Roche, Basel, Switzerland) for 1 h at 37 °C, in
accordance with the manufacturer’s recommendations. After washing three times with
PBS, the samples were mounted in mounting solution (Prolong Gold Antifade reagent; Life
Technologies) and examined by confocal microscopy (Leica TCS SP5; Leica Microsystems,
Morrisville, NC, USA).

2.10. Statistical Analysis

The statistical significance of differences in standard error of the mean (SEM) values
was obtained using Student’s t-test (two-tailed), analysis of variance (ANOVA) with post
hoc analysis (Dunnett’s tests, two-tailed). Kaplan-Meier survival curves were used for
lifespan and survival analysis with log-rank tests. Prism software (GraphPad version 6.0,
San Diego, CA, USA) was used to calculate p-values. Results were considered statistically
significant at levels * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results

To find genes involved in lifespan extension, we carried out a small-scale screening of
mutants with extended lifespan, which identified duox heterozygous (duoxXC07745/+) male
flies of interest. In the transgenic allele, the P-element KG07745 was inserted into the second
intron of the duox locus, which reduced the duox transcripts to ~half the level in control
flies (Figure 1A—C). As the insertion was downstream of the initiation codon, the Duox
protein structure was disrupted, suggesting that the duoxXG%7# allele was probably null
or severely hypomorphic with regards to protein function The. DuoxX¢0774 homozygotes
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were lethal, while the duoxXG07745 heterozygotes were normal in both appearance and
movement (Figure S1).
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Figure 1. Extension of male lifespan with duox heterozygosity and neuronal duox knockdown.
(A) Diagram showing the location of the P-element (KG07745), which is inserted in the second intron
of duox. Empty and filled squares denote noncoding and coding regions of exons, respectively. Arrows
denote primers used for RT-PCR. (B) Agarose-gel image of RT-PCR products following amplification
of the duox gene from control (w!!$, denoted duox*/*) and heterozygous (duox K074+ denoted
duox*/ ™) flies. rp49 was used as a loading control. Three independent experiments carried out with
similar results. (C) gqRT-PCR of duox gene, with rp-49 used as a control. Relative expression denotes
duox transcript level. Averages and standard errors were derived from three independent experiments.
Student’s t-test, *** p < 0.001. (D) Lifespan of wild-type and duox heterozygous male flies. Twenty
flies /vial, total twenty vials. Log-rank test, **** p< 0.0001. duox*/* denotes w!!® flies. duox*/~
denotes duox**G07745 flies, which were isogenized ten times with control flies (w!18). (E) Lifespans of
elav-Gal4 > UAS-duoxRNA flies. elav/#38907 and elav/#32903 denote elav-Gal4 > UAS-duoxRNAT #38907,
elav-Gald/+; UAS-duoxRNAT #32903 / +. Twenty flies/vial, total ten vials, male flies. Log-rank test,
% 1) < 0.0001. UAS-duoxRNA (#38907, 32903) flies were isogenized with control w!8 flies ten times
to reduce genetic background differences.

Initial screening involved a small number (1 = 40) of unisogenized duox heterozygous
males. To ensure rigor, we isogenized the duox heterozygous flies with the control flies
(w!118) ten times to reduce genetic background differences, and increased the population
to 400 flies, with 20 flies per vial given fresh food every two days. We focused on the
duox heterozygous male flies due to the small effect of the allele on the lifespans of the
heterozygous female flies (Figure S2A). The control male flies (w18 lived for a median
of 70 days; meanwhile, the isogenized duox heterozygous males had an extended median
lifespan of 81 days, which was an increase of 15% (Figure 1D, Table S1). Next, we employed
the bipartite Gal4/UAS expression system to knock down the duox function across the whole
body, including in both muscle and neurons. Rigorously, we isogenized the UAS-duoxRNAi
(#38907, 32903) flies with w!!® flies ten times to reduce the genetic background differences
between the Gal4 > UAS-duox®N4! flies and the control Gal4 > w!!!® flies. Driving the
whole-body duoxRNAT (#38907 and #32903) expression with the whole-body Gal4 (tub-Gal4)
was lethal. A second experiment using muscle-only Gal4 (mef-Gal4) did not demonstrate
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pronounced lifespan extension in the males or females (Figure S2C,D). However, driving
the duox RNAi with the pan-neuronal Gal4 (elav-Gal4) extended the male lifespan by 10%
and 20%, respectively, for the duoxRNAL #38907 and #32903 relative to the elav-Gal4/+ control
(Figure 1E, Table S1); the lifespan extension in the females was not pronounced (Figure S2B).

As Duox is a ROS-producing enzyme, the duox heterozygotes (duox*/~) would be
expected to produce less ROS than the control flies (duox*/*). The global ROS was measured
using the non-fluorescent compound 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-
DA), which reacted with the ROS to produce fluorescent dichlorofluorescein (DCF). The
ROS-dependent DCF fluorescence intensity was normalized to the protein concentration
in each extract. The whole-fly extracts from the duox heterozygotes produced less ROS
than those from the controls (Figure 2A). The head extracts from the flies with the neuronal
knockdown of the duox also exhibited less ROS than the controls (Figure 2B). Similarly,
the assays of the H,O, production revealed that the duox heterozygote whole-fly extracts
produced less H,O, than those from the controls (Figure 2C). The same was true of the
head extracts from the flies with the neuronal knockdown of the duox (Figure 2D). ROS
mediates the oxidation of amino acid residues in proteins and of the bases in DNA [38-40],
and this oxidation was decreased in the whole-body extracts of the duox heterozygous male
flies (Figure 3A,C). Similarly, the neuronal knockdown of the duox via RNAI resulted in
reduced protein and DNA oxidation in the head extracts (Figure 3B,D).
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Figure 2. Decrease in global ROS and H,O, levels with duox heterozygosity and neuronal duox
knockdown. Global ROS (A,B) and HyO, (C,D) levels normalized to protein concentration were
derived for whole-fly extracts (A,C) and head extracts (B,D). Values for duox*/* (A,C) and elav/+ (B,D)
were set to 100%. Error bars represent SEM of three replicates using 5-day-old male flies. Student’s
t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. duox*/* and duox*/~ denote w''% and duox*/<G07745,
elav/#38907, 32903 denotes elav-Gal4 / UAS-duoxRNA #38907, elav-Gald/+; UAS-duox®NAT #32903 /+.
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Figure 3. Decrease in oxidative damage with duox heterozygosity and neuronal duox knockdown.
Relative protein and DNA oxidation levels in whole-fly extracts (A,C) and in head extracts (B,D).
Data were set to duox*/* (A,C) and elav/+ (B,D) at 100%. Error bars represent SEM of three replicates
using 60-day-old (A) and 45-day-old male flies (B-D). Three replicates. Error bars represent SEM.
Student’s f-test, * p < 0.05, ** p < 0.01, and *** p < 0.001. duox*/* and duox*/~ denote w!1!® and
duoxt*kG07745  vespectively. elav/#38907, 32903 denotes elav-Gald/ UAS-duoxRNA #38907, elav-Gal4/+;
UAS-duoxRNA1 #32903 / +.

Given that the duox heterozygous males experienced less oxidative damage, next, we
examined whether these males exhibited increased survival when provided with ROS-
producing food. When given food-containing paraquat, an agent that produces cellular
ROS, the duoxKG07745 heterozygous males exhibited increased survival; they also showed
increased survival on H;O,-containing food (Figure 4A,B). Oxidative stress is relevant
to apoptotic cell death and neurodegeneration, suggesting that apoptotic cells might be
reduced by duox reduction. Indeed, the apoptotic cells in the brain were reduced by the duox
heterozygosity and by its neuronal knockdown (Figure S3). The observed ROS decrease
could have been due to increased levels of anti-ROS enzymes. However, the levels of the
anti-ROS enzyme catalase, dSOD1, and dSOD2 were constant with age regardless of the
duox status (Figure 54), suggesting that the lower ROS level in the duox heterozygous flies
was not due to anti-ROS enzymes, but to duox heterozygosity.
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Figure 4. ROS resistance associated with duox heterozygosity. Survival of 5-day-old male flies on food
containing 10 mM paraquat (A) and 10% hydrogen peroxide (H,O,) (B). n = 200 (20 flies/vial, total
10 vials). Log-rank test, **** p < 0.0001. duox*/* denotes w8 flies. duox*/~ denotes duox*/xG07745

flies, which were isogenized ten times with control flies (w!18),

4. Discussion

Neurons are vulnerable to oxidative stress, which is related to neuronal aging, neu-
ropathies, and lifespan. Considerable attention has been paid to antioxidant defense
systems, but the ROS sources that oxidize macromolecules in neurons are not yet well
defined. Here, we identify Duox, a calcium-activated NADPH oxidase, as a determinant
of neuronal oxidative stress and lifespan. We found that neuronal oxidative damage was
reduced and lifespan was extended by the neuronal knockdown of duox in Drosophila
melanogaster. Our findings suggest that duox is a source of ROS production in neurons,
which affects lifespan.

It is intriguing that oxidative stress, particularly stress in neurons, should impact
lifespan. It was previously shown that lifespan can be extended by enhancing anti-oxidative
power in neurons, specifically through the neuronal overexpression of Peroxiredoxin 4
(prx4), an anti-ROS protein, and of glutamate-cysteine ligase, an enzyme that catalyzes the
biosynthesis of the reducing agent, glutathione [13,41]. Similarly, the neuronal knockdown
of Kelch-like ECH-associated protein 1 (keapl) increases longevity [8,12]; this gene encodes
an inhibitor of the cap 'n’ collar (CncC) transcription factor, the Drosophila homolog of the
mammalian nuclear factor E2-related factor 2 (NRF2), which provides a major anti-ROS
cellular system by directly inducing expression of anti-ROS genes. Thus, our findings are in
line with previous reports that reducing oxidative stress in neurons is beneficial to lifespan.

We further observed that lifespan extension is pronounced in duox heterozygous
males but less so in heterozygous females, and a similar trend was seen with the neuronal
knockdown of the duox. Such sexual dimorphism in longevity has previously been observed
in other contexts. For example, increased reducing power in neurons via the increased
activation of CncC due to keapl mutation results in extended lifespan for males, but not
females [42]. A recent report similarly found that oltipraz, an NRF2-activating drug, extends
lifespan more in males than in females [43]. It appears that sexual dimorphism exists in
regard to neuronal oxidative-stress-dependent lifespan.
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It is worth mentioning the duox-dependent lifespan extension in C. elegans. In this
model nematode, lifespan is expectably shortened upon the substantive increase of duox
activity [44]. However, and much more unexpectedly, a modest increase in duox results in
extended lifespan [44,45]. Why is a low-level increase in duox activity beneficial to lifespan?
The underlying mechanism involves the activation of the expression of SKN-1, the C. elegans
homolog of NRF2 [44]. NRF2 is a transcription factor that responds to ROS and is known
to extend lifespan [9,45-47]. Therefore, extension of lifespan with a low-level increase in
duox is achieved by strengthening anti-ROS power via NRF2 activation. Thus, our findings
concerning Drosophila duox in combination with other reports regarding C. elegans duox
support the notion that oxidative stress regulates lifespan.

Oxidative stress can occur due to an imbalance between ROS production and the
cellular antioxidant defense network. In Drosophila, NRF2-dependent anti-ROS power
declines with age, suggesting that oxidative stress is more likely to occur in older ani-
mals [8,43,48,49]. Duox activity and expression are increased in gut and embryo epithelial
cells undergoing apoptotic cell death, in mammalian neurons through the stabilization of
duox transcripts by ROS, and in gut epithelial cells by PLC[3-calcium and p38 MAPK signal-
ing [18,24,27,29,30]. In addition, duox is elevated in aged brains and in Drosophila models
of Alzheimer’s disease [50]. Thus, chronic inflammation, protein-aggregate-induced cell
death, and various signals involving PLCf3-calcium or p38 MAK could aberrantly activate
duox activity and expression in neurons, which could confer oxidative stress and lifespan
determination. It would be informative to examine whether neuronal duox knockdown
reduces neuronal inflammation, a hallmark of which is the activation of microglial cells
or astrocytes. However, the pursuit of this idea is hindered by the lack of antibodies or
markers for activated microglial and astrocytic cells, which is a limitation of these studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells11132059/5s1, Figure S1. Negative geotactic movement. Wild-
type (duox*/*) and duox heterozygous (duox*/ ~) male flies were used for negative geotactic movement.
n =100 (10 flies/vial, total 10 vials for each point). duox*/* denotes w118 flies. duox*/~ denotes duox
kGO7745/+ flies, which were isogenized with control (w!18) flies; Figure S2. Lifespan of female (A-C)
and male flies (D). (A) Wild-type and duox heterozygous flies. n = 400, female flies. duox*/* denotes
w118 flies. duox*/~ denotes duox KG07745/+ flies, which were isogenized with control (w18) flies. (B,C)
Lifespan of elav-Gald>UAS-duoxRNAT (elav /#38907, 32903) and mef-Gald> UAS-duox®NA (mef /#38907,
32903). n = 200, female flies. (D) Lifespan of mef-Gal4> UAS-duoxRNA? (mef /#38907, 32903). n = 200,
male flies. UAS-duoxRNAT (#38907, 32903) flies were isogenized with control w18 flies ten times to
reduce genetic background differences; Figure S3. Decrease of TUNEL-positive cells in the brain with
duox heterozygosity and neuronal duox reduction. (A,B) Confocal images of whole-mount staining of
Drosophila (40-day-old) brains with the DNA dye DAPI (blue) and TUNEL (red). (C,D) Quantification
of TUNEL-positive cells in panels A & B. Error bars represent SEM of three replicates. Student’s t-test,
1 < 0.001. duox*/* and duox*/~ denote w!'1¢ and duox*kC07745  respectively. elav/#38907, 32903
denotes elav-Gal4/ UAS-duoxRNAT #38907, elav-Gald/+; UAS-duox®NA #32903/+; Figure S4. Anti-ROS
enzyme levels are not affected by duox heterozygosity. Agarose gel images of RT-PCR products of
anti-ROS genes obtained from male flies. Similar results were obtained among the three replicates.
dSOD denotes Drosophila superoxide dismutase. rp49 was used as a loading control. */* and */~ denote
w18 and duox*/*G07745 respectively. Table S1. Quantification of Lifespan.
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Abstract: Multinucleated retinal pigment epithelium (RPE) cells have been reported in humans
and other mammals. Rodents have an extremely high percentage of multinucleated cells (more
than 80%). Both mouse and human multinucleated RPE cells exhibit specific regional distributions
that are potentially correlated with photoreceptor density. However, detailed investigations of
multinucleated RPE in different species and their behavior after DNA damage are missing. Here,
we compared the composition of multinucleated RPE cells in nocturnal and diurnal animals that
possess distinct rod and cone proportions. We further investigated the reactive oxygen species (ROS)
production and DNA damage response in mouse mononucleated and multinucleated RPE cells and
determined the effect of p53 dosage on the DNA damage response in these cells. Our results revealed
an unrealized association between multinucleated RPE cells and nocturnal vision. In addition,
we found multinucleated RPE cells exhibited increased ROS production and DNA damage after
X-ray irradiation. Furthermore, haploinsufficiency of p53 led to increased DNA damage frequency
after irradiation, and mononucleated RPE cells were more sensitive to a change in p53 dosage. In
conclusion, this study provides novel information on in vivo PRE topography and the DNA damage
response, which may reflect specific requirements for vision adaption and macular function.

Keywords: multinucleation; retinal pigment epithelium; reactive oxygen species; photoreceptor;
DNA damage; p53

1. Introduction

The retina pigment epithelium (RPE) is a pigmented cell monolayer between pho-
toreceptors and the choroid of the retina. The RPE plays a key role in normal retina
function due to its phagocytosis of photoreceptor outer segments (POS), cycling of retinoids
for phototransduction, the constitution of the blood-retina barrier, and the maintenance
of the immune-privileged status of the eye [1-3]. Therefore, dysfunction of the RPE is
closely linked to multiple degenerative diseases of the retina, such as age-related macular
degeneration (AMD) [4,5].

Most mammalian cells are mononucleated, while polyploidy is detected in megakary-
ocytes, hepatocytes, trophoblast giant cells, and cardiomyocytes [6,7]. In humans, mult-
inucleated RPE was reported, where 3-5.3% of human RPE cells are bi-nucleated [8,9].
Interestingly, the percentage of multinucleated RPE is especially high in rodents, compro-
mising more than 80% of total RPE cells, and the amount increases in an age-dependent
manner [8,10]. The existence of the multinucleated RPE may be important for the phagocy-
tosis of the RPE since oxidized POS increases RPE multinucleation in vitro [10]. A recent
investigation of the human RPE implied that the existence of multinucleated RPE is in
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accordance with rod and cone photoreceptor density [9]. Therefore, we conducted a com-
parative study of the multinucleated RPE of nocturnal and diurnal animals with distinct
rod and cone percentages in their retinas.

Increased mitochondrial and nuclear DNA damage has been detected in the RPE of
degenerated retinas [11,12]. High oxygen tension in the macule and the unique phagocyto-
sis function cause constant oxidative stress in the RPE, which is considered the major insult
in DNA damage [12,13]. The efficient repair of a double-strand or single-strand DNA break
is critical for preventing the genomic instability that can cause cell death, gene mutation,
and cellular senescence. Whether mononucleated and multinucleated RPE cells exhibit
altered DNA repair efficiency is largely unknown.

In the present study, we confirmed the existence of multinucleated RPE cells in humans
of different ages. The composition of multinucleated RPE cells was further studied in mice
from postnatal day 11 (before eye-opening) to 22 months and compared in nocturnal and
diurnal animals. Our observation revealed that the multinucleation of RPE cells might
be an adaptation to night vision. Finally, we found that multinucleated cells exhibited
reduced DNA repair efficiency and were more sensitive to p53 dosage change upon DNA
damage exposure in vivo. Haploinsufficiency of p53 leads to delayed DNA damage repair
in multinucleated RPE cells compared to mononucleated RPE cells in the same eye.

2. Materials and Methods
2.1. Animals

C57BL/6] mice were used in this study. Mice were housed in standard cages in a
specific pathogen-free facility on a 12-h light/dark cycle with ad libitum access to food
and water. Mice were given 1 Gy of X-radiation (Rs2000 160 kV, 25 mA, and 1.22 Gy /min).
At the end of the repair time, mice were euthanized, and their eyes were removed. All
experimental procedures involving animals were approved by the Animal Use and Care
Committee of Zhongshan Ophthalmic Center at the Sun Yat-Sen University, Guangzhou,
China. Chickens, pigeons, pigs, and rabbits were bought from the market, zebrafish and
rats were bought from Sun Yat-Sen University. For pigeons, chickens, rabbits and pigs, the
eyes were harvested within three hours after slaughtering the animals. For mice, rats and
zebrafish, the eyes were collected immediately after the death of the animals. The animal
ages are: pigeon: 1 year, chicken: 1 year, pig: 10 months, rabbit: 6 months, zebrafish: 1 year,
mouse: 2 months, rat: 2 months.

2.2. Genotyping

Mouse tail lysis buffer was added to mouse tail, incubating at 65 °C for more than 2 h
and heating at 95 °C for 5 min. Briefly, 2 uL of genomic DNA were mixed with 20 pL of the
Green Taq Mix (Vazyme, Nanjing, China, #P131-03), For detecting p53 gene, and primers
and probes specific for p53-geno (primer-F GTGCCCTGTGCAGTTGTG and primer-R
CTCGGGTGGCTCATAAGGTA), p53-neo (primer-F TGAATGAACTGCAGGACGAG and
primer-R AATATCACGGGTAGCCAACGQG). For detecting Pde6 gene, primer Pde6brdl
F1: TACCCACCCTTCCTAATTTTTCTCAGC, Pde6brdl F2: GTAAACAGCAAGAGGCTT-
TATTGGGAAC, and Pde6brdl R: TGACAATTACTCCTTTTCCCTCAGTCTG were used.
For detecting Crb1 gene, primer Crb1rd§ F1: GTGAAGACAGCTACAGTTCTGATC, Crb1rd8
F2: GCCCCTGTTTGCATGGAGGAAACTTGGAAGACAGCTACAGTTCTTCTG, and Crb1rd8
R: GCCCCATTTGCACACTGATGAC were used.

2.3. Fundus Photography and Fluorescein Angiography

Fundus images and fluorescein angiography were performed before X-ray treatment
using the Micron IV retinal imaging microscope (Phoenix Research Laboratories, Pleasanton,
CA, USA) [14]. After anesthesia with 1% sodium pentobarbital (70 uL/10 g), dilation of the
pupils and lubrication of the cornea, the mice were taken for fundus photography first, and
then LP. was injected with 2% fluorescein sodium solution (Al-con laboratories, Fort Worth,
TX, USA) (5 uL/g), and fluorescein angiographic images were recorded in 5 min.
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2.4. Mouse Retina Protein Extraction and Western Blot Analysis

The retinas were dissected in PBS and suspended in 120 uL of RIPA buffer (per retina)
containing proteinase inhibitor cocktail (Bimake, Shanghai, China, #B14002), protein phos-
phatase inhibitor A (Beyotime, Shanghai, China, #P1082) and protein phosphatase inhibitor
C (Beyotime, Shanghai, China, #P1092). The total proteins were extracted sonication using
an EpiSonic 2000 Sonication System (EPIGENTEK, Farmingdale, NY, USA) (Amplitude:
40%, 10 s on and 10 s off for 7 min in total). For Western blot (WB) analysis, it was per-
formed as described previously with some modifications [14]. For each WB, 30-50 nug of
total protein was used. The protein was separated by 12% SDS-PAGE and transferred to the
PVDF membrane. The membrane was blocked by 5% milk in TBST for 1 h. After washing
with TBST, the membrane was incubated with primary antibodies YH2Ax (Santa Cruz,
Dallas, Texas, USA, sc-517348, 1:1000 dilution) and GAPDH (Proteintech, Rosemont,
IL, USA, #60004-1-Ig, 1:2000 dilution). The secondary antibody was diluted in TBST
(1:3000 dilution). After washing with TBST, enhanced chemiluminescence (ECL) detec-
tion was performed by using the Ultra sensitive ECL Chemiluminescence Kit (NCM
Biotech, Suzhou, China, #P10300) according to the manufacturer’s specifications. The
exposure and development of PVDF membrane were performed using Tanon 5200 (Tanon,
Shanghai, China).

2.5. Histology, Immunohistochemistry and Immunofluorescence

For immunohistochemistry (IHC) and immunofluorescence (IF), the eyes were fixed
in the FAS eye fixation solution (Servicebio, Wuhan, China, #G1109), dehydrated using an
increasing ethanol gradient and embedded in paraffin as previously described [14]. Three
sections (thickness: 10 um) through the optic disk of each eye were prepared. The antigen
was retrieved by incubation at 95 °C in 10 mM sodium citrate buffer for 15 min, after
which the slides were immunoassayed with primary antibodies Rhodopsin (Cell Signaling
Technology, Danvers, MA, USA, #27182 1:200 dilution) at 4 °C overnight. The following
IHC was conducted according to the manufacturer’s protocol (GT Vision TMIIL, #GK500705)
(Gene Tech, Shanghai, China). After development, the slides were counterstained with
hematoxylin and observed under a Tissue-FAXS Q confocal microscope (TissueGnostics,
Vienna, Austria). For the immunofluorescence, the slides were immunoassayed with
primary antibodies YH2Ax (sc-517348, 1:50 dilution) at 4 °C overnight, followed by a 2-h
incubation with the secondary antibody. The cell nucleus was labeled with DAPI (SIGMA,
Saint Louis, MO, USA, #D9542). F-actin was labeled with fluorescein isothiocyanate
phalloidin (YEASEN, Shanghai, China, # 40735ES75).

2.6. Animals” RPE Flat Mount Immunofluorescence

For mouse RPE IF, the procedure was performed as described previously [15]. The
RPE flat mounts were incubated with primary antibodies YH2Ax (sc-517348 1:50 dilution)
or 53bp1 (Bethyl, Montgomery, TX, USA, A300-272A-M, 1:200 dilution) overnight at 4 °C,
followed by a 2-h incubation with the secondary antibody (Cell signaling # 4412S #8890S)
and DAPI (SIGMA #D9542). Images were captured with a Tissue Fax confocal microscope.
For chickens, pigeons, zebrafish, pigs, rats, rabbits RPE IF, the cell nucleus was labeled
with DAPI, the epithelial cell was labeled with ZO1, or F-actin was labeled with fluorescein
isothiocyanate phalloidin (YEASEN #40735ES75). Images were captured with TissueFAXS
Q confocal microscope (TissueGnostics, Vienna, Austria). Image J (National Institutes of
Health, Bethesda, MD, USA) was used to delineate cell profiles and measure the area of the
cell for each age group of mice, more than 50 mono-nucleate RPE cells and multi-nucleate
RPE cells were detected. For chickens, pigeons, zebrafish, pigs, rats, or rabbits RPE IF,
the cell nucleus was labeled with DAP]I, epithelial cell was labeled with ZO1. The slides
were captured with a Leica DM4000 B LED (Leica, Wetzlar, Germany) or TissueFAXS
Q confocal microscope (TissueGnostics, Vienna, Austria). For images were analyzed by
TissueFAXS Viewer (TissueGnostics, Vienna, Austria) and Image] (National Institutes of
Health, Bethesda, MD, USA).
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2.7. Comet Assay

The RPE were dissected in PBS and suspended in 1 mL of 0.25% Trypsin for 1 h, 37 °C.
After centrifuging and removing Trypsin, the RPE cells were diluted with cold PBS at
1 x 10°/mL. Pay attention to avoiding light during the experiment. Using CometAssay®
Kit (R&D, Minneapolis, MN, USA, #4250-050-K), the following procedure was conducted
according to the manufacturer’s protocol. The cell was labeled with SYBR® GREEN I
(biosharp, Hefei, China, #BS358A). Images were captured with a TissueFAXS Q confocal
microscope (TissueGnostics, Vienna, Austria). Images analyzed by TriTek Comet Score
Freeware 1.6.1.13 (TriTek, Corp. Sumerduck, VA, USA).

2.8. Primary Cell Culture

The eyeballs were quickly dipped in 70% ethanol and then rinsed in sterilized PBS.
The cornea, lens, iris, and neuron retina were removed and the remaining posterior eyecups
in a 1.5 mL EP tube containing 1 mL of pre-warmed Trypsin were added. After incubation
at 37 °C for 1 h, we resuspended the RPE cells in the tube by flipping, then gently aspirated
the RPE/Trypsin solution to a new tube with a blue tip. Leave the choroid in the original
tube. Collected RPE cells by centrifugation. 1500-2000 rpm, RT, 5 min. Washed the RPE
pellet with 1 mL pre-warmed complete DMEM 2 times. (1500-2000 rpm, RT, 5 min.) Gently
resuspend the washed RPE cells and seed them in the coated 12-well dish with a coverslip.
After 5 days, we washed the unattached cells and debris with PBS.

2.9. Cell Proliferation Assay

The EdU cell proliferation staining was performed using an EdU kit (BeyoClick™
EdU Cell Proliferation Kit with Alexa Fluor 488, Beyotime Biotechnology, Shanghai, China,
C0071S). Briefly, primary mouse RPE cells were seeded in 12-well plates for 5 days. Subse-
quently, cells were incubated with 10 uM EdU for 4.5 h, fixed with 4% paraformaldehyde
for 15 min, and permeated with 0.3% Triton X-100 for another 15 min. The cells were incu-
bated with a-tubulin overnight at 4 °C and followed by a 1h incubation with the secondary
antibody in a dark place, later the Click Reaction Mixture for 30 min at room temperature
and then incubated with Hoechst 33342 for 30 min. The slides were observed under a
40x oil objective lens with a ZEISS LSM 980 confocal microscope (ZEISS Microscopy, Jena,
Germany). Image ] was used to count Edu positive or negative cells.

2.10. Measurement of Intracellular ROS Levels

The intracellular ROS levels were measured using a Reactive Oxygen Species Assay
Kit (Beyotime, Shanghai, China, S0033S). Briefly, the cells were seeded in 12-well plates as
described in primary cell culture and exposed to 1 Gy X radiation and continued culture
for 4 h. Following the treatment, the cells were incubated with 10 uM DCFH-DA for 30 min
at 37 °C and then incubated with Hoechst 33342 for 30 min. The slides were captured
with a Leica DM4000 B LED (Leica, Wetzlar, Germany). Image] was used to analyze the
fluorescence integrity for ROS level.

2.11. Mitochondrial Membrane Potential

The mice were divided into three groups, PBS, sodium iodate (SI), and X-ray. Briefly,
as for PBS and SI groups, we first intraperitoneally injected mice with PBS or 20 mg/kg
SI, and then anesthetized mice with 1% sodium pentobarbital, and then dilated the pupils
and lubricated the cornea. Later, 1 uL of 200 uM Mito-Tracker Red CMXRos (Beyotime,
Shanghai, China, C1049B) was intravitreally injected and the RPE whole mounts were
prepared 1 day-post injection. As for the X-ray group, intravitreal injection of Mito-Tracker
Red CMXRos was performed 1 day before exposure to 1 Gy of X-ray irradiation. After
dissecting of RPE whole mount, DAPI and FITC were counterstaining as described above.
The slides were captured with a Leica DM4000 B LED (Leica, Wetzlar, Germany). Image J
was used to analyze mitochondria number and average area.
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2.12. Statistical Analysis

Results are expressed as mean = SEM and mean £ SD unless otherwise indicated.
GraphPad Prism 9.0software (GraphPad software, Inc., La Jolla, CA, USA) was used for
statistical analysis as described in Results. All tests are two-tailed, unpaired t-tests unless
otherwise indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.0001.

3. Results
3.1. Distribution of Mononucleated and Multinucleated Cells in Mouse RPE

Firstly, we determined the distribution of mono- and multinucleated RPE cells in mice
of different ages. The mice were confirmed by sequencing or PCR to exclude Pde6b™!
or Crb1™® strains, which are naturally occurring retinal degeneration mouse mutants
(Supplementary Figure S1). The RPE whole mount was obtained from postnatal day 11
(P11), 2-month (2M), and 22-month (22M)-old mice, and image regions were selected ac-
cording to the distance to the optic nerve head (Figure 1a). Mice have a significantly higher
percentage of multinucleated RPE cells compared to humans, and the highest amount
was detected around the optic nerve, where 80% of RPE cells were multinucleated in all
ages examined (Figure 1b). Furthermore, the number of multinucleated cells decreased
in the peripheral regions, which is consistent with previous reports (Figure 1c) [10]. In-
terestingly, when observed at similar locations, no significant differences in the number
of multinucleated cells were found at different ages (Figure 1d), suggesting that region
rather than age impacts the existence of the multinucleated RPE in mice. When the RPE
cell size was analyzed, multinucleated RPE cells exhibited a two-fold increased area than
mononucleated cells in all ages examined (Figure 1e). In addition, significantly increased
cell size was observed in old mice (22 M), for both mononucleated and multinucleated RPE
cells. Finally, we compared cell proliferation in mononucleated and multinucleated RPE
cells by 5-ethynyl-2 deoxyuridine (EdU) analysis. As shown in Figure 1f, mononucleated
and multinucleated RPE cells show similar Edu-positive cell percentages when cultured
in vitro, suggesting multinucleation does not affect DNA incorporation in RPE cells.
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Figure 1. Distribution of mononucleated and multinucleated cells in mouse RPE of different ages.
(a) IF analysis was performed on whole-mount RPE of postnatal day 11 (mice that had just opened their
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(a)

eyes, P11) 2-month (2 M), and 22-month-old (22 M) mice. The RPE morphology was demonstrated
by ZO1 staining, and the nuclei were stained with DAPI. Scale bar: 200 uM for P11 and 500 uM for
2 M and 22 M. The bottom image depicts a schematic graph showing different geographic locations
of RPE flat mounts used in image analysis. (b) The mononucleated and multinucleated RPE cells are
shown in different regions. The length indicates the relative distance from the optic nerve head. Scale
bar: 20 uM. (c,d) Quantification of mononucleated and multinucleated RPE cells at different regions.
(e) The cellular area of mononucleated and multinucleated RPE cells is indicated. ****: p < 0.0001,
ns: not significant. For each group, more than 50 cells were quantified. (f) EAU staining shows
DNA synthesis in primary mouse RPE cell cultures. The cell skeleton structure was labeled by
a-tubulin staining and the nuclei were counterstained by DAPI. Right panels: quantification results
of EdU-positive RPE cells. For each group, more than 20 cells were quantified. All Data are shown as
mean + SD.

3.2. A High Percentage of Multinucleated RPE Correlates with Nocturnal Vision

Although the mouse retina does not have a macula, the central region resembles the
human macula in some aspects [15]. Interestingly, the highest frequencies of multinucleated
cells in human RPE were found in the macula [9]. Further, multinucleated RPE cells are
enriched in macula perifovea, where the highest amount of rods are located but are absent
in the macular fovea, which only contains cone photoreceptors [9]. These results prompted
us to examine the multinucleated RPE in diurnal and nocturnal vision animals, in which
rod and cone photoreceptors show distinct compositions. Generally, nocturnal animals had
a higher percentage of rods than diurnal animals [16]. Interestingly, our results show that
nocturnal animals (mice, rats, and rabbits) had a significantly increased multinucleated RPE
than diurnal animals (chickens, pigeons, pigs and zebrafish) (Figure 2a,b). Even in nocturnal
animals, rodents (mice and rats), which have a lower number of cones than rabbits, showed
a higher percentage of multinucleated RPE cells than rabbits (Figure 2c). Finally, we found
a significant positive correlation between the percentage of multinucleated RPE and rod
in six animals with known rod amounts (Figure 2d) [17-26]. Therefore, we concluded
that the percentage of multinucleated RPE and rod photoreceptors is positively correlated
in the retina.
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Figure 2. High percentage of multinucleated RPE correlates with nocturnal vision. RPE cells in diurnal
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vision (a) and nocturnal vision (b) animals. The PPE morphology was indicated by ZO1 staining,
and the nuclei were stained by DAPL n = 3 for each animal. (c) comparison of mononucleated and
multinucleated RPE with the key parameters characterizing the adaptation of the retina to nocturnal
or diurnal vision. (d) Correlation of multinucleated RPE percentage with rods percentage in animals
mentioned in (c). The data were presented as —log10 and two-tailed Pearson correlation coefficients
were used to calculate the r and p values.

3.3. Multinucleated RPE Exhibits Increased DNA Damage Compared to Mononucleated RPE

The RPE of mice represents an ideal model system to study DNA damage response in
polyploidy cells due to its high percentage of multinucleated cells. Therefore, we induced
DNA damage by exposing mice to 1 Gy of X-ray ionizing radiation (IR), as this dosage has
been reported to cause DNA double-strand break in mice retinas [27]. We first confirmed
that IR led to DNA damage in mice retinas through immunofluorescence (IF) analysis
using the DNA damage marker YH2Ax. We found the damaged DNA signal culminated
at 1 h post-IR, then dramatically decreased 1 day later and was barely detected 3 days
after IR (Figure 3a). This tendency was further confirmed by WB analysis (Figure 3b).
Next, we determined RPE DNA damage through YH2Ax staining. Similar to the retina,
the RPE displays distinct DNA damage as early as 1 h after irradiation (Figure 3c). The
damaged DNA was gradually repaired as YH2Ax-positive cells decreased in number 1 day
after IR and further decreased at 3 days post-IR (Figure 3c). Notably, the multinucleated
RPE displayed a significantly higher level of YH2Ax-positive cells at all three time points,
indicating that the multinucleated RPE may have reduced DNA repair efficiency compared
to mononucleated cells (Figure 3c). 53BP1 is a key regulator for DNA damage repair,
the 53BP1-decorated nuclear bodies mediate the formation of the DNA damage repair
platform. Therefore, we investigated 53BP1 foci in mouse RPE whole mount. However,
although multinucleated RPE cells exhibited increased YH2Ax foci, the 53BP1 foci were
not significantly altered in multinucleated and mononucleated cells (Figure 3c). Finally, we
performed an analysis of DNA double-strand breaks using a neutral comet assay which
revealed an increased tail moment 1 h after IR for multinucleated RPE (Figure 3d). Moreover,
at 1 and 3 days post-IR, the multinucleated RPE had a 1.32-fold and 1.49-fold greater tail
moment than mononucleated cells, respectively (Figure 3e). Together, these results showed
that DNA double-strand breaks are repaired less efficiently in multinucleated RPE cells
than in mononucleated RPE cells although similar 53BP1 foci formations were observed.

3.4. Multinucleated RPE Cells Show Increased ROS Production after IR Exposure

Since increased DNA damage was observed in multinucleated RPE cells, we thus de-
termined reactive oxygen species (ROS), a potent DNA damage inducer for DNA damage
in RPE cells. Fluorescent ROS analysis demonstrated that primarily cultured mononu-
cleated and multinucleated RPE cells show similar low ROS levels in normal conditions
(Figure 4a,b). After IR exposure, dramatic upregulation of ROS was detected in RPE cells,
where multinucleated cells show significantly higher levels of ROS (Figure 4a,b). Since ROS
production contributes to mitochondrial damage, we further investigated the mitochon-
drial morphology in mouse RPE in vivo. As shown in Figure 4c, oxidative stress directly
induced by oxidant sodium iodate, or by IR, leads to evident enlarged mitochondria area,
possibly due to swelling of mitochondria upon damage insults. However, no significant
alterations were found in mononucleated and multinucleated RPE cells (Figure 4d). Taken
together, these results indicate that multinucleated RPE cells generated more ROS than
mononucleated cells upon DNA damage insult.
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Figure 3. Multinucleated RPE cells exhibit reduced DNA repair efficiency compared to mononucle-
ated RPE. DNA damage was induced by exposing the mice to 1 Gy of X-ray irradiation (IR). The
retina and RPE were collected at 1 h, 1 day, and 3 days after IR. (a). IF and immunohistochemistry
(IHC) analysis of retina cryosections. The DNA damage was indicated by y-H2AX staining, and the
cytoskeleton F-actin was labeled by FITC — phalloidin. The retina structure was further demonstrated
by IHC staining of thodopsin, the photoreceptor marker. Scale bar: 20 um. (b). WB analysis of the
retina treated as described above. The quantification results of three independent experiments were
shown in the bottom panel. *: p < 0.05. ns: not significant (c). IF images of yYH2AX and 53BP1 staining
in the RPE at 1 h, 1 day, and 3 days after irradiation. Scale bar: 20 um. Right panels: quantitative
analysis of the DNA damage comparing mononucleated and multinucleated RPE was completed
by counting the YH2AX-positive or 53BP1-positive cells. Forty regions in whole-mount RPE from
4 mice were randomly selected and quantified. * p < 0.05, **** p < 0.0001 and ns: not significant.
(d). Comet assay showed DNA damage in RPE cells after IR. Neutral comet assay was performed
using digested mouse RPE cells, which were collected at the indicated time point post-IR. The en-
larged figure demonstrates a typical multinucleated and mononucleated cell. Scale bar: 100 pm.
(e). Quantitative analysis of tail movement at the indicated time post-IR. At each time point, more
than 80 mononucleated and 15 multinucleated RPE cells were counted, respectively. * p < 0.05,
*** p <0.001, **** p < 0.0001, ns: not significant. All data are shown as mean + SD.

44



Cells 2022, 11, 1552

(a)

(b)

Ctrl

ROS Level

(]
N
&0

Ctrl

(c)
F-actin
/Mito
/DPAI

X-ray

ROS
/Hoechst

Mito

- - -
ns

Hoechst

|*
Average Mito Area (uM?)
H» (-] (-]
*
*i|
*
*
*

0
Ctrl SI IR Ctrl SI IR

Mono Multi

$ o
»

W °
IR

Figure 4. Multinucleated RPE cells generate more ROS than mononucleated RPE cells. Multinucleate
mouse RPE cells exhibited increased ROS production than mononucleate cells after IR exposure.
The primary mouse RPE cells were untreated (Ctrl) or exposed to 1 Gy of IR. After recovery in
growth medium for 4 h, the ROS levels were detected and the nuclei were counterstained by Hoechst.
Arrowheads indicate multinucleated RPE cells. (b) Quantitative results of ROS as indicated in (a).
The green fluorescence intensity was quantified by Image J. For each group, about 15 cells were
quantified. *: p < 0.05, ns: not significant. (c¢) Mitochondria morphology in mouse RPE whole mount
with or without sodium iodate (SI) or IR exposure. The F-actin was labeled by FITC-phalloidin and
the mitochondria were labeled by Mitotracker red. The nuclei were stained by DAPI. Scale bar: upper
panels: 25 uM, lower upper panels: 10 uM. (d) Quantification results of mitochondria average area
in mononucleated and multinucleated RPE cells. n = 15 cells per group. **: p< 0.01, ***: p < 0.001,
ns: not significant. All data are shown as mean + SD.

3.5. p53 Haploinsufficiency Leads to Increased DNA Damage in the RPE

p53 is a key gene controlling the DNA damage response. It is unknown whether or not
p53 has a different effect on mononucleated and multinucleated RPE DNA damage. Because
homozygous depletion of p53 in C57BL/6] mice led to severe eye abnormalities [28], we
used p53 heterozygotes (p53+/—) in our investigation. However, fundus photography
revealed that more than 60% of p53+/— mice (14 out of 21 mice) also have an ocular
abnormality, including retinal pigment epithelial depigmentation, retina folds, colobomas,
and abnormal vasculature (Figure 5a). HE staining further confirmed a retinal fold in
those mice (Figure 5b). To exclude the effect of pre-existed ocular abnormalities, we
selected p53+/— mice with normal fundus characteristics for IR exposure. IF analysis of
RPE flat mounts showed a normal RPE structure in these p53+/— mice (Figure 5c). In
control mice, YH2AX signals were barely detected in wild-type (WT) and p53+/— RPE,
suggesting that haploinsufficiency of p53 does not spontaneously cause DNA damage
(Figure 5c). After IR exposure, p53+/— RPE exhibited increased DNA damage in both
mononucleated and multinucleated cells compared to WT RPE, and this higher level of
DNA damage was observed at 1 h, 1 day, and 3 days post-IR (Figure 5d,e). These results
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highlight the requirement of p53 in efficient DNA damage repair in the RPE. Next, we
compared DNA damage between mononucleated and multinucleated cells in p53+/— RPE.
Similar to WT RPE, p53+/— multinucleated RPE showed a higher level of DNA damage
than mononucleated RPE at 1 day and 3 days post-IR. However, when investigated 1 h
after IR, mononucleated and multinucleated cells in p53+/— RPE exhibited comparable
YH2AX signals (Figure 5f); this contrasts with WT RPE, in which multinucleated cells
displayed a higher frequency of DNA damage than mononucleated cells (Figure 4c). These
results suggest that mononucleated cells may be more sensitive to p53 reduction than
multinucleated cells after DNA damage exposure.
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Figure 5. Induction of DNA damage in WT and p53+/ — mouse retina. (a). Left: fundus photography
(upper panels) and fluorescein angiography (lower panels) were performed to analyze WT and
p53+/ — mice eye morphology. Right: quantification results of the normal and abnormal eye fundus
photography from p53+/— mice. (b). IHC of rhodopsin shows RPE and retina morphology in WT
and p53+/— mice. Scale bar: upper: 200 uM, middle and bottom: 100 uM. (c-g). The WT and
p53+/— mice were subject to 1 Gy of IR, and retinas or RPE cells were collected at the indicated
time point post-IR. (c) WB analysis shows relative the indicated protein levels in mouse retinas.
Right panels: the relative YH2Ax level was obtained by normalizing with GAPDH. ***: p < 0.001,
ns: not significant. (d). Comparison of DNA damage response in WT and p53+/— RPE. IF analysis
of YH2AX staining at the indicated time point post-IR. The cell cytoskeleton F-actin was labeled
by FITC-phalloidin staining. Scale bar: 20 pm. (e-g). Quantitative analysis of the YH2AX-positive
RPE cells in WT and p53+/— mice. WT: n =4, p53+/—: n = 3. Total of 40 regions of WT group and
30 regions of p53+/ — group were randomly selected, and the YH2AX-positive cells were counted
and quantified. * p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001, and ns: not significant. All data
are shown as mean =+ SD.
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4. Discussion

In this study, we determined the composition of multinucleated RPE in several animal
species. We revealed region but not age as the determining factor for the multinucleated cell
amount in the RPE of mice. The multinucleated RPE is associated with the rods” percentage,
which may be an adaption to nocturnal vision. Moreover, our results demonstrate that a
multinucleated RPE has reduced efficiency in DNA damage repair, and p53 dosage change
has a stronger impact on mononucleated cells than multinucleated cells after IR-induced
DNA damage.

The existence of polyploidy cells might be a consequence of cellular stress or metabolic
requirement. For example, polyploidy is important for cardiac muscle function under
stressed conditions, and multinucleated mammary epithelial cells are essential for effective
lactation [29,30]. Polyploidization may increase tissue metabolic capacity by enhancing
transcriptional and translational output [31]. In this regard, the central region of the
mouse retina possesses a higher photoreceptor cell density than the peripheral regions,
underlining an increased phagocytic and metabolic burden for the central RPE [15]. Our
study further correlated the distinct spatial distribution of multinucleated RPE with the
rods’ proportion and nocturnal vision adaption. Nocturnal animals have developed sev-
eral unique ocular structures to maximize light collection; one example is the inverted
heterochromatin structure in the rods’ nuclei [22]. Currently, we do not know if a high
proportion of multinucleated RPE is required for specific rod photoreceptor metabolism or
for dim-light sensing in the dark. Nevertheless, to our knowledge, this is the first evidence
linking multinucleated RPE with the rods’ proportion and nocturnal vision. Further studies
using neural retina leucine zipper (Nrl) knockout mice, in which rod photoreceptors are
converted to cone photoreceptors [32], should directly address this point.

Due to a large number of multinucleated cells, the RPE of mice presents an ideal
model to study whether multinucleated and mononucleated cells have different responses
to DNA damage. Our results show, for the first time, that the multinucleated RPE cells
exhibited increased DNA damage after IR. We speculate that multinucleated RPE cells
are more prone to DNA damage in comparison with mononucleated RPE cells, due to
the enhanced production of ROS, which is a potent DNA damage inducer. On the other
side, we found the key DNA damage repair protein, 53BP1, showed similar foci formation
efficiency in mononucleated and multinucleated RPE cells after IR, suggesting the impaired
DNA damage repair is not due to the 53BP1 defect. A recent in vitro study showed that
multinucleated human RPE1 cells exhibited more yYH2AX-marked DNA damage and
delayed formation and resolution of 53BP1 foci [33]. In that study, the in vitro cultured cell
line was used and multinucleation was induced by disruption of normal cell mitosis [33].
We speculate that different cellular conditions, i.e., naturally occurred versus induced
multinucleation, and in vitro versus in vivo environment, may result in different DNA
damage responses in diverse multinucleated cells. The exact mechanism responsible for
increased DNA damage in multinucleated RPE is still unknown, and systemic analysis of
the DNA damage sensors, transducers, and effectors should provide valuable information.
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Abstract: (1) Obesity and exercise are believed to modify age-related telomere shortening by regu-
lating telomerase and shelterins. Existing studies are inconsistent and limited to peripheral blood
mononuclear cells (PBMCs) and selected solid tissues. (2) Female Sprague Dawley (SD) rats received
either standard diet (ND) or high-fat diet (HFD). For 10 months, half of the animals from both diet
groups performed 30 min running at 30 cm/s on five consecutive days followed by two days of rest
(exeND, exeHFD). The remaining animals served as sedentary controls (coND, coHFD). Relative
telomere length (RTL) and mRNA expression of telomerase (TERT) and the shelterins TERF-1 and
TERF-2 were mapped in PBMCs and nine solid tissues. (3) At study end, coND and coHFD animals
showed comparable RTL in most tissues with no systematic differences in TERT, TERF-1 and TERF-2
expression. Only visceral fat of coHFD animals showed reduced RTL and lower expression of TERT,
TERF-1 and TERF-2. Exercise had heterogeneous effects on RTL in exeND and exeHFD animals with
longer telomeres in aorta and large intestine, but shorter telomeres in PBMCs and liver. Telomere-
regulating genes showed inconsistent expression patterns. (4) In conclusion, regular exercise or HFD
cannot systematically modify RTL by regulating the expression of telomerase and shelterins.

Keywords: telomeres; telomerase; shelterin; moderate exercise; high-fat diet; Sprague Dawley rats

1. Introduction

The shortening of telomeres, protective nucleoprotein structures at the end of all
chromosomes, is a hallmark of aging that compromises genomic integrity and alters the
expression of many genes [1]. Due to the inability of the DNA polymerase to fully replicate
the 3’ end of chromosomes, telomeres progressively shorten with every cell division until
they reach a critical threshold below which they lose their DNA-protecting properties and
send cells into senescence or apoptosis [2]. Numerous studies have shown that short and
dysfunctional telomeres are linked to premature atherosclerosis, diabetes, and hyperten-
sion [3-7]. Furthermore, telomere length is inversely related to mortality risk [8-11].

Aging is an individual process that can be influenced by modifiable lifestyle factors,
such as physical activity, nutrition, stress, sleep, smoking and others [12-21]. Physical
inactivity and obesity are established triggers of metabolic dysfunction, chronic inflamma-
tion, and oxidative stress, which increase the risk of atherosclerosis, diabetes, hypertension,
dementia, and other age-related diseases [22,23]. Based on previous studies, it has been
speculated that physical inactivity and obesity also accelerate telomere attrition and pro-
mote telomeric dysfunction [24]. Conversely, it has been proposed that regular exercise
and a balanced diet promote healthy aging not only through beneficial effects on body
composition, metabolic function, vascular function, blood pressure, inflammatory pro-
cesses, and mental stress [25], but also through the preservation of telomere length and
function [13,26-30]. It has further been hypothesized that lifestyle-induced effects on
telomeres are mediated through telomere-regulating proteins, such as telomerase and
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shelterins [16,18,19,21,27,31]. Telomerase can counteract telomere shortening by adding
new hexanucleotides to the telomeric ends. With the help of shelterins, a complex of
six individual proteins, telomeres assume a unique three-dimensional structure that is
essential for their function. Upon binding of the shelterin complex to the TTAGGG motif,
telomeric DNA folds backward forming a structure known as t-loop [32,33]. A breakdown
of the t-loop structure, called telomere uncapping, represents a critical mechanism that
promotes age-related vascular dysfunctions, cellular senescence and inflammation beyond
telomere shorting [34].

Obesity and physical inactivity are highly prevalent in modern societies [35]. Accord-
ing to the World Health Organization (WHO), approximately 30% of the global population
is obese [36] and the Centre of Disease Control in the US has estimated an overall preva-
lence of physical inactivity in the US of approximately 25% [37]. Despite intensive research
activities, the mechanisms that mediate the increased risk of chronic degenerative diseases
in obese and inactive individuals are incompletely understood. Previous studies have nur-
tured the idea that both of these lifestyle factors could increase disease risk and mortality
through an enhancement of telomere shortening that compromises genomic integrity [38].
However, the results of observational studies are controversial, and experimental evidence
that establishes a mechanistic link between obesity, physical inactivity and accelerated
telomere shortening is largely lacking. Several observational studies showed an inverse
relationship between telomere length (TL) in leucocytes (LTL) and BMI [39,40], whereas
others found the opposite [41] or no significant association [42,43]. Inverse correlations
have also been reported for LTL and different indices of body composition, such as body
fat content, waist circumference, waist-to-hip ratio, and nuchal fat thickness [43-50]. In
contrast, two mouse models of obesity and metabolic syndrome failed to show acceler-
ated telomere shortening despite an upregulation of telomerase and senescence-associated
genes, such as checkpoint kinase 2 (Chk2), p53, and p21 [22,23].

Considering that exercise is a highly cost-effective way to improve health and to
prolong life [51-55], obese individuals are often prescribed a physical activity program with
moderate endurance exercise, such as walking or cycling [56]. Observational studies have
reported higher LTL in exercising individuals of different age groups and different activity
levels [15,17,18,57,58]. However, available prospective and interventional studies provide
conflicting results. In a 5-year longitudinal study by Soares-Miranda L et al., physical activ-
ity and physical performance were unrelated to LTL [59]. In contrast, Werner et al., showed
increased LTL and an upregulation of telomerase and telomere repeat binding factor (TRF)
2 after 6 months of aerobic endurance training or high intensity training [17,18]. The results
from animal studies are also inconclusive. While Ludlow et al. showed a preservation of TL
in cardiomyocytes and hepatocytes of exercising mice [16,17,21,60], Werner et al. did not
find differences between cardiac TL of exercising and sedentary mice [16,17,21,60]. Regard-
less of potential effects on TL, exercise seems to alter the expression telomere-regulating
proteins, such as telomerase and shelterins [60].

Whether or not obesity and physical activity are causally related to telomere length
and the expression of telomere-regulating proteins remains elusive. Furthermore, previous
studies are limited to analyses of TL in leucocytes, myocardium, skeletal muscle, and liver.
Additionally, potential interactions between the consumption of a hypercaloric diet and
regular exercise has not been studied systematically. This aspect is of particular relevance
as exercise is often used to compensate bad eating habits and to treat obesity. Therefore,
the present study aimed to address this gap of knowledge by mapping TL in leucocytes
and 9 solid tissues from aged sedentary rats that were fed for 10 months either a normal
chow-based diet (ND) or a synthetic high-fat diet (HFD). In order to explore potential
interactions between the consumption of HFD and exercise, half of the animals from both
groups performed regular treadmill running with moderate intensity.
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2. Materials and Methods
2.1. Animal Model

Ninety-six female Sprague Dawley (SD) rats were purchased from Janvier Labs
(Le Genest-Saint-Isle, France) at four months of age. The animals were kept in groups
of three animals per cage under constant conditions on a 12 h/12 h light/dark cycle at the
core facility animal housing at the Medical University of Graz (Austria). Temperature was
maintained between 22 and 25°C. Humidity ranged between 55 to 58%. After one week
of acclimatization, the animals were randomly assigned to receive either a standard diet
(ND) (Altromin, Lage, Germany) with 3230 kcal/kg and 11% fat or a custom-designed
beef-tallow high-fat diet (HFD), rich in saturated fatty acids (SFA), in particular C16:0 and
C18:0, with 5150 kcal/kg and 60% fat (Table 1; ssniff, Soest, Germany). Food and tap water
were provided ad libitum.

Table 1. Organ weight in female SD rats after 10 months of treadmill exercise.

Organs Measurement ND HFD
Sedentary Exercising Sedentary Exercising
n=22 n=22 n=16 n=12
heart average weight 1.31+£0.21 1.24 £0.11 1.40 £ 0.14 1.46 £ 0.19 ###
car normalized weight 0.28 + 0.04 0.27 4+ 0.03 0.30 £ 0.03 0.31 =+ 0.03 ###
soleen average weight 0.98 +0.16 0.97 £0.15 1.20 + 0.16 ## 1.18 +0.23 ##
P normalized weight 0.21 +0.03 0.21 +0.03 0.24 + 0.07 0.25 + 0.04 ##
i average weight 12.53 + 1.72 12.50 + 1.80 14.03 +2.36 * 15.16 + 4.40*
tver normalized weight 2.67 +0.31 2.56 4 0.68 298 4+ 0.52* 3.28 +0.89 *
, Lfat average weight 13.20 £ 5.26 10.46 + 4.48 40.13 4+ 12.81 ### 39.46 4 23.20 ###
visceralta normalized weight 0.03 + 0.01 0.03 4 0.01 0.08 & 0.018 ### 0.07 4 0.03 ###

Organ weight is given in grams. The weights of heart, spleen, and liver were normalized to total tibia length
(cm), while visceral fat weight was normalized to body weight (g). Data are presented as mean + SD; # p < 0.05,
## p <0.01, ¥ p < 0.001 compared to the appropriate normal diet control group with the two-tailed Student’s
t-test for independent samples.

2.2. Experimental Design and Treatment

Animals were randomly allocated to following 4 groups, each consisting of 24 animals:
coND, exeND, coHFD and exeHFD. coND and exeND animals were fed with ND for the
entire study period, whereas coHFD and exeHFD received HFD. The animals from exeND
and exeHFD groups performed a 10-month exercise program consisting of 30 min of forced
running on a treadmill (Panlab, Barcelona, Spain) on five consecutive days followed by
2 days of rest. The running speed was constant and set at 30 cm/s. The training protocol
was based on previous experimental studies [61-64]. The animals in the coND and coHFD
groups did not exercise and had no access to a running wheel. These animals were used as
sedentary controls.

2.3. Euthanasia and Sample Preparation

At the time of scarification, blood was collected by heart puncture into plasma-EDTA
and serum tubes (Sarstedt, Niimbrecht, Germany) under deep isoflurane anaesthesia
(Forane, Abbott, Austria). After centrifugation at 2000 x g for 12 min at room temperature,
plasma and serum samples were aliquoted and stored at —80°C until batched analysis.
Immediately after blood collection, the following organs were explanted and snap frozen
in liquid nitrogen: liver, skeletal muscle, heart, aorta, large intestine, spleen, kidney, brain,
lung, visceral fat. Subsequently, all tissue samples were stored together deep-frozen at
—80°C until analysis. Exclusion criteria were the development of illnesses or tumours
during the intervention period.
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2.4. Analysis of Relative Telomere Length (RTL) in PBMCs and Solid Organs

After diluting 100 puL of whole blood with 100 puL of dH,O, DNA was isolated with the
MagNA Pure LC instrument (Roche, Austria) using the Total Nucleic Isolation Kit (Roche,
Austria). Subsequently, relative telomere length (RTL) of peripheral blood mononuclear
cells (PBMCs) was measured by quantitative real-time PCR (qPCR) using a protocol devel-
oped by Cawthon [65]. This assay quantifies the ratio of average TL (T) to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as single copy reference gene (S). The single copy
gene is used as amplification control for each sample and to determine the number of
genome copies per sample. All qPCR analyses were performed on a Thermocycler CFX384
TouchTM (Biorad, Feldkirchen, Germany) instrument using the following primers:

1.  Telomere For: 5-CGGTTTGTTTGGGTTITGGGTTTGGGTTTGGGTTTGGGTT-3/;
2. Telomere Rev: 3-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-5;
3. GAPDH For: 5-CACCTAGACAAGGATGCAGAG-3/;

4.  GAPDH Rev: 3'-GCATGACTGGAGGAATCACA-5'.

All primers have been purchased from Eurofins Genomics, Austria. Each run included
a standard curve made by dilutions of isolated and pooled rat DNA from 21 different blood
samples, to determine the quantity of the targeted templates. RTL has been calculated as
the ratio of telomere quantity to single copy reference gene quantity (T/S ratio).

RTL in solid organs was analysed with the same method described before. For this
purpose, approximately 10 mg of tissue were homogenised in 300 pL. Magna Pure Lysis
Buffer (Roche, Wien, Austria) using the MagnaLyser (Roche, Wien, Austria). Subsequently,
the DNA was isolated and quantified using the same procedure as for blood leucocytes.

2.5. The mRNA Expression Analyses in Blood Cells and Solid Organs

TERT, TERF-1, and TERF-2 gene expression was analysed in RNA extracts of all solid
organs. As blood leucocytes were used up for the measurement of RTL, they were not
available for mRNA expression analyses. Therefore, mRNA expression in spleen was used
as reference because the organ belongs to the lymphatic system and is rich in leucocytes.
From each organ, 10 mg of tissue were homogenised in 300 pL. Magna Pure Lysis Buffer
(Roche, Wien, Austria) using the MagnaLyser (Roche, Wien, Austria). RNA was extracted
from these homogenates with the Total Nucleic Isolation Kit (Roche, Wien, Austria) on a
MagNA Pure LC instrument (Roche, Wien, Austria). Subsequently, the mRNA in these
extracts was transcribed into cDNA using the QuantiTect Reverse Transcription kit (Qiagen,
Hilden, Germany). Finally, mRNA expression of TERT, TERF-1, and TERF-2 was analysed
by gPCR with TagMan probes (Life Technologies dba Invitrogen, Waltham, MA, USA). The
expression of each target gene expression was calculated with the AACT method using
[3-actin as reference gene. The sequences of the probes used were as follows:

5. B-actin: 5-CTTCCTTCCTGGGTATGGAATCCTG-3;
6. Tert: - ATCGAGCAGAGCATCTCCATGAATG-3/;

7. Terf-1: ¥-AAAACAGACATGGCTTTGGGAAGAA-3/;
8.  Terf-2: -GAGAAAATTTAGACTGTTCCTTTGA-3'.

2.6. Statistical Analyses

Results are shown as mean = standard deviations (SD). Qualitative variables such as
tumor abundance and type were assessed with the Fisher’s exact test or the Chi-squared
test. Group differences were assessed using the two-tailed Student’s ¢ test for dependent or
independent samples or the Mann-Whitney U test depending on the distribution of the data.
Group comparisons with three or more groups were analysed using the two-way ANOVA
or the Kruskall-Wallis test for independent samples. Correlations between variables were
determined by linear regression analysis according to Pearson (r, Pearson Correlation
coefficient; p, univariate ANOVA). Data were plotted using Python programming language
with Jupyter Notebook within the data science package Anaconda3 for Windows. IBM
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SPSS v. 26 for Windows was used for explorative data analysis and a level of acceptance of
the null hypothesis was set at p = 0.05.

3. Results
3.1. Characterization of the Animal Model

From the 96 rats, 6 were excluded prior to the end of the study due to general health
issues. A total 18 animals developed benign tumours and, thus, were excluded from
the final analysis. Tumours were more frequent in animals on HFD rather than on ND
(16 vs. 2 rats, p = 1.289 x 10~%). The tumours in the HFD animals were of heterogeneous
nature compared to the ND group (p < 0.001), as masses were found in breasts, ovaries, and
abdomen of obese animals. Regular exercise did not significantly change tumor incidence
in both diet groups (coND vs. exeND, p = 0.975; coHFD vs. exeHFD, p = 0.347) nor tumor
diversity in the HFD group (p = 0.197). After exclusion of dropouts, 72 eligible animals
were included in the final statistical analyses.

At study end, the animals in the two HFD groups had a significantly higher body
weight than those in the ND groups (Figure 1). Median body weight between ND and HFD
differed by 115 g in sedentary animals and by 90 g in exercising animals. In line with this
finding, also the weight of individual organs and tissues, such as heart, liver, and visceral
fat, was significantly higher in HFD animals (Table 1).
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Figure 1. Box and Whisker plot of the body weight at the end of the 10 months study period. Outliers
are shown as white circles above the box plots. The two-tailed Student’s t-test was used for group
comparison of independent samples. ** p < 0.01 compared to appropriate sedentary control group;
### p < 0.001 compared to appropriate normal diet control group.

The exercise protocol was well tolerated by the animals of both diet groups. Body
weight of exeND animals was significantly lower than that of coND animals (p < 0.01),
whereas coHFD and exeHFD animals showed no difference. In the factorial ANOVA, the
main effects of diet and exercise on body weight were significant with F (1, 67) = 80.92,
p=3.89 x10713, and F (1, 67) = 8.29, p = 0.005, respectively. There was no significant
interaction between diet and exercise, F (1, 67) = 0.138, p = 0.712. Regular exercise induced
a higher organ weight of heart and liver in HFD animals, but not in ND animals (Table 1).

3.2. Influence of HFD on RTL and the Expression of Telomere-Regulating Genes in
Different Tissues

When compared to ND, 10 months of HFD consumption had no systematic effect on
RTL across different organs. In visceral fat RTL was significantly lower in coHFD animals
than in coND animals. In contrast, renal RTL was slightly higher in coHFD than in coND
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animals. All other solid tissues and PBMCs showed comparable RTL between the two diet
groups. (Figure 2).
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Figure 2. Distribution of RTL in PBMCs and nine solid organs isolated from lean (coND) and obese
rats (coHFD). Outliers are shown as white circles above the box plots. RTL is expressed as ratio
of average telomere length to the reference gene GAPDH. The two-tailed Student’s t-test or the
Mann-Whitney U-test were used for group comparison of independent samples. * p < 0.05 vs. coND.

TERT mRNA expression varied substantially between tissues with highest expression
levels in liver and kidney. The consumption of HFD did not result in a systematic difference
of TERT mRNA expression across different organs (Figure 3). Spleen, large intestine, and
kidney showed higher TERT mRNA expression levels in coHFD than in coND animals,
whereas in visceral fat a lower TERT mRNA expression was observed.
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Figure 3. Differences in the TERT gene expression isolated from different solid organs of lean (coND)
and obese rats (coHFD). Outliers are shown as white circles above the box plots. TERT mRNA
expression is shown in arbitrary units. The two-tailed Student’s t-test or the Mann-Whitney U-test
were used for group comparison of independent samples. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. coND.
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Terf-1 mRNA expression (a.u.)

Similar to TERT, also mRNA expression of the two shelterins, TERF-1 and TERF-2,
varied substantially between tissues. The consumption of HFD upregulated TERF-1 and
TERF-2 mRNA expression in 3 (Figure 4a) and 5 (Figure 4b) out of nine tissues, respectively.
In contrast, a reduced mRNA expression of both shelterins was seen in only one and two
tissues, respectively. A simultaneous upregulation of TERF-1 and TERF-2 in coHFD animals
was found in skeletal muscle, aorta, and large intestine. In contrast, visceral fat showed
a lower mRNA expression of both shelterins in these animals. Furthermore, TERF-1 was
markedly reduced in the liver of coHFD rats, whereas TERF-2 was increased in spleen and
kidney but decreased in lung tissue.
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Figure 4. Differences in the gene expression of (a) TERF-1, and (b) TERF-2 isolated from different solid
organs of lean (coND) and obese rats (coHFD). Outliers are shown as white circles above the box plots.
TERF-1, and TERF-2 mRNA expression is shown in arbitrary units. The two-tailed Student’s t-test
or the Mann-Whitney U-test were used for group comparison of independent samples. * p < 0.05;
**p <0.01; **p <0.001 vs. conD.

Combining all the differences described before in an effect matrix, it becomes apparent
that only in visceral fat HFD consistently reduces RTL and the mRNA expression of
telomere-regulating genes (Figure S1). Instead, in four out of nine tissues mRNA expression
of one or more telomere-regulating genes was increased without a change in RTL.

3.3. Influence of Exercise on RTL and the Expression of Telomere-Regulating Genes in
Different Tissues

Ten months of regular treadmill running had heterogeneous effects on RTL in different
tissues with significantly longer telomeres in aorta and large intestine tissue, but shorter
telomeres in PBMCs and liver RTL (Figure 5). In all other tissues, RTL did not significantly
differ between sedentary and exercising animals. Of note, the simultaneous administration
of HFD did not substantially change this pattern.

Exercise had vastly different effects on mRNA expression of TERT, TERF-1 and TERF-2
in different tissues. In some tissues, but not all, HFD altered the exercise-induced effects
observed in ND animals. TERT mRNA expression was increased in spleen, liver, kidney,
and lung of exeND animals compared to coND animals (Figure 6a). Conversely, in exeHFD
animals, TERT expression in large intestine and kidney was significantly lower than in
coHFD, whereas spleen, liver and lung showed no differences (Figure 6b).
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Figure 5. Comparison of RTL in PBMCs and nine solid organs isolated from exercising and sedentary
rats that received normal diet or or 10 months. (a) sedentary (co vs. exercising (exe
SD rats that d 1 diet or HFD for 10 th dentary (coND g (exeND
animals on ND, (b) sedentary (coHFD) vs. exercising (exeHFD) animals on HFD. Outliers are shown
as white circles above the box plots. RTL is expressed as ratio of average telomere length to the
reference gene GAPDH. The two-tailed Student’s t-test or the Mann-Whitney U-test were used
for group comparison of independent samples. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. respective
sedentary controls.
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Figure 6. Comparison of TERT expression in nine solid organs from exercising and sedentary SD
rats that received either normal diet or HFD for 10 months. (a) sedentary lean animals (coND) vs.
exercising lean animals (exeND), (b) sedentary obese animals (coHFD) vs. exercising obese animals
(exeHFD). Outliers are shown as white circles above the box plots. TERT mRNA expression is
shown in arbitrary units. The two-tailed Student’s t-test or the Mann-Whitney U-test were used
for group comparison of independent samples. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. respective
sedentary controls.

TERF-1 mRNA expression was significantly reduced in liver, lung, and visceral fat,
but increased in skeletal muscle, aorta, and large intestine of exeND rats when compared
to coND animals (Figure 7a). In exeHFD animals instead, TERF-1 mRNA expression was
increased in spleen, liver, large intestine, and kidney, but reduced in skeletal muscle when
compared to coHFD animals (Figure 7c).
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Figure 7. Comparison of TERF-1 and TERF-2 expression in nine solid organs from exercising and
sedentary SD rats that received either normal diet or HFD for 10 months. (a) TERF-1 in sedentary
lean animals (coND) vs. exercising lean animals (exeND), (b) TERF-2 in sedentary lean animals
(coND) vs. exercising lean animals (exeND) (¢) TERF-1 in sedentary obese animals (coHFD) vs.
exercising obese animals (exeHFD), (d) TERF-2 in sedentary obese animals (coHFD) vs. exercising
obese animals (exeHFD). Outliers are shown as white circles above the box plots. TERF-1 and TERF-2
mRNA expression is shown in arbitrary units. The two-tailed Student’s t-test or the Mann-Whitney
U-test were used for group comparison of independent samples. * p < 0.05; ** p < 0.01; *** p < 0.001 vs.
respective sedentary controls.

TERF-2 mRNA expression was significantly increased in five out of nine solid organs
of exeND animals when compared to coND rats (Figure 7b), namely spleen, skeletal muscle,
aorta, large intestine, and kidney. In exercising obese animals instead, TERF-2 mRNA
expression was profoundly different with a higher expression level in liver, but reduced
expression levels in skeletal muscle and kidney in exeHFD rats when compared to coHFD
animals (Figure 7d).

Summarizing all the results from sedentary and exercising lean animals in the effect
matrix (left column), it becomes clear that only in aorta and large intestine an increase in
one or more telomere-regulating genes was associated with an increase in RTL (Figure S1).
All other differences in mRNA expression of telomere-regulating genes were unrelated to
RTL. Similar to exercise, also HFD failed to induce systematic effects on RTL and telomere-
regulating genes. Only in kidney and visceral fat of obese sedentary animals, did RTL and
telomere-regulating genes show changes directed in the same way. However, the changes in
both tissues pointed in opposite directions. An interaction between HFD and exercise was
only observed in kidneys, where exercising obese rats exhibited a similar RTL to sedentary
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lean controls (Figure S1). Additionally, both exercising groups show reductions in hepatic
RTL, but inconsistent changes in the hepatic expression of telomere-regulating genes.

3.4. Correlation Analysis

To further explore our hypothesis that lifestyle factors can modify RTL through reg-
ulatory effects on the expression of telomere-regulating genes, we performed correlation
analyses that included the animals from all four groups. Figure 8 illustrates that RTL was
not consistently correlated to any of the telomere-regulating genes. For example, in kidney
(R=10.337; p = 0.004) and visceral fat (R = 0.337; p = 0.004) RTL and TERT mRNA expression
were positively correlated, whereas large intestine (R = —0.252; p = 0.036) and spleen
(R =—0.263; p = 0.028) showed the opposite. Likewise, RTL and TERF-2 were positively
correlated in aorta (R = 0.373; p = 0.002), kidney (R = 0.318; p = 0.007) and visceral fat
(R =0.332; p = 0.007), but negatively correlated in liver (R = —0.247; p = 0.053).

Correlation Matrix organ RTL vs. mRNA expression

it

S5 ftert -

G

| =
§.2
20 =i,
_gg_terﬂ- 04
= % -0.0
D g

2

(%

£

--0.1
terf-2 -
-0.2
| 1 | 1 i T 1

N\ & 2
O e 5
>¢ & &
\d\ aQ@ &
¥ e

Figure 8. Correlation matrix for RTL and telomere-regulating genes in 9 solid tissue types. The colour
bar on the right side of the figure shows the Pearson correlation coefficient as R. Only significant
correlations are shown in colour (p < 0.05). Grey boxes indicate the lack of significant correlation.

4. Discussion

Here, we show for the first time that neither regular exercise nor the consumption of
HFD have a systematic effect on RTL in solid tissues and PBMCs of SD rats. In fact, most
tissues had comparable RTL in the respective intervention and control groups. Additionally,
dual stimulation by feeding HFD to exercising animals did not change this result. Never-
theless, some tissues exhibited significantly higher RTL after 10 months of HFD (kidney) or
exercise (aorta and small intestine), whereas other tissues showed reduced RTL upon HFD
(visceral fat) or exercise (PBMCs and liver). These differences were not accompanied by a
consistent mRNA expression pattern of the respective telomere-regulating genes tert, terf-1
and terf-2. Therefore, the present results do not support the hypothesis that regular moder-
ate endurance exercise or prolonged exposure to a diet rich in saturated lipids influence
RTL through the expression of telomerase and shelterins.

The comprehensive mapping of RTL and related telomere-regulating genes after
long-term exposure to HFD and exercise significantly expands existing knowledge on
the influence of modifiable lifestyle factors on age-related telomere shortening. Previous
in vivo studies have mostly focused on RTL in specific cells or tissue types, such as PBMCs
or myocardium [16,17,21,60]. The results are rather inconsistent. Ludlow et al. showed
in wild type derived short telomere mice (CAST/Ei) that 1 year of voluntary running in
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a running wheel preserved TL in myocardium and liver, but not in skeletal muscle [60].
Similar to the present study, these effects were not accompanied by consistent alterations
of telomere-regulating genes that would explain these effects. In contrast, after 3 weeks
of voluntary wheel running, Werner et al. reported an upregulation of telomerase activity
(TA) in murine aorta and PBMCs, and an increased aortic gene expression of TERF-2.
Additionally, senescence-associated genes, such as Chk2, p53, and p21, were lowered in the
aorta of exercising animals. However, the increased expression of these telomere-regulating
genes did not result in a significant difference of aortic TL after 6 months of exercise when
compared to inactive controls [17]. The TL results reported by the two studies of Ludlow
et al. and Werner et al. are not in line with our findings, where 10 months of regular
moderate running exercise reduced RTL in PBMCs and liver, whereas aorta and large
intestine showed a significant increase.

The inconsistencies between existing exercise studies in animals may, at least partly,
be explained by differences in the animal models used. Our results were obtained in
SD rats, whereas previous studies worked with CAST/Ei [60] and C57/Bl6 mice [17].
Additionally, the duration of exercise varied amongst existing studies between a few weeks
and one year, which further limits comparability. In addition, a greater group size with
22 coND and 22 exeND animals provides robustness to our results. The studies from
Ludlow et al. and Werner et al. were performed with no more than 10 animals per group,
which limits statistical power and leaves more room for random effects. A major strength
of the present study is strict standardization of the exercise intervention, which consisted
in forced treadmill running for 30 min at fixed speed on 5 consecutive days per week. The
efficacy of this intervention is evidenced by a significantly lower body weight at the time of
scarification. In contrast, most previous studies used voluntary wheel running, which is
not standardized.

Similar to the exercise studies discussed before, mouse models of obesity and metabolic
syndrome also failed to show accelerated telomere shortening despite an upregulation
of Chk2, p53, and p21 [22,23]. For example, feeding mice for 60 weeks with a high-
fat/high-sucrose diet induced obesity and metabolic dysfunction, but did not accelerate
LTL shortening [23]. With advancing obesity, the animals were physically less active, which
should have amplified potentially adverse effects of obesity. Additionally, in genetically
modified rats with metabolic syndrome, Takahashi et al. showed comparable myocardial
TL than in wild-type controls [22]. At the same time, telomerase expression and TA were
upregulated together with the senescence-associated genes Chk2, p53, and p21. These
results are in line with our present study, showing similar RTL in PBMCs, liver, aorta, and
skeletal muscle after 10 months of HFD or ND. Additionally, large intestine, spleen, brain,
and lung showed comparable RTL in the two groups. In our model neither exercise nor
HFD induced a consistent expression pattern of telomere-regulating genes, namely tert,
terf-1 and terf-2. Only kidney and visceral fat showed significant differences in RTL, but in
opposite directions. Similar differences were detected for the expression of tert and terf-2.
However, the relevance of these effects is questionable as TERT, TERF-1 and TERF-2 were
also altered in several other tissues of HFD animals without affecting the respective RTL.
Furthermore, most existing studies reported effects of exercise and obesity on telomerase
and shelterins, but often this was not associated with changes in RTL. In line with existing
data, correlation analyses in the present study showed inconsistent correlations between
RTL and mRNA expression levels of the three telomere-regulating genes. Altogether, these
results question the pathophysiological relevance of such observations.

A unique aspect of the present study is the combination of exercise and HFD. In
modern societies, people often try to compensate adverse nutritional habits with exercise,
but the efficacy of this approach is not well documented. Our results show that such an
approach does produce a different outcome than exercise alone. Specifically, RTL was lower
in PBMCs, liver and kidney of exercising animals on HFD, but higher in aorta and large
intestine. Despite a comparable pattern of RTL in the different organs of exercising animals
on normal diet and HFD, incongruent results were registered for the mRNA expression of
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tert, terf-1 and terf-2. For example, terf-1 and terf-2 were both increased in skeletal muscle
of exercising animals on ND but decreased in exercising animals on HFD. However, both
groups showed comparable RTL in this tissue. In line with this argument, also correlation
analyses that included all 72 animals did not show consistent correlations between RTL
and the expression level of telomerase or shelterins. For example, an inverse correlation
between RTL and tert was seen in spleen and large intestine, whereas kidney and visceral
fat showed the opposite. In all other tissues both parameters were not correlated.

This present animal study does not support the results from human studies showing
a reduced LTL in obese people [39,40] and a preservation of TL upon regular endurance
exercise [17]. Although some studies do not support an inverse relationship between TL
and obesity [41-43], a recent meta-analysis calculated a significantly lower LTL in obese
individuals than in normal-weight individuals [49]. Moreover, LTL was inversely correlated
with BMI, body fat content, waist circumference, waist-to-hip ratio, and nuchal fat thickness.
However, the observational character of the studies included impedes any conclusion
towards causality. Additional insights can be gained from longitudinal observation studies
that assessed LTL in obese patients before and after bariatric surgery [66]. Available
results indicate an improvement in LTL after >2 years, probably due to an improvement in
inflammation and oxidative stress. However, only a small number such studies has been
published, with rather heterogenous design and outcome. Human studies that investigated
LTL in exercising and sedentary individuals are also inconsistent. Several observational
studies have shown higher LTL in exercising individuals of different age groups and activity
levels [15,17,18,57,58]. Additional support from prospective observation and intervention
studies is strongly limited. Soares-Miranda L et al. performed serial blood collections
over a 5-year period in 582 older US adults and found no significant association between
physical activity, physical performance, and LTL [59]. In contrast, Werner et al. reported an
increase in LTL, TA, and TERF-2 expression after 6 months of aerobic endurance training or
high intensity training, which was not seen in controls [17,18].

A general downside of existing human studies is the limitation of TL analyses to
blood leucocytes, which impedes conclusions about TL in solid tissues of obese and lean
individuals. However, previous results from our group have shown that LTL does not
provide reliable information on TL in other tissues [67]. While RTL in some tissues, exhibit
a positive correlation with LTL, others show the opposite. Additionally, RTL in young and
aged SD rats did not systematically change.

The present results should be interpreted with caution keeping in mind the strengths
and limitation of this study. A rather large number of animals per group and a strictly
standardized exercise intervention provide robustness to the results. In addition, the
intervention period was quite long. However, results from Werner et al. suggest, that
up to 18 months may be needed to observe a significant reduction in TL [16]. SD rats
have an average life expectancy of 2 years so that our animals were sacrificed at advanced
adult age, but they cannot be regarded old. The exercise protocol applied was rather
moderate and a more intensive regimen might have produced different results. However,
with this protocol we aimed to mimic a common recreational activity pattern in adults.
Energy intake and energy expenditure may have varied between individual animals and
different groups. The lacking information on both factors adds some uncertainty to the
interpretation of our results. Another important limitation is the RT-qPCR method that has
been used for the measurement of RTL. This method gives an average TL across all cells and
chromosomes but does not provide information on the percentage of very short and long
telomeres. There is some evidence that the percentage of very short telomeres rather than
average TL is associated with aging and age-related disease [68]. However, determination
of the shortest telomeres requires highly sophisticated and cumbersome methods, such as
Telomere Shortest Length Assay (TeSLA) [69]. In addition, these methods are difficult to
standardize and not suitable for high throughput analysis. As we had planned to analyze
more than 1000 samples, these assays were deemed not feasible for our purpose. Lastly,
telomere-regulating genes were only analysed by mRNA expression, but not at protein
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References

level. Although mRNA expression and protein analyses may give discordant results, we do
not feel that this limits the overall meaning of our results. The absence of systemic effects
on RTL in PBMCs and solid tissues and the highly inconsistent mRNA expression pattern
of telomerase and shelterins limit the potential scope of these factors as relevant mediators
of telomere effects induced by exercise and diet.

5. Conclusions

In summary, the present in vivo study does not provide evidence that modifiable
lifestyle factors, such as obesity and exercise, have significant systemic effects on telomere
shortening and the expression of telomere-regulating genes. Additionally, exercise and
HFD do not show significant interaction. Any lifestyle-related effect on RTL and telomere-
regulating genes in one tissue type does not allow conclusions on other tissues or cell types.
Future research should address the impact of exercise and diet on the shortest telomeres
and explore their role for aging and degenerative disease. Moreover, future studies on
the effects of lifestyle factors on telomere length and telomere function should focus on
advanced adult age, where degenerative disease most frequently occurs.
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Abstract: Reverse transcriptase hTERT is essential to telomerase function in stem cells, as well
as in 85-90% of human cancers. Its high expression in stem cells or cancer cells has made telom-
erase/hTERT an attractive therapeutic target for anti-aging and anti-tumor applications. In this
study, we screened a natural product library containing 800 compounds using an endogenous hTERT
reporter. Eight candidates have been identified, in which sanguinarine chloride (SC) and brazilin
(Braz) were selected due to their leading inhibition. SC could induce an acute and strong suppressive
effect on the expression of h'TERT and telomerase activity in multiple cancer cells, whereas Braz
selectively inhibited telomerase in certain types of cancer cells. Remarkably, SC long-term treatment
could cause telomere attrition and cell growth retardation, which lead to senescence features in cancer
cells, such as the accumulation of senescence-associated (3-galactosidase (SA-B-gal)-positive cells, the
upregulation of p16/p21/p53 pathways and telomere dysfunction-induced foci (TIFs). Additionally,
SC exhibited excellent capabilities of anti-tumorigenesis, both in vitro and in vivo. In the mechanism,
the compound down-regulated several active transcription factors including p65, a subunit of NF-«B
complex, and reintroducing p65 could alleviate its suppression of the hTERT /telomerase. Moreover,
SC could directly bind hTERT and inhibit telomerase activity in vitro. In conclusion, we identified that
SC not only down-regulates the "'TERT gene’s expression, but also directly affects telomerase/hTERT.
The dual function makes this compound an attractive drug candidate for anti-tumor therapy.

Keywords: telomerase/hTERT; anti-cancer; sanguinarine chloride; cellular senescence

1. Introduction

Telomeres are continuously shortened during the process of DNA replication as DNA
polymerase cannot synthesize chromosomal end sequences [1]. Mammalian telomeric
DNA consists of TTAGGG hexanucleotide tandem DNA repeats forming loop structures,
with the interactions of specialized telosome/shelterin proteins [2,3]. In order to maintain
the genomic stability and protect cells from senescence, shortened telomeres could be
elongated by two mechanisms: in a telomerase-dependent manner in most pluripotent
stem cells and cancer cells, or the alternative lengthening of telomeres (ALT) in 10-15%
cancer cells [4].

Human telomerase ribonucleoprotein contains the catalytic reverse transcriptase h\TERT
and RNA template hTERC associated with the accessory H/ACA proteins [5]. hTERT is
highly conserved among species. Human TERT is composed of four main domains [6]. The
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N-terminal extension (TEN) domain is connected with the 5'-terminal of the telomerase
RNA-binding domain (TRBD) by a short linker sequence. The central reverse transcriptase
(RT) domain and the C-terminal extension (CTE) domain make up a right-hand structure
containing palm-, finger- and thumb-like subdomains. Together, the sequential TRBD-RT-
CTE domains form a ring-like structure for telomere repeat addition [6].

Telomerase activity is strictly modulated at multiple levels, including the expres-
sion of telomerase subunits, the process of holoenzyme assembly and its recruitment to
telomeres [7]. Compared with the ubiquitously expressed hTERC in cells, the restrictively
expressed protein hTERT is the major limiting factor of telomerase activity regulation [8].
Suppressing telomerase activity by decreasing hTERT protein blocks telomere extension.
Very short telomeres could trigger telomere dysfunction and induce a DNA damage re-
sponse and cell senescence. Except for its involvement in telomeres elongation, hTERT
turned out to participate in many non-telomeric biological events; for instance, the expres-
sional regulation of aging-related genes or oncogenes [9]. Interestingly, c-myc can bind to
the E-box motif in the h'TERT promoter region to activate its transcription [10], while h\TERT
is also able to stabilize c-myc protein and modulates its binding to target promoters [11].
NE-«kB p65 has been reported to modulate telomerase expression [12], and also mediate
the nuclear translocation of the hTERT protein from cytoplasm via TNF-« in the cancer
cell line [13].

In most cancer cells, stem/progenitor cells and certain somatic cells in special physio-
logical states, such as activated T cells, hTERT is expressed to activate telomerase, making
it attractive as a therapeutic target for cancer [14,15]. Imetelstat, also known as GRN163L,
is chemically modified oligonucleotide, which can silence the telomerase assembly pro-
cess [16]. BIBR1532 has been identified as a selective telomerase inhibitor that tightly
binds to the FVYL motif near TRBD and can result in an impediment to the interaction of
hTERT TRBD with the CR4/5 stem loop of telomerase RNA [17]. Yet, like most quinoline
derivatives, BIBR1532 exhibits a certain degree of cytotoxicity, and causes apoptosis and
senescence in high doses over 25 pM [18].

Cell senescence is a state of growth arrest caused by several factors, such as telomere
loss and DNA damage [19]. Cancer cells show features such as senescence after exposure to
certain chemotherapeutic compounds [20]. Therefore, the telomerase inhibitor, as a factor
of accelerated cell senescence, is a double-edged sword on its applications, and is accepted
in anti-cancer strategies via triggering senescence.

Successful clinical outcomes require prolonged treatment, which may lead to severe
toxicity in patients. In comparison with synthetic chemicals, natural products are more
acceptable and environmentally friendly. In this work, we used CRISPR/Cas9 to establish
a cell-based platform aiming to screen out certain natural compounds that modulate the
expression of endogenous h"TERT, and found some compounds with potential applications,
of which sanguinarine chloride (SC), a benzophenanthridine alkaloid extracted from the
root of Sanguinaria canadensis, is very attractive.

SC exhibits clear-cut antitumor properties, with evidence of apoptotic cell death induc-
tion and anti-proliferation through generating reactive oxygen species [21], suppressing
the NF-«B pathway [22], inhibiting cyclin-dependent kinases and cyclins [23] and block-
ing VEGF function in angiogenesis [24]. Besides this, sanguinarine is commonly used in
toothpaste and oral health products because of its antibacterial and anti-inflammatory
effects [25]. However, since 1999, a sanguinarine-added mouthwash product Viadent®
was reported to be associated with age-related leukoplakia, indicating its pre-neoplastic
adverse effects [26,27]. Notably, how sanguinarine induces leukoplakia remains unclear
so far, and the underlying mechanism of the anti-tumor effect of sanguinarine remains
elusive; thus, figuring out its biological target and detailed molecular mechanism is crucial
for pharmacological usage.
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2. Materials and Methods
2.1. Chemicals

Sanguinarine chloride hydrate (SC) was purchased from Aladdin (5101540; Shanghai,
China) and Brazilin (Braz) was purchased from Sigma-Aldrich (SML2132; St. Louis, MO,
USA). All the chemicals were dissolved in DMSO and stored at —20 °C.

2.2. Cell Culture and Transfection

The HEK293T cell line and cancer cell lines, including HTC75, HeLa, DLD1, MDA-
MB-231, Hs578t and A549, were routinely cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Corning; New York, NY, USA) supplemented with 10% Fetal bovine serum (FBS;
Excell Bio; Jiangsu, China). Human skin fibroblasts (HFs) and human umbilical vein
smooth muscle cells (HUVSMCs) were cultured in Dulbecco’s Modified Eagle Medium /F-
12 Nutrition Mixture (DMEM/F12; Gibco; New York, NY, USA) containing 10% FBS
(Hyclone; Logan, UT, USA). Peripheral blood mononuclear cells (PBMCs) were cultured
in RPMI 1640 medium (Gibco; New York, NY, USA) with 10% FBS (Hyclone; Logan, UT,
USA). Lipofectamine2000 reagents (Invitrogen; Carlsbad, CA, USA) were used for cell
transfections of recombinant plasmids.

2.3. Flow Cytometry Screening

A total of 800 compounds of a natural product library (Natural Products Collection;
Microsource; Gaylordsville, CT, USA) was applied and screened in a hTERT-P2A-GFP
reporter cell line. Cells were treated by compound in 96wells for 48 h and were then har-
vested in PBS buffer. GFP and dsRed2 expressions were analyzed by using flow cytometry
(Beckman CytoFLEX S; Brea, CA, USA). The mean fluorescence intensity (MFI) of collected
cells was taken as the screening index indicating the expression of the target gene.

2.4. Quantitative Telomeric Repeat Amplification Protocol (Q-TRAP) and IP-TRAP

Q-TRAP assays were performed as described [28]. Briefly, 10° cells were lysed on ice
for 30 min in 100 pL NP40 lysis buffer (10 mM Tris-HCI pH 8.0; 1 mM MgCl,; 1 mM EDTA;
0.25 mM sodium deoxycholate; 150 mM NaCl; 1% NP-40; 10% glycerol; 1% fresh protease
inhibitor cocktail) and then centrifuged at 13,200 rpm for 10 min at 4 °C. The supernatant
was mixed with 100 ng/uL TS primer (5'-AATCCGTCGAGCAGAGTT-3'), 100 ng/uL ACX
primer (5-GCGCGGCTTACCCTTACCCTTACCCTAACC-3'), and 1mM EGTA in 2 x Real-
Star Green Power Mixture (with ROX) (GeneStar; Beijing, China), and then incubated at
30 °C for 30 min for telomeric repeat extension and PCR amplification (40 cycles, 95 °C
for 15 s and 60 °C for 60 s) using the Step One Plus™ Real-Time PCR system (Applied
Biosystems; Foster, CA, USA). As for IP-TRAP, the cell lysis was immunoprecipitated by
anti-FLAG M2 beads (Sigma-Aldrich; St. Louis, MO, USA) at 4 °C for 3 h and eluted by
3 x FLAG peptides. The eluates were mixed with the compound and subjected to the
TRAP assay.

2.5. Terminal Restriction Fragment (TRF)

The average telomere length was measured as described [29]. Briefly, genomic DNA
was digested by Hinf I and Rsa I overnight at 37 °C, separated by agarose gel, then
denatured and hybridized with a radio labeled telomeric probe (TTAGGG)4. The dried
gel was exposed to a phosphor screen and then scanned with Amersham Typhoon IP
Phosphorimager (GE Healthcare; Torrington, CT, USA). The average telomere length was
calculated using Image] (National Institutes of Health developed; Bethesda, MD, USA) and
GraphPad Prism software (San Diego, CA, USA).

2.6. SA-B-Gal Staining

The assay was performed by using a Senescence (3-Galactosidase Staining Kit (Bey-
otime; Shanghai, China). Briefly, cells were seeded in 12-well plates and fixed with 4%
formaldehyde for 15 min at room temperature. The fixed cells were then washed with PBS
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3 times and incubated with fresh SA-3-gal staining reagent mix containing 1.0 mg/mL
X-galactosidase at 37 °C for 24 h to microscopically observe the staining.

2.7. GST Pull Down and Telomerase Activity Reconstitution In Vitro

The GST pull down assay for GST-hTERT purification was carried out as described
previously [30]. Briefly, IPTG was added at 16 °C for 20 h to stimulate the hTERT fusion
protein expression. The fusion protein was incubated with GST beads at 4 °C for 4 h and
washed three times. The eluates were stored at —80 °C for further experiments.

The reconstitution of telomerase activity in vitro was performed as described [28].
Purified GST-tagged hTERT products (GST-opTERT) were incubated with in vitro tran-
scribed hTERC in telomerase reconstruction buffer (25 mM Tris-HCI pH7 4; 2.6 mM KCl;
1 mM MgCly; 136 mM NaCl; 1 mM EGTA; 10% glycerol; 1 mM DTT; 1 x proteinase inhibitor
cocktail; 0.5 U/uL of RNase inhibitor) at 37 °C for 30 min. Compounds in serially diluted
concentrations were added into the reconstructive products, followed by the TRAP assay.

2.8. Thioflavin T (ThT) Biochemical Assay

The experiments were conducted in 96-well microplates. In total, 1 ug genome of
DNA sample was mixed with ThT at a final concentration of 2 pM in the buffer (20 mM
Tris-HCI pH 7.0, 40 mM KCl) at room temperature. The fluorescence emission was collected
at 491 nm in a multi-mode microplate reader (BioTek; Winooski, VT, USA).

2.9. Microscale Thermophoresis (MST) Assay

Human telomeric oligonucleotides (Telo24, 5'-Cy5-(TTAGGG)4-3') were annealed in
the K+ buffer (10 mM K,HPO,/KH,PO4 pH 7.0, 100 mM KCI) by heating to 95 °C for
6 min, then cooled down to room temperature and store at 4 °C. The annealed telomeric G-
quadruplex samples (1 uM) were incubated with compound SC at concentrations ranging
from 0.15625 pM to 320 uM in the K* buffer for 30 min, followed by the MST assays. The
MST assay was conducted using the Monolith NT.115 device (NanoTemper Technologies;
Munich, Germany) according to the manufacturer’s instructions. Data were analyzed using
MO. Affinity Analysis software (NanoTemper Technologies; Munich, Germany).

2.10. Fluorescence Polarization Assay

SC at a high concentration over 10 uM exhibits autofluorescence. The equilibrium
binding of the compound with hTERT TRBD protein was monitored by fluorescence
polarization assay. All fluorescence polarization compound-protein binding assays were
performed in 100 puL PBS buffer containing 10 uM SC and purified His tagged hTRBD in a
serially diluted concentration from 2.5 pM to 40 uM in 96-well black polypropylene plates.
Fluorescence polarization (FP) measurements were performed at room temperature using
a Victor™ X5 2030 Multiple Reader (PerkinElmer; Waltham, MA, USA). BSA was used as a
negative control.

2.11. Soft-Agar Colony Formation Assay

The MDA-MB-231 cell suspension was mixed in 0.3% soft agar in DMEM containing
10% FBS and the compound, then layered on 0.6% solid agar in DMEM containing 10% FBS
and the compound. In total, 1000 cells were seeded per well in a 6-well plate. After 14 days
of culturing, colonies were observed under a microscope and the total numbers of colonies
from ten random fields of view were counted for the statistical analysis.

2.12. In Vivo Cell Derived Xenograft (CDX)

MDA-MB-231 cells suspended in cold PBS buffer were inoculated subcutaneously into
6-8-week-old nude mice in situ. After the xenograft model was established, the mice were
injected intravenously with the compound at a dosage of 1.1 ug/kg (the concentration of
the compound in blood was 1 uM if the blood volume was estimated as 7% of the body
weight). The compound was administrated every three days. The volume of tumor and
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the body weight were recorded before each injection. The tumor volume was calculated as
LW?/2, where L represents the long diameter and W represents the short diameter.

2.13. Statistical Analysis

Data are shown as mean & SD. Experiments were carried out in three technical
replicates. Student’s t-test and one-way ANOVA test were used for statistical significance
analyses with the software GraphPad Prism version 6.0 (San Diego, CA, USA). The fitting
curves were depicted using Original version 9.0. A p value less than 0.05 is statistically
significant (* p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001).

3. Results
3.1. Natural Compound Screening in h"TERT Promoter-Driven GFP Reporter Cell Line and
Identification of Potential Inhibitor Candidates

In order to screen out h'TERT regulatory molecules, we established a platform of
hTERT reporter HEK293T cells using CRISPR/Cas9 to knock in the P2A-GFP fusion gene
before the stop codon of the h'TERT gene (Figure 1A). hTERT and GFP were transcribed
together from the same promoter, and translated fusion proteins were self-cleaved by a
small linker peptide, P2A. The red fluorescent protein dsRed2 was stably transfected into
the reporter cell line as an internal control of the fluorescence-based FACs screening. Since
the abundance of the hTERT protein was much lower than that of most of the other proteins
in the cell, here, we took advantage of a monoclonal-derived cell line with a relatively
low intensity of GFP and a high intensity of dsRed?2 for the screening (Figure 1A and
Figure S1A). The initial screening focused on the commercial natural compound library
containing 800 small molecules (Supplementary Figure S1B); 69 compounds exhibiting the
mean fluorescence intensity (MFI) of GFP, normalized by dsRed2 with at least 40% decline
compared to the control (DMSO), were enriched for the second screening (Supplementary
Figure S1B). These 69 natural products were conducted to three independent repetitive
screens and 8 candidate compounds were repeatably obtained with a significant decrease
in the MFI of GFP/dsRed?2 (Figure 1B, Supplementary Table S1). These eight candidates
were further verified, and SC and Braz were selected due to their outstanding inhibitory
effects (Figure 1C and Figure S1C, Supplementary Table S1). Braz has been patented as a
kind of natural telomerase inhibitor [31].

Based on the flow cytometry data, treating reporter cells with SC (1 uM) or Braz
(10 uM) for 48 h decreased the MFI of GFP, but did not influence dsRed2 expression
(Figure 1D and Figure S1D, Supplementary Table S1). The hTERT expression level and
relative telomerase activity (RTA) were examined in reporter cells under treatment with SC
or Braz. Indeed, both SC and Braz inhibited "TERT mRINA level and telomerase activity,
which confirms our screening result (Figure 1E,F and Figure S1E,F).

3.2. Inhibitory Effects of SC on Telomerase Activity in HTC75 Cancer Cells

The characteristic of its higher expression in most cancer cells makes telomerase/hTERT
a valuable predictive biomarker and drug target in malignant cells. To evaluate their inhi-
bition of RTA in cancer cells, we treated HTC75 cells with the two candidate compounds
respectively for 48 h, and then performed the Q-TRAP assay. HTC75 is a telomerase-
positive fibrosarcoma cell line that can maintain a constant telomere length during in vitro
passaging, and is commonly used in the telomere field [32]. The results suggested that SC
suppresses the telomerase activity in a dose-dependent manner (Figure 2A). The CCK-8 cell
proliferation assay showed the effect of SC at different dosages on the viability of HTC75
cell. The fitting curve indicated the median viable concentration was 2.18 uM (Figure 2B).
To explore cancer cell proliferative inhibition induced by the compound, we carried out
an analysis of cell cycle and apoptosis. SC-treated cells showed a subtle cell cycle arrest in
the G2/M phase compared with control cells (Figure 2C,D). Cells incubated with 2 uM SC
exhibited an acute increase in apoptotic cells (Figure 2E). The result was consistent with
previously reported studies, wherein SC induced apoptosis through generating reactive
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oxygen species [33,34]. Furthermore, we wondered if SC effectively works in different
types of cancer cells; the RTA of five other kinds of solid tumor cell lines were examined
after 48 h treatment. SC exhibited a consistent suppressive effect on telomerase modulation
in all tested cell lines, although with different degrees of inhibitory effects (Figure 2F).
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Figure 1. Screening of natural h'TERT inhibitors and their verification in the endogenous hTERT-
P2A-GFP knock-in HEK293Treporter cell line. (A) Schematics of the endogenous hTERT-P2A-GFP
HEK293T reporter cell line construction and the screening strategy of a natural product pool for
telomerase modulators. Two rounds of screening were carried out and compounds with GFP/RFP
ratio < 0.6 were selected as candidates. (B) Results from the second round of compound screening,
with two candidates highlighted as potential inhibitors. The orange triangle indicates SC while the
green rectangle indicates Braz. (C,D) Mean fluorescence intensity (MFI) quantification of endogenous
hTERT-GFP (C) and internal reference dsRed2 (D) after 1 uM SC treatment for 48 h. (E) "yTERT mRNA
level by quantitative real-time PCR of reporter cell line upon the treatment of SC (1 uM) for 24 h.
DMSO served as the control group. (F) Real-time quantitative telomeric repeat amplification protocol
(Q-TRAP) assay in reporter cells treated with SC (1 uM). DMSO served as the control group. The
screening was performed three independent times. Real-time PCR and Q-TRAP assays are from
triplicate samples (* p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001).

Compared with SC, Braz could also induce cell cycle arrest in the G2/M phase
(Supplementary Figure S2A), whereas no exacerbation of apoptosis events was observed
at the concentrations that inhibit telomerase activities in HTC75 cells (Supplementary
Figure S2B). In terms of the potential use as a natural telomerase inhibitor, Braz could
only inhibit telomerase in certain types of cancer cells, which indicates its restricted ap-
plicability in multiple kinds of tumors, compared to the broad-spectrum anti-telomerase
property of the compound SC (Supplementary Figure S2C). Furthermore, we assessed the
cytotoxicity of Braz in different cancer cells. The compound showed proliferative inhibition
effects in HeLa, DLD1 and HTC75 cells, which also inhibit RTA in these three cell lines
(Supplementary Figure S2D).
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Figure 2. Effects of SC treatment on different cancer cells. (A) The inhibitory effect of SC on telomerase
activity in HTC75 cells was evaluated. The relative telomerase activity (RTA) level suggested a dose-
dependent suppressive effect. (B) The CCK-8 assay showed the cell viability curve of SC in HTC75
cells. The median toxic concentration (TC50) was 2.18 uM. (C) Cell cycle analysis through PI staining
and the following flow cytometry for HTC75 cell treated with SC. (D) Quantification of cell cycle
populations measured in (C). (E) Quantification of apoptotic cells (Annexin-V FITC positive cells).
(F) The 1 uM SC treatment for 48 h hindered RTA in multiple cancer cells, normalized by RTA of
the DMSO group. All the analyses were performed on triplicate samples (* p < 0.05, ** p < 0.01,
#*** p < 0.0001).

3.3. Effects of SC on Cancer Cell Senescence and Telomere Length through Prolonged Treatment

To identify the optimal anti-telomerase dosage of SC, we evaluated RTA in HTC75
tumor cells treated with SC at different concentrations for 48 h. The Q-TRAP results
showed the IC50 (half maximal inhibitory concentration) of SC to telomerase was 1.21 uM
(Figure 3A). Cell cycle arrest and apoptosis events may indirectly down-regulate the telom-
erase. These indirect negative cellular events should be avoided whenever possible when
the telomerase inhibitor is applied in anti-tumor therapy. Based on these considerations
and the data mentioned above, 1 pM SC could substantially inhibit telomerase activity
with no obvious apoptosis induction in cancer cells. Therefore, we chose this concentration
for further experiments.

Upon continuous treatment with the specified dose of compound SC, the HTC75 cells
retained unchanged morphological characteristics compared to the DMSO-treated control
cells in a short period; however, prolonged SC-treated cells became shrunken and irregular
(Figure 3B). A curve of cumulative population doubling was plotted to assess cancer cell growth.
The proliferation of SC-treated cells was much slower than the DMSO-treated cells (Figure 3C).
The persistent inhibition of hTERT protein level caused by prolonged compound treatment
(Figure 3D) may cause the accumulation of telomere attrition. Telomere length was measured
by the terminal restriction fragment (TRF) assay. The average telomere length of HTC75 cells
treated with SC for a long time was obviously shortened, compared to the DMSO-treated
HTC?75 cells (Figure 3E,F). The shortened telomeres can manifest a DNA damage response and
drive the cells into senescence. SA-[3-gal staining showed more senescent cells in the SC-treated
group (Figure 3G). The senescent markers p16/p21/p53 were all up-regulated at the protein
levels (Figure 3H). Prolonged SC treatment also induced more telomere dysfunction-induced
foci (TTFs) in HTC75 cells (Figure 3I).
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Figure 3. Continuous treatment with SC led to cell senescence in cancer cells. (A) Fitting curve
of inhibitory effect of SC on RTA in HTC75 cells. IC50 = 1.21 uM. (B) Morphology of HTC75 cells
treated with 1 uM SC versus DMSO between day 3 and day 45. (C) The cell growth curve of the
HTC75 cells continuously treated with 1 uM SC, comparing to DMSO-treated groups. (D) Western
blotting analysis to confirm the inhibitory effect of SC on hTERT protein level. GAPDH served as an
internal reference. (E) HTC75 cells continuously treated with 1 uM SC were analyzed by terminal
restriction fragment (TRF) assay. (F) Quantitative average telomere length from (E). (G) SA-f3-gal
staining assay to identify cell senescence in HTC75 cells continuously treated with 1 uM SC. (H) The
senescence markers p16/p21/p53 were up-regulated in cancer cells after chronic treatment of the
compound. (I) Telomere dysfunction-induced foci (TIFs) were analyzed using anti-53BP1 antibody
(red) and PNA-conjugated telomere C strand probe (green) when HTC75 cells were treated with the
compound for 40 days. Cells with TIFs >3 were counted for the significance test. The experiments
were performed in 3 independent cell lines and the results are shown as mean £ SD, n =3 (* p < 0.05,
** p <0.01, *** p < 0.0001).
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As a moderate telomerase inhibitor in cancer cells, Braz suppressed HTC75 cell growth
as well as RTA in a long-period treatment (Supplementary Figure S3A,B). However, the
average telomere length of Braz-treated cells remained unchanged compared to that of the
control cells (Supplementary Figure S3C).

3.4. SC Inhibits Telomerase Depending on p65 Expression

We have confirmed that SC could reduce the mRNA level of h'TERT gene; the dual
luciferase reporter assay of "TERT promoter (—1200 bp) suggested the suppressive effect of
SC on transcriptional activity (Figure 4A). In addition, we also treated the cancer cells with
the transcription blocking reagent Actinomycin D and SC to assess the mRNA stability of
hTERT, and found that SC does not affect "}TERT mRNA stability (Supplementary Figure
S4A). So far, we have speculated that SC suppresses h'TERT expression by modulating
hTERT promoter activity, but not mRNA stability.
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Figure 4. SC inhibited telomerase activity depending on p65 expression in cancer cells. (A) The dual
luciferase reporter assay suggested the compound has suppressive effects on "'TERT transcriptional
activities. (B) The relative mRNA levels of partial common transcription factors, which have been
reported to regulate h'TERT transcription. (C) The protein levels of pan-p65 and pi-p65 in cancer
cells after 1 uM SC treatment for 48 h. DMSO served as a control. (D) Western blot was carried
out to detect the protein level of overexpressed p65 in sanguinarine chloride-treated cells. (E) The
mRNA level of h-TERT was rescued in the SC-treated group by overexpressing p65. (F) Telomerase
activity assay in p65 re-introduced HTC75 cells with SC treatment for 48 h. All the analyses were
from triplicate samples (* p < 0.05, ** p < 0.01, ns means no significance).

The hTERT promoter contains many transcription factor-binding sites, including GC-
motifs and E-boxes, which can directly modulate telomerase transcription in response
to physiological processes, including tumorigenesis. The transcriptional regulation of
telomerase is complicated in different cancer cells due to diversified mutations and multi-
layered networks [35]. For cells chronically exposed to the compound SC, we detected the
mRNA levels of 10 previously reported classic transcription factors and found a significant
decrease in p65, c-MYC, and MXD1 levels. Among the positively correlated transcription
factor genes, p65 was observed to be down-regulated by SC to the most significant extent
(Figure 4B and Figure S4B). Moreover, Western blotting confirmed a decreased level of the
p65 protein in the cells treated with the compound (Figure 4C).

To investigate the mechanism by which SC inhibits hTERT /telomerase, we transiently
transfected p65 and c-myc plasmids respectively into cancer cells treated with the com-
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pound (Figure 4D and Figure S4C). The reintroduction of p65, rather than c-myc, alleviated
the inhibitory effect of SC on telomerase at both the h”TERT mRNA level (Figure 4E and
Figure 54D) and the RTA level (Figure 4F and Figure S4E). These results indicate that SC
inhibits hTERT /telomerase in a p65-dependent manner.

3.5. SC Directly Modulates Telomerase In Vitro

The rapid attrition of telomere length in SC-treated cells suggests that SC might also
directly inhibit telomerase activity, besides decreasing "TERT expression. Previously, it was
found that the addition of sanguinarine at 10 uM has strong affinity for human telomere
repeats and c-MYC promoter sequence, enabling the forming of a G-quadruplex structure
in vitro [36]. Isoquinoline alkaloids, represented by sanguinarine, were found to selectively
recognize the telomeric G-quadruplexes in vitro and inhibit telomerase in MCF-7 cells [37].
In brief, the G-quadruplex is a common target for telomerase or other reverse transcriptases.
Moreover, c-myc is an essential transcription factor in cell growth, acting via regulating the
expression of related genes, including "TERT. The promoter region of c-MYC also contains
abundant G-quadruplex motifs [38]. Our work suggested that SC retards HTC75 cell
growth and represses the expression of hTERT and c-MYC (Figures 3D and 4B). In contrast
to the reported 10 uM concentration of sanguinarine that recognizes the G-quadruplex
in vitro, the effective dosage of SC as a telomerase inhibitor in our system was lowered
to 1 uM in various cells. Notably, cells were unable to survive at a dosage/concentration
of over 4 uM. Nevertheless, we wondered whether telomerase could be inhibited in our
system by SC via G-quadruplex binding or not.

Thus, we performed IP-TRAP and telomerase reconstitution assays. Firstly, we want
to evaluate the inhibitory effects of the compound in vitro. The schematic experimental
processes of IP-TRAP are depicted in Figure 5A. The immunoprecipitated telomerase com-
plex from hTERT-overexpressed cells was incubated with serial dilutions of the compound
for the telomere extension reaction. SC displayed a dose-dependent inhibitory effect on the
activity of immunoprecipitated telomerase holoenzyme. The IC50 to immunoprecipitated
telomerase in vitro was 1.40 pM (Figure 5A), which is close to the IC50 value when in cell
culture (1.21 uM in Figure 3A). This IC50 was much lower than the concentration necessary
for SC to bind the G-quadruplex.

We next purified the GST-tagged hTERT protein and in vitro transcribed hTERC, and
then incubated them in a water bath. Subsequently, the addition of the compound signifi-
cantly impeded the reconstituted telomerase activity in a concentration-dependent manner.
Surprisingly, the suppressive effect of the compound on the reconstituted telomerase activ-
ity in vitro was exhibited at the nanomole level (Figure 5B). In conclusion, we identified
that sanguinarine chloride directly inhibits telomerase at a concentration much lower than
the 10 uM reported in vitro.

To investigate whether the cellular telomerase inhibition by the compound depends on
telomeric G-quadruplex formation, we carried out a series of biochemical assays. Based on a
previous work [36], we synthesized a human telomeric oligonucleotide (Telo24) labeled with
Cy5 fluorophores. A Microscale Thermophoresis (MST) assay showed the dose-dependent
binding of the compound SC to the telomeric G-quadruplex DNA. Unexpectedly, the EC50
(half maximal effective concentration) to telomeric G-quadruplexes was 100 times more
than the IC50 to telomerase in cancer cells (120 uM in Figure 5C vs. 1.21 uM in Figure 3A).
Thioflavin T (ThT) is a fluorescent dye used to sense G-quadruplex structures, especially
in human telomeric DNA [39]. The fluorescence signal of ThT showed no difference
after treatment with 1 or 2 uM of the compound or DMSO, while Pyridostatin, a G-
quadruplex DNA-stabilizing agent, significantly enhanced the cellular ThT signal intensity
(Figure 5D). BG4 is an antibody specific to the G-quadruplex structure. Immunofluorescence
was used to visualize and quantify the cellular co-localization of G-quadruplex motifs
and telomeres (indicated by an antibody against the telomeric repeat binding factor 2).
Following treatment with 1 uM SC, the cell were comparable to in the DMSO control, both
in the BG4 foci and in the colocalized foci of BG4 and TRF2 (Figure 5E). Furthermore,
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SC at high concentrations (more than 10 tM) could emit an autofluorescence signal, thus
fluorescence polarization assays were carried out. The binding curve implied that SC could
directly interact with TRBD of the hTERT protein in vitro (Figure 5F).
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Figure 5. SC directly suppressed telomeric repeat extension in vitro without inducing a G-quadruplex
motif. (A) Schematic representation of immunoprecipitation-based TRAP experiment. FLAG-hTERT-
overexpressing HEK293T cells were subjected to immunoprecipitation. The elutes mixed with SC
were used to perform the TRAP assay in vitro. The inhibition of natural telomerase activity by SC
was presented in a dose-dependent manner, and the fitting curve showed that its IC50 to natural
telomerase in vitro was 1.4 uM. (B) Purified GST-opTERT was incubated with in vitro-transcribed
hTERC for 30 min, then mixed with SC to perform the TRAP assay. SC directly suppressed the activity
of reconstituted telomerase at the nanomole level in vitro. (C) MST analysis of the interaction of the
telomeric G-quadruplex with SC. The EC50 was 120 uM. (D) Detection of 2 uM Thioflavin T (ThT)
fluorescence intensity at 491 nm for the whole genomic DNA in a K* Tris-HCl buffer. Pyridostatin
(PDS) was the positive compound used to induce G-quadruplex structure. (E) Representative
immunofluorescence images of the G-quadruplex (recognized by BG4 antibody, red) and TRF2 (green)
foci in HTC75 cells treated with SC or DMSO for 48 h. Quantification of the number of G-quadruplex
foci (recognized by BG4 antibody) per nucleus in compound-treated HTC75 cells (right upper) and
quantification of the number of colocalized G-quadruplex foci (recognized by BG4 antibody) and
TRF2 in the nucleus (right bottom). In total, 100 nuclei were counted and statistically analyzed. (F) A
fluorescence polarization binding assay with His-tagged hTRBD and SC was performed, and the
EC50 was 24.84 uM; the BSA protein served as a negative control. All the analyses were performed
on triplicate samples (* p < 0.05, **** p < 0.0001, ns means no significance).

Taken together, the results showed that exposing cells to 1 uM SC does not change
the formation of the G-quadruplex, and indicated that the compound at the concentra-

tion of 1 uM suppresses the telomerase activity in cancer cells by directly binding to the
hTERT protein.
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3.6. Assessment of Safety and Antitumor Efficacy of SC

As a matter of fact, sanguinarine has shown potential antitumor value in animal
models [40,41]. In our system, we also needed to evaluate its safety performance and
antitumor efficacy in vitro and in vivo. Firstly, we detected the cell viability of three SC-
treated human primary cells with no telomerase expression. The growth of human skin
fibroblasts (HFs) and HUVSMCs was analyzed via the CCK-8 assay kit, and the viability
of PBMCs was traced based on CFSE labeling. All the results pointed to the safe and
non-poisonous characteristics of SC in relation to primary somatic cells at a low dosage
(Figure 6A,B). The cell cycle and apoptosis assays performed in the HFs suggested no
increased apoptosis or cell cycle arrest was induced (Figure 6C,D). In the tested cells,
1 or 2 uM of SC had no proliferative inhibition effect.
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Figure 6. Application of SC to the inhibition of tumor formation. (A) the CCK-8 assay showed no
proliferative inhibitory effect of SC in human primary skin fibroblast cells (left) and HUVSMC (right)
at the concentration that was effective in inhibiting telomerase activity in cancer cells (data shown
in Figure 3, IC50 to telomerase = 1.21 uM). (B) Human PBMCs were measured by CFSE labeling
and then treated with 2 pM SC for 72 h. The similar characteristics of the histograms indicate that
SC does not affect the proliferation of PBMCs. (C) Cell cycle PI staining assay was performed in
fibroblast with 2 uM of compound. (D) Apoptosis analysis for human fibroblasts following SC
treatment. (E) Representative photographs of the colonies from the soft agar colony formation assay
in MDA-MB-231 cells treated with SC or DMSO (control). The red arrows indicate the formed cell
colonies. The statistical number of colonies formed in ten randomly visual fields was quantified.
(F,H) MDA-MB-231 cells were used to establish an orthotopic xenograft model in nude mice. Here,
1 uM blood concentration of SC or DMSO (vehicle) was injected into the tail vein. The total blood
volume of a mouse was estimated as 7% of the body weight. A representative picture of the developed
tumors of each group (F); tumor volume was measured every 3 days (G), and the body weights of
xenograft nude mice was measured before every injection (H). All cellular assays were performed on
triplicate samples, and the animal experiment was carried out in 4-7 mice (n = 4 in control group;
n =7 in SC treatment group; four sets of data were used in the volume and body weight assays,
**p <0.01, *** p < 0.0001, ns means no significance).
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MDA-MB-231 is a triple-negative breast cancer cell line commonly used to represent
one kind of advanced breast cancer. Triple-negative breast cancer is considered to be the
most dangerous because of its aggressive behavior, the lack of an effective therapy, and the
high mortality in clinic. Since we found that SC works effectively in breast cancer cell lines
(Figure 2F), we next wondered about the anti-tumor effect of SC. MDA-MB-231 cells were
seeded into soft agar medium with drug treatment. After 14 days of culture, in the presence
of 1 or 2 uM SC, a dramatic reduction in MDA-MB-231 cell-derived colonies was observed
in comparison with the control (Figure 6E). Moreover, MDA-MB-231 cells were transplanted
into nude mice in situ to evaluate the compound’s capability of suppressing tumorigenesis.
The compound (final concentration ~1 uM in blood) was injected intravenously into the
xenograft model every 3 days throughout the experimental period, and the same proportion
of DMSO was used as the control. The volumes of tumors and the mouse body weight were
monitored before each injection. The tumors in SC-treated mice reduced 40% versus those
in control mice after 24 days of administration (Figure 6FG), whereas the body weights
remained at a constant level (Figure 6H). Taken together, we see that 1 uM SC exhibited
strong antitumor efficacy both in vitro and in vivo.

4. Discussion

Natural products and traditional Chinese medicine have been reported to exhibit vari-
ous anti-cancer capabilities. The discovery of natural compounds that inhibit telomerase
can lead to advancements in tumor therapy. Here, we utilized a telomerase reporter cell
line indicating the expression level of endogenous hTERT, which can sensitively reflect
telomerase modulation under physiological conditions. After stably expressing dsRed?2
as an internal control, this reporter can indicate the relative expression of h'TERT based
on the ratio of MFI. The screening approach is simple, rapid, and low-cost. Given the
advantages of the reporter, we carried out a high-throughput screening of the natural prod-
uct library. We succeeded in finding a few small molecules that can modulate telomerase
positively (data not shown) or negatively, which are promising for use in anti-aging or
anti-cancer applications.

Among the eight identified candidate inhibitors, we found that Braz has been patented
as a natural telomerase inhibitor previously [31], while few related experimental studies
about its suppressive effect on telomerase have been published. Here, we identified that
Braz could inhibit RTA by down-regulating the 'TERT gene and retarded the cell growth via
G2/M phase arrest in cancer cells. However, only certain types of cancer cells sensitively
responded to Braz. Q-TRAP data and CCKS8 assay demonstrated reduced telomerase
activities and cell proliferation in HTC75, HeLa and DLD1 cells upon treatment with
the compound, while MDA-MB-231, Hs578t and A549 cells have no response to § pM
Braz (Supplementary Figure S2C). The effective inhibition of telomerase caused by Braz
may be associated with the cytotoxicity of this compound, implying that the telomerase
repression by Braz is likely operated via an indirect or complex mechanism. Furthermore,
telomerase activity was inhibited in cancer cells following a long-term treatment with Braz,
whereas telomere shortening was not observed (Supplementary Figure S3C). Isolated from
Caesalpinia sappan L. [42], Braz displayed antitumor abilities by inducing apoptosis and
cell cycle arrest [43]. How Braz suppresses telomerase and its anti-carcinogenesis role
in vivo remain to be further studied in the future.

SC was another telomerase inhibitor candidate with leading inhibition that we identi-
fied from the library. SC exhibited a broad effective range in cancer cell types and an acute
inhibitory effect on telomerase and cancer cell growth. This compound down-regulated
hTERT expression, which may be mediated by directly changing the hTERT transcriptional
activity because of the decreased expression of several h'TERT regulatory transcription
factors, including the c-myc family, p65 et al. The oncogene c-MYC is a common and
essential factor in the modulation of hTERT/telomerase. P65 is a subunit of the NF-«B
complex and can target the remote region of the h'TERT promoter (near —600 bp) to regulate
its transcription [44]. Moreover, p65 could interact with hTERT to facilitate it transporting
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into the nucleus [13]. Reintroducing c-myc or p65 into the compound-treated cells indicated
that the telomerase inhibition could only be rescued by p65, suggesting SC suppresses
telomerase depending on p65 expression but not c-myec.

In addition, overexpressing FLAG-hTERT in the h'TERT promoter reporter cell line
caused an increase in GFP fluorescence intensity (Supplementary Figure S5A). This result
implied that TERT transcription may enable positive feedback via its encoded protein, i.e.,
hTERT may act as a transcription coactivator to regulate its expression; consistently, c-myc
could target the h'TERT promoter region to activate its transcription, and hTERT could also
regulate and stabilize c-MYC at the transcriptional level [11].

Apart from that, we also found that low dosages of SC could directly suppress telom-
erase activity both in vitro and in vivo, while not affecting telomeric G-quadruplex forma-
tion. Moreover, this inhibition in vitro was achieved at the nanomole level, much lower
than the EC50 to the telomeric G-quadruplex in K* solution and the IC50 to telomerase at
the cellular level. Thus, SC may also directly bind to and suppress hTERT /telomerase. We
performed a fluorescence polarization binding assay with TRBD and SC. The preliminary
result showed a dose-dependent interaction in vitro (Figure 5F). Furthermore, we also
found that this compound specifically decreases exogenous hTERT protein levels compared
to the control, possibly by modulating its stability (Supplementary Figure S5B).

Sanguinarine has been used against different tumor or chronic diseases via different
mechanisms [45]. Specifically, in breast cancer and cervical cancer, sanguinarine generates
reactive oxygen species to induce apoptosis, and suppresses the NF-kB pathway to prevent
metastasis [22,46,47]. In prostate cancer, the compound arrests the cell cycle by inhibiting
cycle kinases and cyclins [23]. In myeloid cells, it targets the stability and phosphoryla-
tion of the IkB protein, and in certain cancers, this compound inhibits VEGF function in
angiogenesis [24,48-50]. hTERT has also been reported to participate in the modulation
of angiogenesis. Considering the complicated function of sanguinarine, researchers have
designed different therapeutic approaches depending on specific cancers. For instance, low
concentrations of sanguinarine could synergistically enhance the therapeutic efficacy of the
chemotherapeutic agent doxorubicin in drug-resistant leukemia cells [21,51-53].

Different from other anti-tumorigenesis studies of sanguinarine, which were carried
out by inducing apoptosis and cell cycle arrest at high concentrations [54], the adminis-
tration dosage of SC was much lower in our system. Cancer cells, chronically exposed to
the compound at a lower concentration for a long time, can show remarkably shortened
telomeres, consequently inducing cancer cell senescence.

In conclusion, SC displayed an inhibitory effect on "'TERT expression and telomerase
activity that slowed down cell growth. Long-term treatment with SC induced changes of
cell morphology and triggered senescence events, including an increase in SA-{3-gal activ-
ity, the up-regulation of the expression of p16/p21/p53 pathways, progressive telomere
dysfunctions (TIFs), and telomere shortening. Together, all these events triggered by SC led
to senescence in cancer cells, thus blocking their progression. SC inhibits telomerase by
dual functions, and its antitumor effect is potent and safe.

Previously, the sanguinarine-added mouthwash product Viadent® has been reported
to be associated with age-related leukoplakia, indicating its pre-neoplastic adverse effects.
Oral leukoplakia is a classic symptom in dyskeratosis congenita patients [55]. Our findings
show that long-term SC treatment will decrease telomere length, suggesting human adult
stem cells may also be affected by long-term treatment with sanguinarine. This may explain
the mechanism of the adverse effects of the Viadent® mouthwash product. More precise
works judging the appropriate dosage, duration and drug delivery system will improve its
application in pharmacological contexts.

5. Conclusions

Robust telomerase activity is a common feature shared by 90% cancers. Our study
identified SC at the precise dosage as an effective telomerase inhibitor, with anticancer
applications. Historically, telomerase inhibitors have shown unsatisfactory performances
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in clinic, although they have exhibited strong suppressive effects at the cell or animal level.
Therefore, as a natural telomerase inhibitor with dual functions (regulation on the mRNA
and protein levels) and little proliferative inhibition effects on somatic cells, SC is potent
and safe, providing a potential therapeutic approach for human malignancies. Our study
proposes a prolonged treatment approach using SC to induce cancer cell senescence. Anti-
tumor drugs such as SC may be synergistically used with senolytics that kill senescent cells
to improve the efficacy. Additionally, the precise dosage and duration of SC application in
cancer therapeutics need to be considered in future research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11091485/s1, Figure S1: Compound screening for endogenous
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cell treated with Braz; Figure S4: The mechanism of SC regulates hTERT transcription; Figure S5:
Discussion supplement; Table S1: The result of the second screening.
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Abstract: Detection and quantification of senescent cells remain difficult due to variable phenotypes
and the absence of highly specific and reliable biomarkers. It is therefore widely accepted to use a com-
bination of multiple markers and cellular characteristics to define senescent cells in vitro. The exact
choice of these markers is a subject of ongoing discussion and usually depends on objective reasons
such as cell type and treatment conditions, as well as subjective considerations including feasibility
and personal experience. This study aims to provide a comprehensive comparison of biomarkers and
cellular characteristics used to detect senescence in melanocytic systems. Each marker was assessed
in primary human melanocytes that overexpress mutant BRAFV600E, as it is commonly found in
melanocytic nevi, and melanoma cells after treatment with the chemotherapeutic agent etoposide.
The combined use of these two experimental settings is thought to allow profound conclusions on
the choice of senescence biomarkers when working with melanocytic systems. Further, this study
supports the development of standardized senescence detection and quantification by providing a
comparative analysis that might also be helpful for other cell types and experimental conditions.

Keywords: senescence; melanocyte; melanoma; beta-galactosidase

1. Introduction

Cellular senescence describes a stable state of growth arrest, commonly accompanied
by ample molecular and phenotypical changes. In the decades since its first description
by Hayflick and Moorhead in 1961 [1], cellular senescence has been linked to numer-
ous physiological and pathological conditions, ranging from developmental processes to
neurodegenerative diseases and cancer [2]. In each of these conditions, establishment of
senescence is caused by one of three major mechanisms: telomere shortening, oncogene
activation, or extensive DNA damage [3]. When it comes to melanocytes and malignant
melanoma, two of these mechanisms are of special importance: first, oncogene-induced
senescence (OIS) as a central feature of melanocytic nevi that prevents further oncogenesis
and malignant transformation of such benign lesions [4]. As melanocytic nevi have been
causally linked to development of malignant melanoma [5,6], stabilization of OIS or clear-
ing of senescent melanocytes remain an important and promising approach in preventing
tumorigenesis [7,8]. Second, DNA damage-induced senescence is an important part of ther-
apeutic treatment of malignant melanoma. The majority of cytotoxic treatments cause DNA
damage to induce apoptosis and senescence, thereby halting tumor growth [9]. However,
growing evidence was found that senescent cancer cells might become therapy-resistant,
resulting in residual tumor masses and potentially recurrent malignancies [10,11]. Conse-
quently, there is a need for efficient and reliable detection and targeting of senescent cells.
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Although fundamental hallmarks of cellular senescence are conserved in most experimental
and clinical conditions, the exact phenotype is often variable and affects the reliability of
biomarkers [12]. In addition, the majority of these markers are not completely specific for
cellular senescence, e.g., growth arrest and activation of DNA damage response [12,13].
Melanocytes introduce another potential problem since they physiologically show high lev-
els of lysosomal beta-galactosidase activity [14]. This potentially interferes with detection
of senescence-associated beta-galactosidase (SA-{3-Gal) [15], one of the most widely used
markers of cellular senescence [16], and needs to be taken into consideration. The aim of
this study is to comprehensively evaluate biomarkers of cellular senescence for their use in
primary melanocytes and melanoma cells. It is thought to support the ongoing discussion
on the choice of the best markers, especially in the complex field of melanoma research,
and thereby improving the reliability and reproducibility of senescence detection.

2. Materials and Methods
2.1. Cell Culture

Normal human melanocytes (NHEM, neonatal) were obtained from Lonza and cul-
tivated in MGM-4 BulletKit medium (Lonza, Basel, Switzerland) with 1% penicillin/
streptomycin. NHEM from different donors were used between passages 6 and 8. Cells
from the same donor, but at a different passage, were considered biological replicates.
HEK293T cells for transduction were a generous gift from Prof. Stephan Hahn (Ruhr-
Universitdt Bochum, Germany). Their cultivation required high-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% FCS and 1% penicillin/streptomycin. Both
NHEM and HEK293T cells were incubated at 37 °C and 5% CO; in a humified atmosphere.
Melanoma cell line Mel Juso was cultivated in RPMI 1640 medium with 2% sodium bi-
carbonate, 10% FCS and 1% penicillin/streptomycin at 37 °C, and 8% CO,. Mycoplasma
contamination was regularly excluded for all primary cells and cell lines. When reach-
ing approximately 80% confluence, cells were washed with PBS and detached using a
solution of 0.05% trypsin and 0.02% EDTA in PBS. After centrifugation and removal of
the trypsin solution, cells were either passaged or counted using a Neubauer counting
chamber. Melanoma cell line Mel Im was cultured as described in Section 2.3. Unless
otherwise stated, cell culture chemicals and media were obtained from Sigma Aldrich
(Steinheim, Germany).

2.2. Lentiviral Transduction of Melanocytes

Lentiviral transduction using a third-generation vector system was described else-
where [17]. Briefly, HEK293T cells were seeded in 10 cm plates at a density of 2 x 10° cells/
plate. On the next day, three vectors were introduced simultaneously using transfection
with Lipofectamine® LTX (Thermo Fisher, Waltham, MA, USA): an envelope plasmid
pHIT-G, a packaging plasmid pCMV AR8.2, and a target plasmid with the DNA of interest
(either copGFP or B-RAFY0E). Cells were incubated 16 h before the medium was changed
to MGM-4 BulletKit medium. After additional incubation for 24 h, supernatants were
collected, filtered, and applied to NHEM. Polybrene® (Santa Cruz, Dallas, TX, USA) was
added to a final concentration of 1 ug/mL to increase the efficiency of viral uptake. Due to
high sensitivity of primary cells, lentiviral supernatants were removed after approximately
6 h. Cells were washed three times with PBS and cultivated in regular MGM-4 BulletKit
medium. All experiments using transduced melanocytes started exactly 7 days after trans-
duction to allow establishment of a senescent phenotype. All data in this study are derived
from samples that are either untransfected or transfected with scrambled siRNAs. Different
transductions are referred to as Mock (copGFP control plasmid) or BRAFm (B-RAFV600E).

2.3. Induction of Senescence in Melanoma Cells

Etoposide treatment started 24 h after approximately 200,000 cells/well were seeded
in 6-well plates. Etoposide (R&D Systems, Minneapolis, MN, USA) was dissolved in DMSO
to achieve a stock solution of 50 mM, which was then diluted in culture medium to a final
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concentration of 100 uM and applied to the cells. Control cells were treated with a similar
amount of DMSO to exclude effects of the solvent. After an incubation period of 48 h, cells
were detached as described in Section 2.1 and either collected for further processing or
counted using a Neubauer counting chamber.

Treatment with acidified nitrite was described recently [18]. After a treatment period
of 5 min, cells were incubated for 48 h in culture medium and eventually detached and
collected for further processing. For the analysis of long-time acidosis effects, melanoma
metastasis cell line Mel Im was cultured in medium at pH 6.7 for at least 2 months prior
to analyzation. Therefore, low-glucose DMEM was supplemented with 10% FCS and 1%
penicillin/streptomycin and 0.2% sodium bicarbonate as buffer. Cells were then incubated
at 37 °C and 8% CO; to set the desired pH value. Control cells were cultured conventionally
at pH 7.4 in low-glucose DMEM including 3.7% sodium bicarbonate, supplemented with
10% FCS and 1% penicillin/streptomycin at 37 °C, and 8% CO,.

2.4. Analysis of mRNA Expression Using Real-Time PCR

Total RNA isolation was achieved using E.Z.N.A.® Total RNA Kit IT (Omega Bio-Tek,
Norcross, GA, USA) according to manufacturer’s instructions. Generation of cDNA was
performed as previously described [19]. For real-time PCR, LightCycler® 480 IT devices
(Roche, Basel, Switzerland) were used with forward and reverse primers from Sigma-
Aldrich. Primer sequences can be found in Table 1.

Table 1. Oligonucleotides used for real-time PCR.

Gene Forward Primer Reverse Primer
CDKN2A GGAGCAGCATGGAGCCTTCGGC CCACCAGCGTGTCCAGGAAGC
CDKN1A CGAGGCACCGAGGCACTCAGAGG CCTGCCTCCTCCCAACTCATCCC

TP53 AAGTCTAGAGCCACCGTCCA AGTCTGGCTGCCAATCCA

CXCL2 ATCAATGTGACGGCAGGGAAA CGAAACCTCTCTGCTCTAACAC

CCLS8 CCCAGGTGCAGTGTGACATTA GGGAGGACCCCACAACACTA

18s TCTGTGATGCCCTTAGATGTCC CCATCCAATCGGTAGTAGCG

2.5. Western Blot Protein Analysis

Total protein isolation was realized using radio-immunoprecipitation assay buffer
(Roche) as described previously [17]. A total of 20 pug protein were loaded on 12.75% SDS
polyacrylamide gels for electrophoresis and immediately blotted onto a PVDF membrane
(Bio-Rad, Hercules, CA, USA). Protein load of each sample was quantified using Ponceau
S staining. After a washing step using double distilled water, membranes were blocked
for 1 h using 5% non-fat dried milk /TBS-T. Primary antibodies against yYH2AX (1:1000 in
5% NFDM, Cell Signaling, 9718), p16 (1:500 in TBS-T, R&D Systems, AF5779, previously
used in [20]), p21 (1:1000 in 5% NFDM, Abcam, ab109199), p53 (1:2000 in 5% BSA, Santa
Cruz, sc-126), pERK and ERK (1:1000 in 5% BSA, Cell signaling, 4370 and 9102) were
incubated overnight, shaking at 4 °C. The primary antibody against 3-actin (1:5000 in
5% BSA, Sigma Aldrich, A5441) was incubated for 1 h at room temperature. Secondary
antibodies conjugated to horseradish peroxidase (HRP, Cell Signaling 7074 and 7076, and
Dako P0449) were applied for 1 h at room temperature. Afterwards, Clarity™ Western
ECL Substrate (Bio-Rad) was added to the membranes for visualization with a Chemostar
chemiluminescence imager (Intas, Goettingen, Germany). Quantification of signal inten-
sity was achieved using LabImage software (Version 4.2.3, Kapelan Bio-Imaging GmbH,
Germany). One sample of NHEM was excluded from analysis of p16 protein levels due to
artifacts interfering with signal quantification.

2.6. Immunofluorescent Stainings

Approximately 20,000 cells were seeded on 18 mm round coverslips and incubated
overnight. On the next day, cells were washed twice with PBS and subsequently fixed with
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4% PFA for 10 min. Staining procedure started immediately after this fixation step, since
even short-term storage was found to interfere with nuclear PML signal in our experiments.
Permeabilization using 0.1% Triton-X100 in PBS for 3 min was followed by 30 min blocking
with 10% BSA in PBS. The primary antibody against PML (1:200 in 1.5% BSA /PBS, Santa
Cruz, sc-966) was added and incubated overnight at 4 °C. The secondary antibody (1:400 in
1.5% BSA /PBS, Thermo Fisher, A32727) was incubated for 1 h at room temperature. Cells
were then stained with DAPI (1:10,000 in PBS, Sigma Aldrich) and mounted on microscope
slides using Aqua-Poly/Mount (Polysciences, Warrington, PA, USA). Final stainings were
analyzed using an Olympus IX83 inverted microscope in combination with Olympus
CellSens Dimension software (Version 2.3, Olympus, Tokyo, Japan). DAPI staining of
the stainings was used to analyze heterochromatin formation. Brightness and contrast of
representative images were adjusted evenly to increase visibility of the staining.

2.7. Real-Time Cell Proliferation Analysis (RTCA)

Proliferation was measured using the xCELLigence System (Roche) as described
elsewhere [21]. In short, approximately 3000 cells/well were seeded on specific plates
and loaded into the device. Proliferation was monitored for five (Mel Juso) or nine days
(NHEM) without replacing culture medium. The parameter slope describes the steepness of
each curve during proliferation and was normalized to control treatment.

2.8. XTT Cell Viability Assay

Approximately 3000 cells/well were seeded in a 96-well plate. Cell viability was
assessed after an incubation period of 7 days (NHEM) or 48 h (Mel Juso) using the Cell
Proliferation Kit II (Roche) according to the manufacturer’s instructions. Due to low cell
density, it was not necessary to replace culture medium at any time during the incubation
period. A Clariostar Plus Multiplate reader (BMG Labtech, Ortenberg, Germany) was used
for photometric detection. Absorbance values were normalized to control treatment.

2.9. Staining of Senescence-Associated Beta-Galactosidase Activity

Quantification of (3-galactosidase activity was done 7 days post transduction in NHEM
and 48 h post treatment in Mel Juso. Fixation and staining were performed using the
senescence 3-galactosidase staining kit (Cell Signaling, Danvers, MA, USA) according to
the manufacturer’s instructions. After staining, cells were washed twice with PBS and
stored at 4 °C for up to two weeks. An Olympus IX83 inverted microscope in combination
with Olympus CellSens Dimension Software (Olympus) was used to acquire images of the
stainings, which were then quantified manually using Image]J. The same images were used
to manually assess and quantify changes in cellular morphology. Brightness and contrast
of representative images were adjusted evenly to increase visibility of the staining.

2.10. Flow Cytometry of Fluorescent Beta-Galactosidase Substrates

Activity of 3-galactosidase was also quantified using fluorescent substrates in combi-
nation with flow cytometry. After treatment and adequate incubation times (see Sections 2.2
and 2.3), approximately 350,000 cells were seeded in 6-well plates exactly 12 h prior stain-
ing. The ImaGene Red " C1,RG lacZ Gene Expression Kit (Molecular Probes) was used
in accordance to the manufacturer’s instructions. In short, staining began by addition of
300 uM chloroquine reagent in 1 mL prewarmed cell medium. After incubation for 30 min
at 37 °C, 6.67 uL substrate reagent were added directly to the supernatant to achieve a final
concentration of 33 uM. Cells were incubated for another 1 h at 37 °C before they were
detached and collected. Following centrifugation, samples were resuspended in 1 mM
PETG reagent in 1% BSA /PBS and transferred to FACS tubes. For staining with DDAO, a
solution of 20 pM DDAO galactoside (Thermo Fisher) and 0.1 uM Bafilomycin A1l (Sigma
Aldrich) cell culture medium was prepared and applied to the cells. Plates were then
sealed with parafilm and incubated for 90 min at 37 °C. Cells were eventually washed
with PBS and detached, followed by centrifugation and resuspension in 1% BSA /PBS. All
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samples were measured using a BD LSRFortessa™ flow cytometer in combination with BD
FACSDiva " software (Version 8.0, BD Biosciences, San Jose, CA, USA).

2.11. Statistical Analysis

Analysis and visualization of experimental results was done using GraphPad Prism
9 software (Version 9.1.2, GraphPad Software Inc., San Diego, CA, USA). If not other-
wise stated, at least three biological replicated were measured and statistical analysis was
performed by Student’s unpaired t-test. All results are normalized to the respective con-
trol treatment and shown as mean + SEM. A critical value of p < 0.05 was considered
statistically significant.

3. Results
3.1. RNA Markers of Senescence

Quantification of gene expression displays an easy and reliable approach to assess
cellular conditions, including senescence. We here used quantitative RT-PCR to detect
specific mRNAs regulated in senescence of normal human melanocytes (NHEM) and
melanoma cells. NHEM received lentiviral transduction of mutated BRAFV09E which
leads to oncogene-induced senescence (OIS) as initially described by Michaloglou et al. [4].
Melanoma cell line Mel Juso was treated with 100 uM etoposide, an inhibitor of topoiso-
merase II, to induce DNA damage and thereby trigger cellular senescence. Traditional
mRNA markers of senescence include cell cycle inhibitors and members of the senescence-
associated secretory phenotype (SASP). We started with assessing cell cycle inhibitors
p21CIPI/WAFL and p16/NK4A which are encoded by CDKN1A and CDKN2A genes, respec-
tively. While CDKN2A was significantly induced in both experimental settings, we detected
a significant increase of CDKN1A only in melanoma cells treated with etoposide, while
there was no significant effect in senescent NHEM (Figure 1A,B). A third cell cycle inhibitor,
p53 encoded by the TP53 gene, did not show any regulation on mRNA level in both systems.
We further assessed gene expression of CXCL2 and CCL8, which are associated with the
SASP [22]. While both markers were increased in senescent NHEM and melanoma cells, a
statistical significance could only be detected for CXCL2.

3.2. Protein Markers of Senescence

Since mRNA markers have a number of limitations, mostly due to the possibility of
translational and posttranslational regulation, we next tested for different protein mark-
ers of cellular senescence. Interestingly, aforementioned cell cycle inhibitors p16™K44A,
p21CIP/WAFL and p53 are among the most common proteins for detection and quantifica-
tion of cellular senescence [23]. We, therefore, used Western blot analysis to assess and
compare their regulation in different experimental settings. Protein levels of all three
cell cycle inhibitors doubled during OIS in NHEM (Figure 2A). Melanoma cells treated
with etoposide showed a stronger increase of p21c"1/WAFL ‘wvhile upregulation of p53
turned out to be rather variable (Figure 2B). Cell cycle inhibitor p16™ 44 protein, however,
was absent in melanoma cells (data not shown). As several studies found an association
of ERK1/2 activation with cellular senescence [18,24], we assessed this marker next. A
significant increase of phosphorylated ERK1/2 was found in both senescent NHEM and
melanoma cells. It is important to note that the effect in NHEM is potentially caused by
overexpression of mutant BRAFV®%E an upstream kinase of ERK1/2. The melanoma cell
line used in our experiments also carries a mutation upstream of ERK1/2, affecting HRAS
and NRAS genes. In contrast to NHEM, however, both control and treatment cells bear
these mutations, indicating that they do not attribute for the increased phosphorylation
of ERK1/2 after etoposide treatment. Furthermore, we detected YH2AX as an indicator
of DNA damage in melanoma cells, and found a strong but not reliable upregulation
when assessing biological replicates, thereby preventing statistical significance. The same
marker could not be detected in senescent NHEM (data not shown). Another molecular
marker of DNA damage showed increased levels of nuclear promyelocytic leukemia pro-
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tein (PML), which is best assessed using immunocytochemistry. While we could detect a
significant increase of nuclear PML staining in NHEM, there was only a tendency toward
an upregulation in melanoma cells treated with etoposide (Figure 2C,D).
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Figure 1. RNA markers of cellular senescence in (A) NHEM transduced with mutated BRAFY600F
(n =7) and (B) melanoma cell line Mel Juso treated with 100 uM etoposide (n = 3). Bars are shown as
mean + SEM (Student’s t-test). (*: p < 0.05, **: p < 0.01, ****: p < 0.0001).

3.3. Functional and Morphological Markers of Senescence

A central hallmark of cellular senescence is the discontinuation of cell division and
thereby proliferation. We here used real-time cell proliferation analysis (RTCA) to track
cell growth over time, and found a significant decrease in both experimental settings
(Figure 3A,B). In addition, proliferative activity can be measured indirectly by incubating
cells for an appropriate time period followed by cell viability analysis. Since incubation
times are largely dependent on the proliferation rate of control cells, we used 7 days
(NHEM) and 48 h (Mel Juso) in our experiments. An XTT assay revealed significantly
reduced cell viability in BRAFV®%E-transduced NHEM and etoposide-treated Mel Juso
cells, hence indicating reduced proliferation (Figure 3C,D).

Some functional consequences of cellular senescence lead to morphological changes,
including heterochromatin formation, flattening, and multinucleation of cells. Senescence-
associated heterochromatin foci (SAHF) were detected using DAPI staining, revealing a
significant increase in both primary and melanoma cells (Figure 3E,F). Next, we assessed
flattening and multinucleation, which were both significantly elevated after treatment
of Mel Juso with etoposide (Figure 3H). NHEM, however, already had high levels of
flattened cells in the control treatment, with a small but significant increase after entering
OIS (Figure 3G). Interestingly, multinucleation in NHEM was negligible, as only very few
cells with two or more nuclei were found.
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Figure 2. Protein markers of cellular senescence. Western blot analysis of (A) NHEM transduced with
mutated BRAFV60E (]l n =7, pl6 n = 6) and (B) melanoma cell line Mel Juso treated with 100 uM
etoposide (n = 3). (C,D) Immunofluorescent stainings of PML and DAPI. Scale bars equal 20 pm. Bars
are shown as mean & SEM (Student’s t-test). (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ***: p < 0.0001).

3.4. Quantification of Senescence-Associated Beta-Galactosidase Activity

Next, we quantified activity of senescence-associated beta-galactosidase (SA-f3-Gal),
which is stated to be the gold standard when it comes to detection of cellular senescence [16].
Multiple experimental approaches have been developed to reliably measure activity of
beta-galactosidase in vitro, with the method of Dimri et al. [14] being the most widespread.
It is based on the cleavage of X-Gal to yield a blue and insoluble dye, which can be
easily detected using bright field microscopy. We used this method to quantify senescent
primary and melanoma cells, and detected a significant increase compared to the respective
controls (Figure 4A,B). Next, two fluorescent substrates of beta-galactosidase were used in
combination with flow cytometry, namely C1,RG (Figure 4C,D) and DDAO galactoside
(Figure 4E,F). While both substrates share the main feature of producing a fluorescent
molecule upon hydrolysis by beta-galactosidase, their chemical and functional properties
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differ notably. The resorufin-based C1,RG is not fluorescent in its inactive state and carries
a lipophilic tail that integrates in the cellular membrane to anchor the fluorescent product
within the cell and ensure signal stability. DDAO galactoside, on the other hand, is an
intrinsically fluorescent molecule that drastically changes its excitation and emission spectra
after hydrolysis. In our experiments, both molecules successfully detected senescent cells
similar to the traditional X-Gal assay. The percentage of positively stained cells was
comparable among all three detection methods, in both control and treatment settings.
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Figure 3. Functional and morphological markers of senescence. RTCA assay using (A) NHEM (n = 7)
and (B) melanoma cell line Mel Juso (n = 3). A representative example is shown on the left. (C,D)
Cell viability analysis 7 days (NHEM, n = 7) or 48 h (Mel Juso, n = 3) after treatment. (E,F) Detection
of cells with visible SAHF using DAPI staining. Scale bars equal 10 pm. (G,H) Quantification of
flattened and multinucleated cells. Arrowheads indicate flattened cells, arrows mark multinucleation.
Scale bars equal 20 um. Bars are shown as mean + SEM (Student’s t-test). (*: p < 0.05, **: p < 0.01,
#**: p < 0.001, ****: p < 0.0001).
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Figure 4. Quantification of SA-B-Gal activity. (A,B) Traditional method using X-gal and bright
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3.5. Validating Selected Markers for Detection of Cellular Senescence in Melanoma Cells

While primary melanocytes are well characterized even in their senescent state, malig-
nant melanoma is one of the most highly mutated cancers and thereby comes with a high
grade of heterogeneity [25]. Further, induction of senescence in therapeutic or physiological
settings might be due to a broad variety of stimuli, indicating that further validation is
necessary for this cell type. Based on the data described in this study, we selected a set
of three markers that showed the best results in melanoma cells treated with etoposide:
SA-f3-Gal, p21, and morphological changes, including flattening and multinucleation. In a
first step, Mel Juso cells were treated with acidified nitrite, a novel antitumor treatment
previously described [18]. A significant increase of SA-3-Gal, detected via X-Gal assay,
was revealed (Figure 5A). Induction of p21 was present on both mRNA and protein level
(Figure 5B). Since acidified nitrite interfered with -actin expression (data not shown), we
used 18s mRNA as reference, as well as Ponceau S staining during protein quantification.
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When assessing morphological changes, we could detect a significant increase of flattened
cells, while multinucleation remained scarce (Figure 5C). To account for mutational het-
erogeneity of malignant melanoma, cell line Mel Im was used in addition. In contrast to
Mel Juso cells, which bear a NRASQ'L mutation but wild-type BRAF, Mel Im cells carry
wild-type NRAS but mutated BRAFV60E, Further, we introduced a physiological stimulus
of cellular senescence, long-term acidosis, as described recently [26]. During long-term aci-
dosis, Mel Im cells exhibited a strong increase of SA-f3-Gal staining (Figure 5D), combined
with increased p21 mRNA and protein (Figure 5E). Similar to aforementioned treatment
with acidified nitrite, we detected elevated levels of flattened cells without any relevant
effect on multinucleation (Figure 5F).
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Figure 5. Validation of selected markers in malignant melanoma cells. (A-C) Mel Juso cells treated
with acidified nitrite showed increased SA-3-Gal staining (A), p21 mRNA and protein (B), and
some effects on morphology (C). (D-F) Mel Im cells during long term (LT) acidosis were found
to have strong SA-B-Gal activity too (D), accompanied by p21 mRNA and protein (E) as well as
morphological alterations (F). Scale bars equal 50 um. Bars are shown as mean £ SEM (Student’s
t-test). (*: p < 0.05, ***: p < 0.001, ****: p < 0.0001).
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4. Discussion

Reliable detection and quantification of senescence have been major challenges ever
since its first description decades ago. Heterogeneous cell populations, combined with
a strong dependency on cell type and senescence trigger [27], increased the difficulty of
developing universal molecular markers. To date, the only generally valid marker of
cellular senescence is thought to be SA-f3-Gal [16], while the vast majority of remaining
molecules have to be carefully assessed and validated for each experimental setting. This
study focusses on melanocytic systems by comparing two clinically relevant in vitro mod-
els: Primary melanocytes bearing mutant BRAFV®'F to enter OIS, as commonly found in
melanocytic nevi [4], and melanoma cells after treatment with chemotherapeutic agent
etoposide. It thereby combines a physiological setting, in which the difference between
proliferating and senescent cells is relatively small, with a therapeutic approach that com-
pares highly proliferative cancer cells with severely damaged cells after treatment. The
expected distance of control and treatment conditions, in terms of the senescent phenotype,
is an important consideration to be made before selection of senescence biomarkers, as it
defines the appropriate sensitivity required for the experiment. A second consideration is
the quantity of molecular markers. While diagnostic and therapeutic approaches require
sophisticated sets of biomarkers to detect senescent cells with great sensitivity and speci-
ficity, a reduced and simplified selection might be sufficient for most research applications.
The latter will be addressed at the end of this section, as we will propose a condensed set of
senescence biomarkers designated for research on melanocytes or melanoma cells.

When assessing cellular senescence, cell cycle inhibitors are commonly used as mRNA
and protein markers. Their importance has been extensively reviewed elsewhere [28-30].
Briefly, two different pathways are induced, namely Arf/p53/p21 and p16/pRb, both
resulting in cell cycle arrest as reviewed by Larsson [31]. However, several limitations have
to be taken into account: first, activation of cell cycle inhibitors is dynamic and depends on
the cellular state. As indicated by several studies, p21¢'"! and p53 are commonly found
during the initiation of senescence, but may decline afterwards, while p16INK4A shows
delayed upregulation to stabilize senescence [32,33]. Consequently, assessing single cell
cycle inhibitors might not be sufficient to detect senescent cells reliably. A second limitation
is introduced by their low specificity, especially p21“'*! and p53, as other cellular conditions
can cause a similar upregulation. This includes quiescence [34,35], apoptosis [36,37],
and cellular dormancy [38]. Finally, cancer cells commonly bear mutations of cell cycle
inhibitors [39], potentially interfering with their re-activation and limiting their use as a
molecular marker of senescence. As pathways for induction of senescence are far from
being fully understood, establishment of a senescent phenotype without activation of
major cell cycle inhibitors seems reasonable. This is of special importance for malignant
melanoma, as it belongs to the most highly mutated cancers [25].

The SASP is an important hallmark of cellular senescence and can be detected either by
gPCR to measure mRNA levels of SASP components or via enzyme-linked immunosorbent
assay (ELISA). We here used qPCR to detect levels of CXCL2 and CCLS, while many more
SASP components might be equally useful [40,41]. Most of these markers, however are
easily affected by cell type, senescence trigger, and cellular microenvironment [42]. Further,
SASP components are reportedly increased during quiescence and even apoptosis [43,44].
Moreover, DNA damage is considered to a central mediator of cellular senescence, as it
was previously linked to replicative as well as premature senescence caused by oncogene
activation, cytotoxic therapy, or other triggers [45]. We assessed two members of the
DNA repair response (DRR), gamma-H2AX and PML, which both turned out to be rather
unreliable. A possible explanation is found in the experimental settings used in this study:
gamma-H2AX is one of the first steps for recruitment and localization of DRR proteins [46],
which possibly explains why it could not be detected in primary melanocytes seven days
after oncogene overexpression in full senescence. The exact function and regulation of
PML during DRR remains unclear, but it was found to be more stable in our experiments.
However, it is important to note that PML has widespread cellular functions and is involved

95



Cells 2022, 11, 1489

in several physiological and pathological processes [47,48]. Another, yet uncommon marker
of senescence is phospho-ERK1/2 as an indicator of MAPK activity. Although it seems
counterintuitive at first, recent studies have reported significant evidence that MAPK
signaling contributes not only to proliferation, but also to cellular senescence [49,50]. Since
pathways regulating ERK activation are affected by mutations in many cancers and the
majority of melanomas [51], special caution should be exercised when using phospho-
ERK1/2 for detection of senescence.

Discontinuation of proliferation displays the most important functional consequence
of cellular senescence. A common and feasible method to detect this is metabolic assays
based on mitochondrial activity, including XTT assay used in this study. Such indirect
measurement of proliferation has certain drawbacks, as mitochondrial activity might
be affected without any further consequences on proliferation, leading to false positive
results. On the other hand, senescence itself was shown to affect mitochondria [52], thereby
impairing the necessary correlation of mitochondrial activity and cell count. Consequently,
metabolic assays have only limited reliability when measuring proliferation rates in the
context of cellular senescence. Impedance-based systems like RTCA bypass these problems
by directly quantifying the coverage of specific cell culture plates, which is a result of cell
count and cell size. Although senescent cells commonly show changes in morphology and
size [53], such effects can easily be excluded by analyzing the slope of the proliferation
curve rather than raw impedance values. Morphological changes might serve as markers of
senescence on their own, with the main advantage that they do not require any processing or
staining. Senescent cells are usually flattened [53], which was supported by our experiments.
Multinucleation could not be found in melanocytes, but melanoma cells treated with
etoposide, the reason for which is unknown. Further, there was no relevant increase of
multinucleation when testing different senescence inducers and a second melanoma cell
line, indicating that this parameter is not reliable. Since research on morphological changes
during senescence and underlying mechanisms is sparse, critical evaluation of their use as
markers of senescence is barely possible.

Finally, we assessed the gold standard of senescence detection, SA-3-Gal. Its main
advantages include easy detection and comparatively high, but not perfect specificity for
senescent cells [54]. Melanocytes are among the very few cell types that physiologically
express high levels of lysosomal [3-galactosidase, the same enzyme referred to as SA-
-Gal in senescent cells [14,15]. Since its expression increases over time, it is generally
advisable to use neonatal melanocytes for in vitro experiments, as it was done in this
study. Furthermore, experiments including SA-B-Gal should be conducted at low passage
numbers. From our experience, primary neonatal melanocytes start to show increased
[-galactosidase activity after approximately 15 population doublings (equals 10 passages),
which is why all experiments in this study were performed before cells had doubled 12
times (equals 8 passages). We then used two fluorescent substrates in combination with flow
cytometry to measure SA-3-Gal and got results comparable to the traditional X-Gal assay;,
thereby confirming their validity. Flow cytometry has a number of advantages, including
the possibility to analyze full samples with a consistent threshold, instead of manually
analyzing a small percentage of cells and individually defining positive and negative cells.
Pigmented melanocytes introduce another challenge during analysis of X-Gal stainings, as
it may be difficult to distinguish between brown pigment and blue dye. The combination
of fluorescent substrates and automated analysis using flow cytometry displays an easy
solution to overcome such difficulties. Finally, neither staining with fluorescent substrates
nor flow cytometry require fixation or preprocessing of cells. This introduces the possibility
of flow cytometric sorting of cells with increased SA-3-Gal activity, as it was already done
in recent studies [55,56].

After evaluating the molecular markers used in this study, it becomes evident that
although the majority of them reliably detects senescence, there is no single molecule
or cellular property with sufficient specificity to discriminate between senescence and
other, possibly related cellular states. A combination of several markers, each with its own
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advantages and limitations, might display an adequate solution. As described initially,
such a set of markers should be adjusted and validated for each cell type. Based on our data,
we suggest two different sets of molecular markers for primary melanocytes and melanoma
cells: when working with NHEM, increased SA-f3-Gal activity should be the first marker
and is preferentially assessed using flow cytometry. Cell cycle inhibitor p16™NK4A was found
to be strongly and reliably induced, thereby rendering it the second best molecule to detect
when investigating cellular senescence. As morphological and functional characteristics
were somewhat variable in NHEM, we suggest to add either CXCL2 as a marker of the
SASP, or PML immunofluorescence for detection of DNA damage as a third marker. In
melanoma cells, SA-f3-Gal activity also represents the main marker of cellular senescence,
with the advantage that detection via traditional X-Gal assay is sufficient. Beside this,
morphological flattening and induction of cell cycle inhibitor p21“TT1/WAFL ghould be used
as additional and reliable markers.

In summary, this study assessed a variety of senescence markers in two different
melanocytic systems. We found most of them working reliably, but critical evaluation of
their capabilities and drawbacks highlighted the importance of elaborate combined solu-
tions. Finally, we proposed a set of up to three molecular markers for primary melanocytes
and malignant melanoma cells to ensure reliable detection of cellular senescence in vitro.
Our data supports the ongoing discussion and potentially improves senescence detection,
until novel and sophisticated molecular markers are found.
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Abstract: A plethora of factors have been attributed to underly aging, including oxidative stress,
telomere shortening and cellular senescence. Several studies have shown a significant role of the
cyclin-dependent kinase inhibitor pl6ink4a in senescence and aging. However, its expression in
development has been less well documented. Therefore, to further clarify a potential role of p16 in
development and aging, we conducted a developmental expression study of p16, as well as of pI9ARF
and p21, and investigated their expression on the RNA level in brain, heart, liver, and kidney of mice
at embryonic, postnatal, adult, and old ages. P16 expression was further assessed on the protein
level by immunohistochemistry. Expression of p16 was highly dynamic in all organs in embryonic
and postnatal stages and increased dramatically in old mice. Expression of p19 and p21 was less
variable and increased to a moderate extent at old age. In addition, we observed a predominant
expression of p16 mRNA and protein in liver endothelial cells versus non-endothelial cells of old mice,
which suggests a functional role specifically in liver endothelium of old subjects. Thus, p16 dynamic
spatiotemporal expression might implicate p16 in developmental and physiological processes in
addition to its well-known function in the build-up of senescence.

Keywords: aging; endothelial cells; development; liver; heart; brain; kidney; senescence; SASP

1. Introduction

Aging is characterized by the gradual continuous decline of functions of cells, tis-
sues, and the whole organism [1]. This age-related functional degeneration affects each
organism that passes through developmental phases up to aging, as it is experienced by
single cellular and multicellular organisms [2]. In mammals, aging is associated with a
variety of pathologies and has been classified as the leading predictive factor of many
chronic diseases that account for the majority of morbidity and mortality worldwide [3].
These diseases include neurodegenerative (Alzheimer’s and Parkinson), cardiovascular,
pulmonary, renal, and bone disorders, and cancers [4-9]. What makes aging a common
risk factor is the fact that it arises from molecular mechanisms and pathological pathways
that are cornerstones for the development of all these diseases. This includes oxidative
stress and overproduction of reactive oxygen species, overproduction of inflammatory
cytokines, activation of oncogenes, DNA damage, telomere shortening, and, consequently,
accumulation of senescent cells [10-15].

Cellular senescence is a stress response defined as an irreversible arrest of cellular
proliferation that results from experiencing potentially oncogenic stress [16]. Senescence
was first discovered in primary cell culture in which cells exhibited a replicative senescence
after extended period of growth which was termed the Hayflick’s limit [17,18]. Senescent
cells are usually characterized by phenotypic changes, morphological and biochemical,
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and adopt a secretory phenotype known as the senescence-associated secretory phenotype
(SASP) [3,19-21]. Morphologically, senescent cells are usually larger than normal ones
and exhibit a flattened shape, sometimes with multi-nuclei. However biochemically, these
cells show a differential expression profile especially for some genes which rendered them
as senescence fingerprints. Senescence-associated (3-galactosidase, is an enzyme that is
upregulated in senescent cells, and which acts as senescence biomarker [22]. Moreover,
ectopic expression or upregulation of several genes has been identified, which includes
augmented secretion of proinflammatory cytokines, proteases, and growth factors, which
are all together termed the SASP [23-25]. A variety of causes underly the induction
of cellular senescence; this includes oncogenic stress, telomere shortening, mitogenic
signals, genomic DNA damage, epigenomic modifications, and tumor suppressor gene
dysregulation [26-33].

Two major pathways have been identified to generate and maintain senescence, rep-
resenting the intrinsic arm of cellular senescence. The key regulatory proteins of these
pathways are the cell cycle regulators pl6Ink4a (afterwards termed p16), p19Arf (after-
wards p19), and p21 in addition to p53 and retinoblastoma protein (pRB). p21 acts mainly
as a downstream effector of p53, and p16 is an upstream regulator of pRB via inhibition of
cyclin-dependent kinases Cdk4 and Cdké6 [34-38]. Based on their action in regulating the
cell cycle, p16, p19, and p21 were associated with cancer, aging, senescence, regeneration,
and tumor suppression [21,35,39]. Expression of pl19and p21 in embryonic development
has been described [21,40-43], while little is known about the expression of p16 during
development [44—46]. Therefore, we investigated p16, p19, and p21 RNA expression and
p16 protein localization in several organs during embryonic and postnatal development as
well as in adult and old mice.

2. Materials and Methods
2.1. Mice and Tissue Preparation

All animal work was conducted according to national and international guidelines
and was approved by the local ethics committee (PEA-NCE/2013/106).

Timed pregnant mice (NMRI and C57BL/6) were purchased from Janvier Labs (Le
Genest-Saint-Isle, France). The day of vaginal plug was considered embryonic day (E)
0.5. Pregnant mice were sacrificed by cervical dislocation at the indicated time points.
Embryonic tissues were dissected, and tissues were used to prepare RNA. The day of birth
was considered postnatal day (P) 0.

2.2. Mouse Tissue Samples, Histology, and Immunohistology

For immunohistochemistry, collections of paraffin-embedded whole embryos were
used up to E18.5; for later stages, hearts, livers, kidneys, and brains were dissected. Sam-
ples from at least three different animals per time point were analyzed. Three-micrometer
paraffin sections were used for histological and immunohistological procedures. For p16
immunohistology, after heat-mediated antigen retrieval and quenching of endogenous
peroxidase activity, the antigen was detected after antibody application (1:500 dilution,
p16 mouse monoclonal antibody, clone 2D9A12; ab54210, Abcam, Cambridge, UK,; addi-
tionally for some samples, a p16 mouse monoclonal antibody, clone 1E12E10, MA5-17142,
Thermo Scientific, Courtaboeuf, France) using the M.O.M peroxidase kit from Vector (Vector
Laboratories, PK-2200, Burlingame, CA, USA.) following the manufacturer’s instructions.
Avidin/Biotin blocking was performed using a kit from Vector (SP-2001). Diaminobenzi-
dine (DAB) served as substrate (Sigma, Saint-Quentin-Fallavier, France). Sections were
counterstained with hematoxylin (Dako, Trappes, France) [47,48]. Omission of the first
antibody served as a negative control, and additional controls were livers from p16 knock-
out mice. Slides were photographed using a slide scanner (Leica Microsystems, Nanterre,
France) or an epifluorescence microscope (DMLB, Leica, Germany) connected to a digital
camera (Spot RT Slider, Diagnostic Instruments, Sterling Heights, MI, USA). For immunoflu-
orescence double-labelling of mouse livers, anti-CD31 rabbit monoclonal antibody (1:2000
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dilution, clone EPR17259, Ref: ab225883) from Abcam was combined with the mouse
monoclonal anti-p16 antibody (Abcam) using Alexa Fluor 594 donkey anti rabbit and
Alexa-Fluor 488 donkey anti mouse secondary antibodies (Jackson ImmunoResearch, New-
market, Suffolk, UK) [49]. Negative controls were obtained by omission of first antibodies.
Images were taken using a confocal ZEISS LSM Exciter microscope (Zeiss, Jena, Germany).

2.3. RNA Isolation, Reverse Transcription, and Quantitative PCR

Using the Trizol reagent (Thermo Scientific, Courtaboeuf, France), total RNA was
isolated from brain, heart, liver, and kidneys of four different samples each at different
stages of development (embryonic day 10.5, 12.5, 14.5, 16.5, and 18.5; postnatal days 1,
7,21, 3 months, and 16-18 months) [50]. For E10.5 and E12.5, tissues from 7 embryos
each were pooled per sample. For E14.5 and E16.5, organs from 4 embryos were used per
sample. First-strand cDNA synthesis was performed with 500 ng of total RNA using the
Thermo Scientific Maxima First Strand cDNA Synthesis Kit (#K1672, Thermo Scientific,
Courtaboeuf, France), which contains DNase I, RNase inhibitor, oligo (DT) and random
hexamer primers. The cDNAs were diluted 10 times in nuclease free water. Two microliters
of the diluted reaction product were taken for real-time RT-PCR amplification which was
performed using a StepOne Plus thermocycler (Thermo Scientific) and the PowerUp SYBR®
Green Master Mix (#A25742, Thermo Scientific) or EurobioGreen Mix (GAEMMX02H,
Eurobio, Les Ulis, France). For each sample, expression of the housekeeping genes Gapdh,
Rplp0, and B-actin was determined. Three independent housekeeping genes were used
as expression for each gene might vary under different experimental conditions [51,52].
Expression for each sample was calculated by subtracting the mean value of housekeeping
gene Ct’s from the gene of interest Ct using the ACt method [47,48,50,52-58]. Afterward,
relative gene expression values were obtained by normalization of each sample against
the mean value of all samples at E10.5 to determine differences between the organs and
time points investigated. The mean value of all samples at E10.5 was set to 1 for easier
illustration as described [50]. Primer sequences are listed in Table 1.

Table 1. Primers used for quantitative RT-PCR.

Gene of Interest Oligonucleotide Sequences References
L6inka F: AGGGCCGTGTGCATGACGTG (59]
b R: GCACCGGGCGGGAGAAGGTA
19arf F: CGCTCTGGCTTTCGTGAAC (60]
P R: GTGCGGCCCTCTTCTCAA
. F: AATTGGAGTCAGGCGCAGAT (61]
b R: CATGAGCGCATCGCAATCAC
F: AGCTGGTGAAACGGAAGCG )
Tef-b1 R: GCGAGCCTTAGTTTGGACAGG This study
Vegfa F: CTCACCAAAGCCAGCACATA (54]
R: AATGCTTTCTCCGCTCTGAA
Py F: CACTTCACAAGTCGGAGGCT (54]
R: TGCCATTGCACAACTCTTTTCT
Moo F: CCATGCACTGGGCTTAGATCA (54]
P B: GGCCTTGGGTCAGGCTTAGA
F: AGGTCGGTGTGAACGGATTTG
Gapdh R: TGTAGACCATGTAGTTGAGGTCA [47,48,54,58]
. F: CTTCCTCCCTGGAGAAGAGC
practin R: ATGCCACAGGATTCCATACC [47,48,54,58]
Rplp0 F: CACTGGTCTAGGACCCGAGAAG (47.48.54.58]

R: GGTGCCTCTGGAGATTTTCG
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2.4. Endothelial Cell Magnetic-Activated Cell Sorting (MACS)

Kidneys, livers, hearts, and brains were isolated from four adult (3 months) mice
and four old (18 months) mice each. Organs were minced and afterward digested with
0.1 mg/mL of DNase I (10104159001, Roche Diagnostics, Mannheim, Germany) and
1 mg/mL of Collagenase A (11088793001, Roche) in 10 mL of DMEM culture media (Ther-
moScientific) for 1 h at 37 °C. Digested samples were passed through 70-pm filters (Smart-
Strainers, 130-098-462, Miltenyi Biotec, Paris, France), centrifuged, and washed twice with
PBS containing 2% fetal calf serum (FCS) and 0.5 mM of EDTA (ThermoScientific). Cells
were re-suspended in 90 uL of the same buffer (PBS + FCS + EDTA)/107 cells. Endothelial
cells were labelled by adding 10 uL/107 cells of magnetic microbead-associated anti-CD31
antibody (130-097-418, Miltenyi) at 4 °C for 15-30 min. Cells were separated via LS column
(130-042-401, Miltenyi) pre-washed with 3 mL of PBS + FCS + EDTA and attached to a
MidiMACS separator magnet (130-042-302, Miltenyi). Non-endothelial cells were eluted by
washes with 3x 3 mL of PBS + FCS + EDTA. Afterward, endothelial cells were eluted by
removing the LS columns from the magnetic field and flushing with 6 mL of PBS + FCS
+ EDTA. Eluted cells were separated as 1/3 for RNA extraction (see above) and 2/3 for
protein extraction and quantification.

2.5. Protein Isolation, Quantification, and Western Blot

After endothelial cell sorting as described above, 2/3 of each endothelial and organ
cells were taken from the total cell suspension. Cells where centrifuged at 3000 rpm for
10 min at 4 °C. Then, cells were incubated with 100 uL and 150 pL of RIPA buffer (Sigma)
for endothelial and organ cells, respectively, and kept on ice for 30 min. Afterwards,
samples were agitated overnight at 4 °C. The next day, the tubes were centrifuged at
16,000 rpm for 30 min at 4 °C. The total protein containing supernatant was recovered
and stored at —80 °C.

Proteins were quantified by colorimetric BCA assay according to manufacturer’s
instructions (Uptima, Montlugon, France). Samples were diluted 20 times in distilled water
and loaded in triplicates of 10 puL each, in transparent 96-well plates. In addition, BSA
standards ranging from 0 to 2 mg were loaded in triplicates (10 puL). Absorbance was
measured at a wavelength of 560 nm in a plate spectrophotometer (Biorad, Marnes-la-
Coquette, France).

For Western blotting, 60 g of protein in Laemmli buffer was denatured at 95 °C for
5-10 min. Samples were loaded on acrylamide gels (acrylamide/bisacrylamide 37.5/1) and
set for electrophoresis. Afterward, proteins were transferred to PVDF membranes (162-0177,
Biorad), and the membranes were blocked with 5% milk for 1 h (232100, Difco Skim Milk).
pl6 was detected using a rabbit monoclonal anti-p16 (Abcam; ab211542) diluted 1:2000
in PBS + 0.05% Tween 20 + 2.5% milk powder (overnight, 4 °C), followed by anti-rabbit
peroxidase-labeled secondary antibody addition (Vector Laboratories) diluted 1:2000 in
PBS + 0.05% Tween 20 + 2.5% milk powder for 1 h. Then, the chemiluminescence signal
was obtained by incubation with the enzyme-specific substrate (RPN2235, Amersham,
ECL Select Western blotting detection reagent). Afterward, the membrane was stripped
by application of 10 mL of stripping buffer for 15 min (ST010, Gene Bio-Application
L.T.D., Kfar-Hanagid, Israel) and washed 5x 5 min with distilled water before a second
identical blocking step with milk for the detection of Gapdh as housekeeping protein. A
rabbit monoclonal anti-Gapdh antibody (Abcam; ab181602) was used, and the signal was
generated with same secondary antibody and substrate mentioned above.

2.6. Statistics

Data are expressed as means =+ standard error of the mean (S.E.M.). Statistical differ-
ences were assessed by analysis of variance (ANOVA) followed by the Bonferroni post-hoc
test (Graph Pad Instat, GraphPad Software, Inc., San Diego, CA, USA). A p-value < 0.05
was considered to reflect statistical significance.
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3. Results
3.1. pl6Ink4a, p19, and p21 mRNA Expression during Embryonic Development and Postnatal
Stages in Different Organs

Expression of the mRNAs of the three genes p16, p19 and p21 was assessed at different
ages (E10.5, E12.5, E14.5, E16.5, E18.5, P1, P7, P21, 3 months (adult), and 16-18 months
(old)). Experiments were conducted on brain, heart, kidney, and liver tissues from which
RNA samples were extracted and quantified by reverse transcription-quantitative PCR,
normalized to the respective means of Rplp0, Gapdh, and B-actin housekeeping genes. The
results below show the comparison of relative expression levels at all investigated ages in
each organ for the three genes of interest (Figure 1) and the comparison of the expression
levels of each gene in the different organs at each age (Figure 2).

In the brain, we observed a significant upregulation of p16 expression beginning
at E14.5 until P7 compared to E10.5. Surprisingly, p16 expression dropped significantly
at P21 compared to P7 (p < 0.05) to reach the highest levels in old animals. p21 levels
increased significantly around E16.5 during embryonic development and remained at
stable levels during further development, increasing less than p16 in brains from old mice.
p19 expression became upregulated around E14.5 and remained more or less stable during
further brain development, showing an increase only in brains of old subjects.

Also in the heart, kidney, and liver p16 expression increased constantly over time
with higher expression levels than p19 and p21, which both showed rather low, fluctuating
expression during embryonic and postnatal development. Interestingly, in the heart, p16
tended to drop between P7 and P21 (p = 0.070) comparable to the time course in the
developing brain. In old stages, p16 expression in brain, heart, kidney, and liver was largely
increased. Also, p19 and p21 levels were upregulated in the respective organs, but to a
much lesser extent than p16 (Figure 1).

To further analyze the relative mRNA expression data for p16, p19, and p21 in embry-
onic development and in postnatal stages, we compared the expression of each gene in the
brain, heart, kidneys, and liver at each time point (Figure 2). Expression levels of p16 were
significantly higher at E10.5 in the brain compared to the developing heart, kidney, and
liver. At E14.5, E18.5, and P21, the liver displayed the highest p16 expression compared to
the other investigated organs. At adult and old life stages, p16 expression was high, but
not significantly different in the four organ systems studied. P19 expression did not vary
much between brain, heart, kidneys, and liver. An increase of p19 could be observed in
the kidney during development at embryonic day E12.5. Therefore, although p16 and p19
are situated in the same chromosomal region, spatiotemporal expression patterns seem
to be unrelated. Expression of p21 increased mostly in the brain during embryonic and
postnatal development beginning at E16.5 compared to E10.5, while in the other organs,
only temporary very restricted significant alterations were observed. Only in old animals,
in all organs a significant increase in p21 expression was noted (Figure 1). At embryonic
day 12.5, p21 expression was highest in the kidneys, while at E16.5 and P21, it was highest
in the brain, compared to heart, kidneys, and liver. Even in old animals, p21 mRNA levels
were elevated in brains compared to the kidneys (Figure 2).

105



Cells 2022, 11, 541

brain heart

o1 —o-p16 o'q —o-p16
+p19 *eded +p19

relative expression (log)
relative expression (log)

liver
—e—p16
—o—p19
o | et | —o—p21 -
=) =)
o o
= z ¢
9 gt S
3 g Rk Tkk *kk *%,
o e
g g
ge‘- g
2 2
8 5 €7
°© ©
e’ e
S 4 * © O N A N ¥ D Q o » © 9O N A N ¥ D
SEEE & T Ly e CEEE & TEL S

Figure 1. p16, p19, and p21 are differentially expressed during development and adulthood. Quan-
titative RT-PCRs for p16, p19, and p21 in mouse brains, hearts, kidneys, and livers at different
time-points of development and in adulthood (1 = 4 each, the four samples for E10.5 were each
pooled from 7 organs, at E12.5, and 14.5 the four samples were pooled from four organs each).
E: embryonic day, P: postnatal day, adult: 3 months of age, old: 16-18 months of age. Expression of
each gene was normalized to the respective Gapdh, actin, and Rplp0 expression. Next, the average of
all organs and samples at E10.5 was calculated. Individual samples were then normalized against
this average value (see Materials and Methods for details). Significance was tested for all time points
between E10.5 and 18 months. Data are mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Differential spatiotemporal expression of p16, p19, and p21. Quantitative RT-PCRs for p16,
p19, and p21 in mouse brains, hearts, kidneys, and livers at different time points of development and
in adulthood (1 = 4 each, the four samples for E10.5 were each pooled from 7 organs, at E12.5 and
14.5 the four samples were pooled from four organs each). E: embryonic day, P: postnatal day, adult:
3 months of age, old: 16-18 months of age. Expression of each gene was normalized to the respective
Gapdh, actin, and Rplp0 expression. The average of all organs and samples at E10.5 was calculated
and set to 1. Individual samples were then normalized against this average value (see Materials and
Methods for details). Significance was tested between the different organs for each time point. Data
are mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.2. Immunohistochemical Investigation of p16 Expression

In addition to quantitative p16 assessment on the mRNA level, we investigated its
expression in the brain, heart, kidneys, and liver at the different time points by immuno-
histochemistry. In the developing brain, we detected p16 in neuronal cells of the cephalic
mesenchyme (E10.5) and the neopallial cortex (E12.5-E18.5). The number of p16-positive
neurons increased with differentiation of the brain up to E18.5. (Figures 3 and 4). Neurons
of the cortex of old animals displayed a high p16 reactivity. Endothelial cells of the cortex
occasionally showed a faint p16 signal (Figure 5), which increased at adult (3 months) and
old (16-18 months) stages (Figure 6). Some cardiomyocytes showed p16 expression at early
embryonic stages E10.5-E12.5 (Figure 3). With compaction of the myocardium, the number
of p16 expressing cardiomyocytes increased from E14.5 to P1. From P7 on, the frequency of
p16 expressing cardiomyocytes decreased (Figures 3-5). Endothelial cardiac cells frequently
showed p16 expression, with a strong increase in old animals (Figure 6). Similarly to the
brain and the heart, more p16-positive cells were found upon differentiation of the kidney.
Whereas only faint expression of p16 could be detected in the ureteric bud at E10.5 and
E12.5, during formation of the metanephric nephrons and interstitial mesenchyme, a high
number of cells expressed p16. The number of p16 expressing cells in the kidney decreased
postnatally (Figures 3-5). In old mice, p16 was highly expressed in glomerular structures,
composed of podocytes, fibroblasts, and endothelial cells, and in vessels of the kidney
(Figure 6). In the hepatic primordium (E10.5-E12.5), very few cells exhibited p16 expression.
With the onset of hepatic hematopoiesis, the number of p16 expressing cells in the embry-
onic liver increased (Figure 3). From P1 on, when the bone marrow becomes the dominant
hematopoietic organ, very few cells in the liver expressed p16 (Figure 5). In livers of old
mice, we detected a strong signal in endothelial cells compared to hepatocytes (Figure 6).
Liver sections with omission of the primary antibody and sections from p16 knockout
mice were used as negative controls for the immunostaining (Figure S1). Embryonic p16
expression was confirmed using a different monoclonal antibody (Figure S2).

3.3. Selected SASP Factor Expression

To gain additional insights into the potential relevance and function of p16 expression
during embryonic and postnatal development and in adult and old mice, we measured
mRNA expression of II-6, Mmp9, Tgfb1, and Vegfa as selected SASP (senescence associated
secretory phenotype) factors [21,62,63] during the time points and in the organs mentioned
before. As each of these genes has individual functions at different time points and in
different organs, we considered only a concomitant modification of the four genes as in-
dicative of SASP. In agreement with the literature, we observed an increase in the measured
SASP factors in all organs in old mice (Figure 7). Mmp9 was transiently upregulated during
late embryonic and early postnatal development in the liver, but as the other investigated
genes did not follow the same time course, it might not be indicative for SASP, and the
increase in p16 expression during embryonic and postnatal development alone is not
indicative for senescence.
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Figure 3. p16 is expressed in the brain, heart, kidneys, and liver during embryonic development
(E10-E14). Representative photomicrographs of pl6 immunostaining on sections of mouse embryos
(3,3’ diaminobenzidine (DAB) substrate, brown, hematoxylin counterstaining) at different stages
before birth. Arrows indicate exemplary pl6-positive cells. Scale bars represent 50 pm.
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Figure 4. p16 is expressed in the brain, heart, kidneys, and liver during embryonic development
(E16-E18). Representative photomicrographs of pl6 immunostaining on sections of mouse embryos
(3,3 diaminobenzidine (DAB) substrate, brown, hematoxylin counterstaining) at different stages
before birth. Arrows indicate exemplary pl6-positive cells. Scale bars represent 50 pm.

3.4. Higher p16 Expression in Endothelial versus Non-Endothelial Cells in the Liver

As our immunohistochemistry approach suggested higher p16 expression in endothe-
lial versus non-endothelial cells in the liver, we confirmed colocalization of p16 with Cd31
by double-labelling and confocal imaging of wild-type mice livers at 3 and 18 months of
age (Figure 8a). For quantitative determinations, endothelial and organ liver cells were
isolated from adult (3 months) and old (18 months) mice. In adult livers, endothelial vs.
non-endothelial p16 mRNA levels tended to be higher, which became highly significant in
old livers (Figure 8b). A comparable result was obtained in Western Blot analyses, show-
ing slightly higher p16 expression in endothelial vs. non-endothelial cells in adult livers,
and a dramatic increase of p16 expression in endothelial cells from livers of old animals
(Figure 8c). Expression levels for p16 mRNA in endothelial versus non-endothelial cells
did not differ for the other adult and old organs, except for the hearts of old mice, where
organ cells showed higher p16 expression than endothelial cells. Interestingly, although
we observed high p16 expression in old liver endothelial cells versus non-endothelial cells,
this was not correlated with an increase in the expression of SASP genes except for Tgfb1,
while Vegfa expression was even lower in endothelial cells (Figure S3). This is consistent
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with the previous observation that liver endothelial cells in aged mice are highly metabolic
active and functional despite high p16 expression [64].
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Figure 5. p16 is continuously expressed after birth in vascular and organ cells. Representative pho-
tomicrographs of p16 immunostaining for the brain, heart, kidneys, and liver (3,3" diaminobenzidine
(DAB) substrate, brown, hematoxylin counterstaining) at different stages after birth. Note the persis-
tent expression of p16 in neuronal cells of the brain, cardiomyocytes, tubular and glomerular kidney
cells, and hepatocytes (green arrows) and endothelial cells (red arrows). Scale bars indicate 50 pm.
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Figure 6. p16 is continuously expressed in adults and increases in old animals. Representative pho-
tomicrographs of p16 immunostaining for the brain, heart, kidneys, and liver (3,3" diaminobenzidine
(DAB) substrate, brown, hematoxylin counterstaining). Note the persistent expression of p16 in
neuronal cells of the brain, cardiomyocytes, tubular and glomerular kidney cells, and hepatocytes
(green arrows) and endothelial cells (red arrows), which increases with age. Scale bars indicate 50 pm.
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Figure 7. Differential spatiotemporal expression of SASP factors in comparison to p16. Quantitative
RT-PCRs for p16, Tgfb, Vegfa, 116, and Mmp9 in mouse brains, hearts, kidneys, and livers at different
time points of development and in adulthood (1 = 4 each, the four samples for E10.5 were each pooled
from 7 organs, at E12.5 and 14.5 the four samples were pooled from four organs each). Expression of
each gene was normalized to the respective Gapdh, actin, and Rplp0 expression. Next, the average of
all organs and samples at E10.5 was calculated. Individual samples were then normalized against this
average value. Significance was tested for all time points between E10.5 and 18 months. E: embryonic
day, P: postnatal day, adult: 3 months of age, old: 16-18 months of age. Data are mean + SEM.
*p <0.05,** p <0.01, ** p < 0.001.
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Figure 8. Liver vascular cells express higher levels of p16 than liver cells with aging. (a) Confocal
images of Cd31 (red)/p16 (green) double-labeling on adult (3 months) (left image) and old (18 months)
(right image) liver tissues. Arrows indicate p16/Cd31-positive vascular cells. Scale bars represent
50 um. (b) Quantitative RT-PCRs for p16 of sorted liver endothelial cells (black bar) and liver organ
cells (white bar) at 3 months (upper panel) and 18 months (lower panel). Expression of pl6 was
normalized to the respective Gapdh, actin, and Rplp0 expression. Data are mean &+ SEM. *** p < 0.001.
(c) Western Blot for p16 in 3- or 18-month-old liver endothelial cells and 3- or 18-month-old liver cells.
Gapdh served as standard.

4. Discussion

Our results have shown dynamic and differential expression of p16 during embryonic
and postnatal development as well as in adult and old mice in the brain, heart, kidneys,
and liver. Expression of p16 was varying significantly within each organ during embryonic
development in a matter of days. At the same time, p19 and p21 did not show such a
remarkable variation of expression. We limited the current study to the investigation

114



Cells 2022, 11, 541

of brain, heart, kidney, and liver as these organs already develop at the embryonic time
points chosen [65-68] and are relatively easy to isolate. Nevertheless, it is possible that
p16, p19, and p21 might be expressed in a variety of developing organs. For example, p21
expression has already been described during embryonic development, i.e., in muscle,
nasal epithelium, tongue muscles, hair follicles, epidermis, and cartilage, and was related
in part to growth arrest and senescence [42,69,70]. Expression of p19 has been described in
the developing nervous system [44], while p16 has not been detected during embryonic
development in earlier studies [45]. However, the authors of this study did not exclude
that p16INK4a mRNA might be expressed at low levels or restricted sites in embryos.
The authors reported an upregulation of p16 transcripts in organs from 15 month-old
mice; however, the original PCR data do not show a specific p16 signal [45]. Using highly
sensitive quantitative RT-PCR and antibody staining methods [48,54-58,71], our finding of
a relatively high p16 expression during development and especially at old stages might be
more accurate.

Upregulation of p16/p19 and p21 is widely accepted as a marker of aging and senes-
cence [16,72-74]. In human tissue samples, P16 was detected in endocrine and exocrine
pancreas, skin, kidneys, liver, intestine, spleen, brain, and lung. Its expression increased in
all investigated organs except for the lung with increasing age [75]. We demonstrate here
that murine p16 expression highly increased in all organs investigated between 3 months
and 16 months of age. We observed a less pronounced increase in p19 and p21 compared
to p16 in old versus adult mice, which is consistent with previous reports in mice and
humans [76]. We could not detect organ-specific differences in p16 expression at 16 months
of age, which contrasts with a recent study from Yousefzadeh et al. [77]. This might be
explained by the age difference of the animals used in their study which compares mice
aged from 15-19 weeks with 120-week-old subjects. A study comparing P16 protein ex-
pression by immunohistochemistry in human tissues from young, middle-aged, and old
donors confirmed a significant increase of P16 in the liver, kidneys, and brain in old subjects.
However, no P16 expression could be detected at all ages investigated in the heart, which
might be due to species differences [75].

Regarding expression of p16, p19, and p21 and the role of senescence during embryonic
development, the literature is more controversial. Unlike p21, p16 and p19 were reported to
be absent in early studies as discussed above [45,69]. Senescence, however, has been de-
tected based on SA-f-galactosidase staining during embryonic development, which seems
to depend on p21 expression [42,43,78]. Interestingly, absence of p21 was compensated by
apoptosis, but still slight developmental abnormalities were detectable [43]. Although these
studies focused mainly on p21, p16 loss has also been shown to result in developmental
defects in the eye [79]; inactivation of p16 and p19 induced cardiomyocyte proliferation [80];
p16 has been detected in the ventricular and subventricular zones at embryonic and early
postnatal stages in the rat brain; SA-3-galactosidase activity and p16 expression has been
detected in regressing mesonephros of quails [81]; p16 expression in mouse embryos has
been detected in motoneurons and the senolytic ABT-263 decreased the number of these
cells [82]. Nevertheless, not all highly p16-positive cells are necessarily senescent [83,84].
For example, overexpression of p16 slowed cell cycle progression in the G0/G1 phase and
induced erythroid lineage differentiation [85], which might correspond to the early p16
expression in embryonic mouse livers [86]. Lack of p16 is linked to increased cardiomyocyte
proliferation [80], while lower cardiomyocyte proliferation, differentiation, and specifica-
tion are required for myocardial compaction [87,88], which coincides with our observed
cardiac p16 expression.

Furthermore, the notion of senescence as an irreversible form of cell cycle arrest,
leading to death of the cell [18] has been recently questioned by the observation that cancer
cells can escape from the senescence induced cell cycle arrest and gain a highly aggressive
growth potential [89]. Highly interesting, it has also been demonstrated that embryonic
senescent cells re-enter the cell cycle and contribute later to tissue formation [40]. We
observed organ specific variations of p16 expression, especially by immunohistochemical
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localization of p16 protein during development. Expression of p16 in development might
reflect its function of slowing down cell cycle progression, a process essential for cell type
specific differentiation. Knockout mice for p16/p19 and selectively for p16 are prone to tumor
development [90-92], but potential developmental defects have not been investigated as
the mice are viable and fertile. Thus, re-evaluation of potential developmental defects in
mice with inactivation of p16 or elimination of p16 expressing cells remains an interesting
challenge for further studies.

In postnatal livers, p16 has been intensively studied. p16 has protective effects in non-
alcoholic steatohepatitis and liver fibrosis through the regulation of reactive oxygen species
(ROS) and oxidative stress [93,94]. Specific removal of liver endothelial cells expressing
high levels of p16 resulted in fibrosis and liver deterioration, indicating that these cells are
required for the maintenance of liver physiology [64]. However, detailed future studies
using conditional cell type-specific knockout approaches will be needed to determine the
specific function of p16 in liver endothelial cells.

5. Conclusions

Taken together, p16 expression in embryonic stages might reflect an implication in
developmental differentiation processes. Further elucidation of the characteristics of p16
expressing cells, using embryos with inactivation or specific elimination of p16 expressing
cells will hopefully shed light on the possible functions of p16 in differentiation, in addi-
tion to its implication in senescence and aging. Moreover, in aged mice, the significant
upregulation of p16 expression in liver endothelial cells points to a selective role in liver
endothelial physiology.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cells11030541/s1, Figure S1: Representative photomicrographs of p16 immunostaining on
sections of mouse livers, Figure S2: Representative photomicrographs of pl6 immunostaining using
a different p16 antibody (clone 1E12E10) on sections of mouse embryos, Figure S3: Expression
of selected senescence-associated secretory phenotype (SASP) factors and p16 in endothelial and
non-endothelial cells.
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Abstract: It is widely accepted that senescent cells accumulate with aging. They are characterized by
replicative arrest and the release of a myriad of factors commonly called the senescence-associated
secretory phenotype. Despite the replicative cell cycle arrest, these cells are metabolically active
and functional. The release of SASP factors is mostly thought to cause tissue dysfunction and to
induce senescence in surrounding cells. As major markers for aging and senescence, p16INK4,
p14ARF/p19AREF, and p21 are established. Importantly, senescence is also implicated in development,
cancer, and tissue homeostasis. While many markers of senescence have been identified, none are
able to unambiguously identify all senescent cells. However, increased levels of the cyclin-dependent
kinase inhibitors p16INK4A and p21 are often used to identify cells with senescence-associated
phenotypes. We review here the knowledge of senescence, p16INK4A, p14ARF/p19ARF, and p21 in
embryonic and postnatal development and potential functions in pathophysiology and homeostasis.
The establishment of senolytic therapies with the ultimate goal to improve healthy aging requires care
and detailed knowledge about the involvement of senescence and senescence-associated proteins
in developmental processes and homeostatic mechanism. The review contributes to these topics,
summarizes open questions, and provides some directions for future research.

Keywords: development; aging; endothelial cells; senescence; SASP; metabolic function; stem cells

1. Introduction

Senescence was first described by Hayflick in isolated fibroblasts in culture [1,2]. In re-
sponse to repeated replication, DNA damage, metabolic alterations, reactive oxygen species
or cytotoxic drugs, cells enter permanent cell cycle arrest, change their morphology to more
flat and large cells, express and secrete cytokines, chemokines, growth factors, bioactive
lipids, and pro-apoptotic factors—the so-called senescence-associated secretory phenotype
(SASP) and become positive for senescence-associated beta-galactosidase (SABG) [3-11].
Although the morphological features are easy to follow in cultured cells, the identification
in vivo or on histological sections is more problematic. SAG staining is also not uniform in
all old cells or in response to typical inducers of senescence, e.g., doxorubicin [12]. During
embryonic development, even some co-localization of SABG staining with proliferation
markers was detectable [13]. Thus, recently the use of combinations of different markers
and expression of SASP factors was suggested from the International Cell Senescence
Association to correctly identify senescent cells [5]. In addition, the expression of SASP
factors varies depending on different cell types [14]. Whether different cell types are to
the same extent susceptible to age-related senescence is equally unclear. The conventional
view in agreement with the Hayflick experiments would suggest that replicative cells are
prone to senescence with increasing age. Nevertheless, senescence-like features were also
observed in terminally differentiated non-cycling cells [15-18] and in macrophages and T-
cells [19-21]. As typical markers for aging and senescence p16INK4A, p14ARF/p19ARFATf,
and p21 are accepted [3-7,10,11,22-28]. These proteins were originally identified as cell
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cycle inhibitors (for details see below). Thus, senescence could also be viewed as an ex-
treme case of cell cycle inhibition except for the case of postmitotic cells. p16INK4A is
one of the most attractive and intensively investigated marker of aging and senescence as
expression has been initially reported to be absent during embryonic development [29,30]
and it is highly expressed in advanced age and senescence [24-28,31-37]. We and others
provided recent evidence that p16INK4A is expressed during development in several
organs [38]. The elimination of p16INK4A-expressing cells in aged animals did not only
have the expected positive effects, but also negatively impacted the health span, caused
liver fibrosis [39] and interfered with normal wound healing [40,41]. Thus, it seems timely
to review knowledge of senescence, p16INK4A, p14ARF/19ASRF, and p21 in embryonic
and postnatal development, in disease and homeostasis.

2. p16INK4A, p14ARF/p19ARE, and p21—Basic Molecular Mechanisms

p16INK4A was originally identified as a tumor suppressor gene [42,43]. Initially,
different names, i.e., multiple tumor suppressor-1 (MTS-1), inhibitor of cyclin dependent
kinase 4a (INK4a), cyclin dependent kinase inhibitor 2a (CDKN2A), have been used,
CDKN2A now being the official gene symbol. The human p16INK4A gene is located on the
short arm of chromosome 9 (9p21.3) while the mouse gene is located on chromosome 4.
The use of different open reading frames on the locus generates in both species’ alternative
proteins (p14p14ARF in humans and p19ARF in mice). In comparison to p16INK4A, they
differ in the first exon while they share the second exon, resulting in the translation of
different reading frames [44,45] (reviewed in [46]). The p21 gene (CDKN1A) is completely
independent and localized on chromosomes 6 and 17 in humans and mice, respectively.
p16INK4A acts as a specific inhibitor of the cyclin-dependent kinases CDK4 and CDKG6 that
is mainly active in the G1 phase of the cell cycle to prevent the cell transition from the G1 to
S phase and subsequent proliferation arrest by rendering retinoblastoma protein (pRB) in
a hypo-phosphorylated state. CDK 4/6 bind cyclin D to form a complex that phosphorylates
retinoblastoma protein. When phosphorylated, pRB dissociates from E2F transcription
factors which translocate to the nucleus and activate transcription of S phase genes which
results in a cellular proliferation [47—49]. p16INK4A expression is tightly regulated via
a negative feedback loop with pRB. pRB phosphorylation promotes E2F translocation
and induces p16INK4A expression, which in turn inhibits CDK 4/6 and increases hypo-
phosphorylated pRB, leading to the downregulation of p16INK4A [50]. Alternatively,
elevated p16INK4A transcription in pRB negative cells has also been reported, indicating
alternative mechanisms for p16INK4A upregulation [25]. Furthermore, differences in
p16INK4A RNA expression did not correlate well with the pRB status of the cells [25].
p16INK4A and p19p14ARF/p19AREF are suppressed by promoter hypermethylation via
PRC1 and PRC2 complexes involving BMI-1, EZH2, ZFP 277, Mel18, CXB7, and CXB8
proteins [51-61]. Interestingly, pRB seems to also be involved in this regulatory loop
as a lack of pRB results in loss of histone H3K27 trimethylation and less recruitment of
BMI-1 and repression of the p16INK4A locus [62]. Activators of the p16INK4A locus
include AP-1 [63], JDP-2 [64-66], CTCEF [67], Tcf-1 [68], p300 with Sp-1 [69], Meis1 [70], and
PPAR gamma [71]. These in vitro molecular studies should be interpreted with care. For
example, multiple beneficial effects were attributed to removal of p16INK4A-expressing
senescent cells in mice [17,72-82]. PPAR gamma stimulation induces p16INK4A-expression
and might result in senescent cell-based multi-organ failure. However, glitazones (PPAR
gamma activators, e.g., rosiglitazone) have been in clinical use as antidiabetic drugs for
more than 20 years [83].

Combined in vivo and in vitro studies using knockout mouse models, chromatin
immunoprecipitation (CHIP), and RNA sequencing showed that non-cleaved general tran-
scription factor TFIIA acts as a repressor of the p16INK4A, p14ARF/p19ARE, and p21 loci.
Taspasel-mediated (TASP1-mediated) cleavage of TFIIA ensures rapid cell proliferation
and morphogenesis by reducing transcription of p16INK4A and p14ARF/p19ARF. Conse-
quently, Tasp1 knockout mice showed variable degrees of micro-ophthalmia, anophthalmia,
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agnathia, general growth retardation, and defects of development of forebrain neurons,
which were partially rescued by combined knockout of p16INK4A and p14ARF/p19ARF [84].

Elegant in vivo studies showed that a common variant of a 58 kb non-coding sequence
in humans (70 kb in mice) flanking the p16INK4A /p14ARF/p19ARF locus is associated
with an increased risk of coronary artery disease [85-87]. The removal of this sequence
resulted in a low expression of p16INK4A /p14ARF/p19ARF and excessive proliferation of
aortic smooth muscle cells indicating that this region has a pivotal role in the regulation of
p16INK4A /p14ARF/p19ARF expression and control of cell proliferation [88].

Coordinated suppression/activation of the p16INK4A /p14ARF/p19ARF locus would
further implicate that p16INK4A and p14ARF/p19ARF expression patterns are related.
Our recent study on several organs during development and aging showed that this is
not the case [38]. Moreover, p14ARF/p19ARF shows different downstream signaling
from p16INK4A. p14ARF/p19ARF acts as a cell cycle inhibitor by interfering with the
activation of the P53 pathway, through binding to MDM2 and blocking MDM2-mediated
P53 degradation [89], although p14ARF/p19ARF might also have some P53-independent
actions [90]. p14ARF/pl19ARF might induce apoptosis via Bax in a P53 independent
manner [91]. p14ARF/p19AREF is activated by Myc [92] and in a feedback mechanism
seems to physically interact with Myc protein and prevent its function as a transcriptional
activator. In addition, this action is independent of P53 [93,94]. p21 is another cyclin-
dependent kinase inhibitor and has been shown to fulfill anti-proliferative functions in
a mechanism that is P53-dependent. p16INK4A might activate p21, which acts by inhibiting
CDK2-cyclin E active complex formation, such as p16INK4A inhibition of CDK4/6 cyclin D.
The consequence is also hypo-phosphorylation of pRB and cell cycle arrest [95]. Interesting,
low p21 levels promote CDK-cyclin complex formation, while higher expression of p21
inhibits the activity of the complex [96]. This might explain to some extent the diverse
effects of altering the levels in vivo described below.

PRB interacts through various cellular proteins, among which E2F transcription factors
are the best characterized [97-99]. While transient E2F overexpression promotes cell cycle
progression and hyperplasia, sustained E2F3 overexpression promotes a senescence-like
phenotype in a p16INK4A-pRB-p14ARF/p19ARF pathway-dependent manner [100] points
again to the different outcomes dependent on timing and cellular model. E2F3 in addition
occupies the p14ARF/p19ARF promoter in mouse embryonic fibroblasts and E2f3 loss
is sufficient to derepress p14ARF/p19ARF, which in turn triggers activation of p53 and
expression of p21 [101]. The combined loss of all E2F transcription factors also results
in overexpression of p21, leading to a decrease in cyclin-dependent kinase activity and
Rb phosphorylation [98,99]. p21 is furthermore transcriptionally inhibited by a Myc-
Miz complex [102,103] and activated by Smad/FoxO complexes in response to TGF beta
stimulation [104]. The regulation of p16INK4A, p14/p14ARF/p19ARFATrf, and p21 are
reviewed in detail elsewhere [105-110].

3. p16INK4A, p14ARF/p19ARE and p21 in Organ Development

Earlier studies were not able to detect p16INK4A expression during mouse embry-
onic development [29,30]. However, the authors did not exclude the possibility that
p16INK4A might be expressed in different developing organs and time points, but the lack
of p16INK4A detection might rather represent technical limits [29]. We used recently sensi-
tive quantitative RT-PCR and immunohistochemistry techniques [111-115] to re-evaluate
p16INK4A expression during mouse embryonic development, in the adult, and in old
mice [38]. We determined p16INK4A expression between embryonic day (E10) and birth,
at postnatal day seven (P7), postnatal day 21, which corresponds to weaning, in adults, and
16-18-month-old mice. We focused on the heart, brain, liver, and kidney as these organs
or progenitors are already present at the first time point chosen [116-119]. p16INK4A,
p14ARF/p19AREF, and p21 were detectable at all investigated embryonic and postnatal
time points. Compared to p14ARF/p19ARF and p21, p16INK4A expression continued to
increase during development, remained then stable in adulthood and became dramatically
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upregulated in the organs of old animals. This high rise of p16INK4A expression with
old age is in principle in agreement with the literature defining p16INK4A as a marker of
aging and senescence [5,72,120-124]. In agreement with this, we also detected a significant
increase in SASP markers in all investigated organs of old animals. Interestingly, in the
organs of old mice, we observed the highest p16INK4A expression in vascular structures,
especially in the liver and the heart. During embryonic development, high p16INK4A
expression did not correspond with increased SASP expression and was observed in the
respective parenchymal cells and not in vessels, which coincided with the corresponding
time points of differentiation in the organs investigated [38], suggesting that in this instance,
p16INK4A might act in a classical way as cell cycle inhibitor as pre-requisite for differ-
entiation. Although we did not yet identify potential molecular regulators of p16INK4A
expression during embryonic development, it is interesting to note that p16INK4A and
p14ARF/p19AREF displayed a differential developmental expression pattern indicating
that not the genomic locus, but more specific regulatory elements of p16INK4A might
be activated.

In contrast to the early reports of absent p16INK4A expression during mouse de-
velopment [29,30], expression during rat brain development was described only slightly
afterward. In agreement with our results, p16INK4A expression colocalized with p53 in
the ventricular and subventricular zones at embryonic and early postnatal stages and p53
was mainly found in postmitotic cells of the cerebral cortex and hippocampus [125]. In the
olfactory epithelium, p16INK4A and p21 were detectable around birth, with p16INK4A
marking differentiating and p21 mature neurons [126]. p16INK4A expression was also
detected in bone marrow derived hematopoietic progenitor cells of adults [127] and in
epiphyseal growth plate chondrocytes and bone lining osteoblasts in growing mice [128].
In these cases, higher p16INK4A expression was associated with reduced cell prolifera-
tion, but senescence of these cells had not been reported. Increasing p16INK4A and p21
expression has been also observed in male germ cells coinciding with the timing of mitotic
arrest, but not with senescence [129]. These male germ cells enter meiosis during post-natal
life [130]. Increased p16INK4A expression was noted already in the endometrium between
days 2 to 5 of pregnancy in mice. Injection of a p16INK4A antibody decreased the number
of implanted blastocysts compared with that of a saline-injected group suggesting a role
of p16INK4A in blastocyst implantation [131]. This observation seems to be in contrast
to normal Mendelian frequencies of birth in p16INK4A knockout mice [132], but slight
deviations from Mendelian inheritance might become obvious only when analyzing large
numbers of pups [115] and implantation defects would be only detectable if the female
mice in mating are p16INK4A knockout instead of heterozygotes. p16INK4A expression
was also described in human endometrium during pregnancy [133].

During mouse embryonic development, p16INK4A was further detected in the gut in
intestinal stem cells and progenitor compartments. Loss of Bmil resulted in accumulation
of p16INK4A and p14ARF/p19ARF and reduced intestinal stem cell proliferation, which
was accompanied by increased differentiation to the post-mitotic goblet cell lineage. Bmil
expression in intestinal stem cells was co-regulated by Notch and beta-catenin [134]. Bmil
plays also important roles for maintenance of neural stem cell self-renewal [135-139], for
mesenchymal stem cell renewal and bone formation [140], for immature retinal progeni-
tor/stem cells and retinal development [141], and for hepatic stem cell expansion [142] via
negative regulation of p16INK4A, p14ARF/p19ARE, and p21.

Already in three-month-old mice, a significant number of pl6INK4A-expressing
cardiomyocytes, mostly bi- and multinucleated cells, had been described [143]. We in-
vestigated expression much earlier during embryonic development and found increased
expression coinciding with cardiomyocyte differentiation [38]. As isolated cardiomyocytes
were immunostained in the previously mentioned report, potential expression in endothe-
lial cells at this time point was not detected. The authors considered p16INK4A expression
as a marker of senescence without further approaches to identify the cells as senescent [143].
Another study investigated the proliferation of cardiomyocytes by PCNA staining ex vivo
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in p16INK4A /p14ARF/p19ARF knockout mice. Surprisingly, the authors report 70% of
proliferating cardiomyocytes from 8 weeks old mice [144], which is in obvious contrast to
all data in the literature.

Specific p16INK4A knockout mice which retained p14ARF/p19ARF function dis-
played an increased incidence of spontaneous and carcinogen-induced cancers [132] and
melanomas [145] and thymus hyperplasia [132]. Thymus hyperplasia was associated
with increased numbers of CD4 and CD8 lymphocytes, which was surprisingly not due
to increased proliferation, but to reduced apoptosis of lymphocytes [146]. Mice lacking
p16INK4A and p14ARF/p19ARF on an FVBN genetic background develop cataracts and
micro-ophthalmia. They showed beginning from E15.5 defects in the developmental re-
gression of the hyaloid vascular system, retinal dysplasia, abnormal differentiation of the
lens, and cataracts [147]. Interestingly, the micro-ophthalmia phenotype in Task1 knockout
mice was partially rescued by the lack of p16INK4A and p14ARF/p19ARF suggesting
a fine-tuning of neuronal and eye development by the two proteins [84].

In addition, p14ARF/p19ARF knockout mice are prone to spontaneous and carcinogen-
induced cancers [148]. p14ARF/p19AREF is involved in perivascular cell accumulation postna-
tally in the mouse eye before eye development is completed [147,149-151]. p14ARF/p19ARF
decreased Pdgfr beta expression and blocked Pdgf-B-driven proliferation independently of
Mdm?2 and p53, which prevents the accumulation of perivascular cells and allows regres-
sion of the hyaloid vascular system of the developing eye [152,153]. Tgfbeta2 is required
for p14ARF/p19AREF transcription in the hyaloid vascular system as well as in the cornea
and the umbilical arteries [154,155].

p14ARF/p19ARF is detectable in developing hepatoblasts [156], which agrees with our
recent report. Lack of the Tbx3 member of the T-box family of transcription factors results
in upregulation of p14ARF/p19ARF and p21 in the developing liver, which is associated
with severe defects in proliferation and in hepatobiliary lineage segregation, including the
promotion of cholangiocyte differentiation and abnormal liver development [156]. Whether
Tbx3 might directly regulate p14ARF/p19ARF and p21 expression was not determined in
this study.

p21 knockout mice were reported initially to develop normally despite defective G1
checkpoint control in isolated knockout embryonic fibroblasts [157]. Interestingly, p21
expression was detected by Western Blot in human fetal atrial tissue, but not in adult
hearts [158]. p21 was also found in developing rat ventricular myocytes [159]. In both
studies, no comparison with old ages was made. Some p21-expressing cardiomyocytes
were detected in E15.5 developing mouse embryos [160] and in trabecular myocardium
at E18.5 [161]. The number was largely increased in Foxm1 knockout embryos as well as
in Tbx20 overexpressing hearts at the early stages of development, which correlated with
reduced proliferation and cardiac hypoplasia [160,162,163]. Fog-2 was described as a direct
transcriptional repressor of p21 in cardiac development. Fog-2 mutant embryos showed
multiple cardiac malformations, upregulation of p21, and thin-walled myocardium [164].
p21 expression had also been described in developing skeletal muscle, bones, lung, and
spinal cord [165-169]. p21 has been also implicated in the mitotic arrest in male mouse
germ cells during embryonic development [170]. An elegant study analyzing p21 and
P57 double-mutant mice showed that both proteins redundantly control differentiation of
skeletal muscle, bones, and alveoli in the lungs. Mice lacking both p21 and p57 failed to
form myotubes, and displayed enhanced proliferation and apoptotic rates of myoblasts
clearly indicating a role of p21 and P57 in normal muscle development [171]. Skeletal
defects were more pronounced in embryos lacking p21 [171]. This report clearly shows the
redundancy of the different proteins in cell cycle control and might explain the only few
phenotypes observed in single knockout animals despite the importance of the cell cycle
regulators for embryonic development.

Besides these studies implicating mostly p21 in embryonic development and differ-
entiation, several reports also pointed to senescence as a potential mechanism for nor-
mal embryonic development. Munoz-Espin and colleagues performed whole-mount
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senescence-associated 3-galactosidase SapG) staining in mouse embryos. They detected
SapG activity in endolymphatic sacs of the developing ear, in the closing neural tube, the
apical ectodermal ridge (AER) of the limbs, and later in regressing interdigital webs, around
the vibrissae, and in the mesonephros of dissected gonad-mesonephros complexes [13].
However, in the dissected gonad-mesonephros picture of the manuscript, some SARG
staining also seems to be visible in the gonad and the Wolffian/Muellerian duct system.
In further analyses, the authors focused on the endolymphatic sac and the mesonephros.
SABG activity in regressing mesonephros had been reported already earlier in chicken
embryos [172]. SABG activity was also detected in mesonephros and endolymphatic sacs
of human embryos around 9 weeks of development [13]. As a marker of proliferation, they
used Ki67 staining and found low proliferation in cells with SAPG activity. Nevertheless,
during several developmental time points, some Ki67-positive cells were still detectable in
SAbG-positive structures. As a major actor in developmental senescence, the authors sug-
gested p21 based on immunostainings for several markers of senescence in endolymphatic
sacs and mesonephros. Interestingly, the authors detected high p16INK4A expression in
the gonad, which was not further commented upon. SABG-positive cells were surrounded
by macrophages and disappeared during ongoing development while the macrophage
infiltration persisted longer. The attraction of macrophages was attributed to the SASP of
SARG-positive cells, which resulted in the now widely accepted concept that senescent cells
secrete a cocktail of molecules, which beside other effects attract macrophages that finally
clear the senescent cells [13,173-176]. A subset of p16INK4A expressing macrophages,
which are SABG-positive and might mediate this effect was identified recently in mouse
tissues [177]. However, as Munz-Espin and colleagues immunostained the embryos also
for p16INK4A, the macrophages in their model might represent a distinct population. Also,
in tumor-bearing mice, doxorubicin induced senescence and a SASP in the skin, indepen-
dent of macrophages and neutrophils [178], suggesting a certain variability in the events
of senescent cell clearance. Finally, Munz-Espin investigated potential developmental
defects in p21-deficient embryos. p21 knockout embryos had abnormal endolymphatic
sacs with infoldings at late stages of development (E18.5), which disappeared after birth
most likely due to macrophage clearance. Also in this case, the developmental program
to remove the abnormal cells was independent of SABG-positive cells or p21. In the
uterus, which partially derives from the regressing Wolffian duct, the authors observed
frequent septation and consequently a lower number of pups in p21 knockout mice [13],
a phenotype, which had been missed in the first global analyses of these animals. Storer
et al. used in parallel a similar approach and detected SABG-positive cells in the AER,
otic vesicle, the eye, branchial arches, gut endoderm, neural tube, tail, gall bladder, and
interdigital tissue [179]. Similarly, in this report, p16INK4A and p14ARF/p19ARF seemed
not to be involved in embryonic senescence, but p21 knockout embryos displayed less
SAPBG-positive cells. Instead of becoming senescent, cells underwent apoptotic cell death
and were cleared by macrophages. Interestingly, the mesenchyme directly below the AER
showed reduced proliferation indicating that developmental senescence is directly linked
to cell proliferation and patterning of neighboring structures [179]. As additional sites of
SABG-staining, the developing bones, placental trophoblast cells [180], and the visceral
endoderm [181] were identified. In the case of the visceral endoderm, SABG-staining
was not indicative of senescence [181]. Senescent cells have been described in a variety
of developing organisms including birds, zebrafish, axolotl, naked mole rats, xenopus,
mouse, and humans [13,172,179,182-188], mostly on the basis of SAbG-staining. More
recently, the utility of SABG-staining for the detection of developmental senescence has
been questioned as also apoptotic cells, e.g., in the interdigital tissue and postmitotic neu-
rons are stained independent of senescence [189-191]. Additionally, SABG and p16INK4A
expression have been shown to be induced in macrophages in response to physiologi-
cal stimuli, without the cells being senescent [192]. Furthermore, we described recently
p16INK4A expression at different developmental time points and several organs, which
did not correspond to the known sites of SABG expression. Only in old animals, but not
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during development, was a significant correlation between p16INK4A expression and SASP
factors detectable. Of interest is also the detection of senescence cells and significant SASP
activation in the development and response to stress in naked mole rats, which are consid-
ered a model of cancer-free longevity [186]. Reported sites of SABG-staining, p16INK4A,
p19p14ARF/p19ARE, and p21 expression during development are briefly summarized in
Table 1 and illustrated in Figure 1.

Table 1. Detection of senescence markers during development.

Localization Detected Signal Species Ref.
p16INK4A,
. . p14ARF/p19AREF, p21
Heart, kidney, brain, liver MRNA, mouse [38]
p16INK4A protein
Brain p16INK4A mRNA rat [125]
p16INK4A,
Olfactory epithelium p14ARF/p19ARF, mouse [126]
p21 protein
. p16INK4A,
Hematopoietic stem cells p14ARF/p19ARF mRNA mouse [127]
Chondrocytes, .
osteoblasts p16INK4A, p21 protein mouse [128]
Male germ cells p16INK4A, p21 mRNA mouse [129,170]
Endometrium in p16INK4A mRNA, mouse [131]
early pregnancy p16INK4A protein
Endometrlum p16INK4A protein human [133]
in pregnancy
Syncytiotrophoblast p16INK4A, p21 protein human [182]
Intestinal stem cells p16INK4A protein mouse [134]
Perivascular ocular cells ~ p14ARF/p19AREF protein mouse [147,149-152]
Hepatoblasts p14ARF/p1?ARF, mouse [156]
p21 protein
Heart p21 protein human, rat, mouse [158-161]

Muscle, cartilage, skin,

nasal epithelium, p i H;R}[\Ii“;’ mouse [165-167,171]
hair follicles bl prote
Mesonephros SARG bird [172]
Endolymphatic sacs, SARG mouse, human [13]
mesonephros
Neural tube,
AER, vibrissae SABG mouse (193]
AER, otic vesicle, eye,
branchial arches, gut
endoderm, neural tube, SARG mouse [179]
tail, gall bladder, and
interdigital tissue
Bones, placenta
trophoblast cells SABG mouse [180]
Visceral endoderm SABRG mouse [181]
Inner ear SARG birds [183]
Pronephros, cement
gland, oral cavity,
olfactory epithelium, SABG axolotl [184,185]
lateral organs, gums
Yolk sac epithelium, .
lower part of the gut SARG zebrafish [185]
Nail bed, dermis,
hair follicle, SARG Naked mole rat [186]

nasopharyngeal cavity

Abbreviations: Ref.—Reference, AER—apical ectodermal ridge, Sa3G—senescence-associated beta galactosidase
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Brain Heart Kidney  Liver Limb Placenta Testis Eye
pl6 pl6 plé plé p21 pl6 pl6 p19
p21 p19 SABG p21 p21  SABG
p21 SABG
| Differentiation | | Apoptosis | | Senescence | | Cell cycle inhibition |
Morphogenesis Tissue Remodeling

Figure 1. Schematic illustration of detection of p16INK4A, p14ARF/p19AREF, p21, and SABG in
selected murine organs during development. P16: pl16INK4A; p19: pl14ARF/pl19ARF. During
development, p16INK4A, p14ARF/p19AREF, p21, and SA 3G not only mark senescent cells. p16INK4A,
p14ARF/p19AREF, and p21 proteins are expressed in distinct cell types during different developmental
stages. Expression of the individual proteins correlates with lower expression of proliferation
markers in agreement with their classical function as cell cycle inhibitors, with apoptosis, and cellular
differentiation. These fundamental processes contribute dynamically to tissue remodeling and
morphogenesis during embryonic development.

4. p16INK4A, p14ARF/p19ARE, and p21 in Homeostasis

The implications of p16INK4A, p14ARF/p19ARE, and p21 in senescence and aging
are extensively investigated and reviewed elsewhere [4-6,11,56,194-199]. Senescence has
long been considered an important mechanism to prevent tumorigenesis, thus acting as
a guardian of homeostasis, which agrees with p16INK4A, p14ARF/p19ARF, and p21 knock-
out mouse models. However, more recent data allow to draw a more differentiated picture
of senescence and the SASP in tumor initiation and progression (reviewed in [200-204]).
Organ and tissue homeostasis, however, do not only play a role in cancer prevention, but
represent the central organizing principle of physiology and pathophysiology [205]. Major
homeostatic and pathophysiological processes involving p16INK4A, p14ARF/p19ARF,
and p21 are summarized in Table 2 and described below.

Table 2. Major phenotypes associated with p16INK4A, p14ARF/p19ARE, or p21 modifications in
homeostasis and pathophysiology.

Pathophysiology/Homeostatic

. Intervention/Model Outcome Ref.
Mechanism
Physiology
Age-related cardiomyocyte INK-ATTAC mouse Cardiac cell size) (73]
hypertrophy
Age-related lipodystrophy INK-ATTAC mouse Adipose tissue mass 1 [73]
Health-span INK-ATTAC mouse Survival 73]
Health-span p16INK4ACre; DTA Survival | [39]
[206]
Age-related bone loss p16INK4A-3MR mouse =
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Table 2. Cont.

Pathophysiology/Homeostatic

. Intervention/Model Outcome Ref.
Mechanism
Aging-related intervertebral Histological disc
disc degeneration p16INK4A-3MR mouse morphology [23]
improved
Aging features p16INK4A overexpression Accelerated [207]
. . . . [208]
Adipocyte formation pl6INK4A—/— Adipogenesis 1
p16INK4A—/—,
Longevity PI4ARF/p19ARF—/—, Lifespan 1 [209]
P53—/—
Longevity p16INK4A /p14ARF/p19ARF Lifespan 1 [210]
Male fertility overexpression Absence of sperm
INK-ATTAC mouse,
Lifespan BubR1H/H background = [72]
INK-ATTAC mouse
Physical fitness BubR1H/H background Endurance 1 [72]
Aging-associated . .
. . . p16INK4ACre; DTA Fibrosis 1 [39]
liver fibrosis
Aging-associated .
: . INK-ATACC mouse Fat accumulation | [17]
hepatic steatosis
Wound healing p16INK4A-3MR mouse Wound closure | [41]
Wound healing CCNl-dePendeI}t p16INK4A Fibrosis | [211]
induction
Aging-associated .
. INK-ATTAC mouse Glomerulosclerosis | [73]
glomerulosclerosis
Aging-related physical p21Cre;DTA Physical fitness [212]
activity loss
. INK-ATTAC mouse, .
Sarcopenia BubR1H/H background Sarcopenia delayed [72]
Glaucoma INK-ATTAC mouse, Glaucoma [72]
c0 BubR1H/H background onset delayed
Pathophysiology
Myocardial infarction INK_ATTAC. Cardllomy.o cyte [78]
mouse, senolytics proliferation 1
L . . Cardiac function 1
Myocardial infarction p16INK4A overexpression Fibrosis | [213]
Cardiomyocyte
s . 16INK4A -/ — . .
Myocardial infarction P ! proliferation 1 [144]
PI4ARF/pI9ARF—/— Cardiac function 1
Insulin sensitivity 1
Obesity INK-ATACC mouse Metabolic [214]
dysfunction |
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Table 2. Cont.

Pathophysiology/Homeostatic

. Intervention/Model Outcome Ref.
Mechanism
Adipocyte conversion pl6INK4A—/— White to brown 1 [215]
Diabetes p16INK4A overexpression Insulin secretion 1 [216]
Glucose homeostasis . Hu.m an p16INK4A Insu}m secretion 1 [217]
Inactivating mutations Insulin sensitivity |
Glucose homeostasis GTT ¢
Insulin sensitivity in p21Cre;DTA [218]
. ITT 1
obese mice
Insulin sensitivity 1
Diabetes p16INK4A overexpression Metabolic [219]
dysfunction |
Pancreatic beta 16INK4A overexpression  Islet proliferation | [220]
cell regeneration P OVerexpressio siet profietatio
Pancreatic beta 16INK4A—/ — Islet proliferation 1 [220]
cell regeneration P P
p53—/—;
Liver fibrosis p16INK4A /p14ARF/ Fibrosis [221]
p19ARF—/—
Iomzmg radlatlon—mduce.d pl6INK4A—/— partial restoration [222]
reduction of neurogenesis
Radiation-induced [223]
impairment of p16INK4A-3MR mouse Cognitive function 1
cognitive function
Clsplatm—mduced p16INK4A—3MR Neuropathy | [224]
peripheral neuropathy mouse, senolytics
Post-traumatic osteoarthritis p16INK4A-3MR mouse Osteoarthritis | [225]
Radiation-induced p21INK-ATTAC mouse Osteoporosis | [226]
osteoporosis
. e Anti-inflammatory [227]
Macrophage polarization p16INK4A—/ phenotype 1
L I Anti-inflammatory
Macrophage polarization Human p16INK4A silencing phenotype 1 [228]
T T-cell proliferation 1
Irradiation-induced p16INK4A-3MR mouse Macrophage [229,230]
immune dysfunction :
phagocytosis 1

1: Higher, |: Lower, =: not significantly different, —/—: knockout mouse model, BubR1%/H: mouse model
of accelerated aging with multiple age-related pathologies, INK-ATTAC mouse: allows deletion of p16INK4A
expressing cells, p16INK4ACre;DTA: mouse model allows deletion of p16INK4A expressing cells, p16INK4A-3MR
mouse: allows deletion of p16INK4A expressing cells, GTT: glucose tolerance test, ITT: insulin tolerance test

4.1. p16INK4A

Maintenance of cardiac function during aging and cardiac remodeling had to some

extent been attributed to the expansion and differentiation of cardiac-resident stem cells
(reviewed in [197]). To which extent cardiac stem and progenitor cells contribute to my-
ocytes, endothelium, smooth muscle cells, etc., in cardiac repair is still a matter of de-
bate [111,117,197,231-234]. In contrast to earlier publications, it is now widely accepted
that cardiac, but not hematopoietic-derived progenitor cells are implicated in the cardiac re-
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pair [235]. With increasing age, the fraction of p16INK4A-expressing cardiac stem cells and
expression of SASP factors increased in human biopsies [78]. A fraction of SABG-negative
cardiac stem cells improved cardiac function after experimental myocardial infarction in
immunosuppressed mice while the fraction of SABG-positive cells did not [78]. Notably,
injection of the SABG-positive cells did not worsen cardiac function after experimental my-
ocardial infarction, which contrasts with the title of the manuscript [78]. The combination
of the senolytic drugs dasatinib and quercetin as well as the elimination of p16INK4A-
positive cells in the INK-ATTAC mouse model improved some cardiac parameters [78].
Unfortunately, neither the number of p16INK4A-positive cells nor cardiac function was
determined in this set of experiments. As the values in INK-ATTAC mice and dasatinib and
quercetin-treated animals differed for most parameters, it is possible that the cocktail of
senolytic drugs has additional effects besides the elimination of p16INK4A-expressing cells.
Of note, the original paper describing the generation and characterization of INK-ATTAC
mice [72] reported a lack of INK-ATTAC induction in the heart, liver, and aorta, making it
likely that the observed beneficial effects are due to secondary paracrine (SASP) induced
events. In this original mouse model, time course studies showed that the elimination
of p16INK4A expressing cells reflects the attenuated progression of age-related declines
rather than a reversal of aging [72]. This seems to be somehow in contrast to the study
mentioned before [78]. Most of the original investigations were done in the BubR1H/H
progeroid mouse genetic background, which might be slightly different from aged mice. In
a following manuscript, the same group detected increasing p16INK4A expression in aged
mice in all organs, but induction of the transgene with AP20187 did not affect the colon
or liver expression of senescence markers [73]. However, heart and kidney morphological
and expression parameters were to some extent normalized in aging INK-ATTAC mice
treated with AP20187 and healthy lifespan extended. The shortest survival was measured
in C57 wild-type mice treated with AP20187 [73]. In the heart, cardiomyocyte diameters
were reduced in aging INK-ATTAC mice treated with AP20187, while the left ventricu-
lar wall thickness as an alternative measure of hypertrophy was unaffected suggesting
that the clearance in INK-ATTAC mice is partial and tissue-selective [73]. This transgenic
mouse model under the control of a 2.6 kB p16INK4A-promoter fragment might not com-
pletely reflect endogenous p16INK4A expression and regulation as we detected p16INK4A
expression in the heart and liver [38,39] and elimination of p16INK4A expressing cells
in the p16INK4ACre;DTA model caused cardiac and liver fibrosis and reduced health
span [39], which is in agreement with the notion that senescent cells contribute to tissue
repair and maintenance [211,221].

Elevated expression of endogenous p16INK4A has been recently demonstrated in
a myocardial infarction (MI) model in mice. Forced overexpression of p16INK4A improved
cardiac function while silencing of p16INK4A deteriorated cardiac function. As a possi-
ble underlying mechanism, reduced fibroblast proliferation, and collagen accumulation
and less cardiac fibrosis was attributed to the classical cell-cycle inhibitory function of
p16INK4A [213]. Increased cardiomyocyte proliferation and better functional recovery
after MI has been reported in p16INK4A knockout mice [144]. This discrepancy remains
currently unresolved.

Genome-wide association studies have implicated the human p16INK4AInk4a/Arf locus
in the risk for cardiovascular and metabolic diseases and type 2 diabetes mellitus [236-238].
Deletion of a homologous region in mice caused reduced expression of p16INK4A and
Cdkn2b, increased tumor incidence, and increased body weights and mortality in the
animals [88]. Knockdown of p16INK4A enhanced adipogenesis in vitro, and adipose tissue
formation especially in the pericardial fat was enhanced in p16INK4A knockout mice [208].
The role of p16INK4A in adipogenesis seems to be related via several molecular mechanisms
to PPAR gamma (reviewed in [214]). Senolytic drug treatment or the use of INK-ATACC
mice has been shown to alleviate metabolic and adipose tissue dysfunction, improve
glucose tolerance, enhance insulin sensitivity, lower circulating inflammatory mediators,
and promote adipogenesis in obese mice [239]. p16INK4A regulates adipogenesis and
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adipose tissue insulin sensitivity mainly via CDK4 [208,240,241]. Part of the action of
p16INK4A in adipose tissue is related to obesity-induced inflammation and immune cell
polarization [228,242]. Bone marrow-derived macrophages from p16INK4A knockout
mice show polarization towards an anti-inflammatory M2 phenotype and silencing of
p16INK4A in macrophages from obese patients equally shifts the phenotype towards
M2 macrophages [227,228]. These effects seem to be independent of proliferation and
senescence [214], although earlier data indicated a critical role of the p16INK4A locus in
proliferation and programming of progenitor cell populations [243]. Besides the effects of
p16INK4A on macrophage polarization in adipose tissue, also increased white-to-brown
adipocyte conversion associated with enhanced energy expenditure and insulin sensitivity
has been reported in p16INK4A knockout mice [215]. Whether this is due to enhanced direct
conversion from white to brown adipocytes or it results from enhanced differentiation of
progenitor cells remains an open question.

In contrast to the results described above for the INK-ATACC model, which eliminates
p16INK4A expressing cells, a transgenic “Super-Ink4/Arf” mouse model with slightly
increased p16INK4A RNA expression in the liver has been described [219]. Despite one ex-
tra copy of p16INK4A, the animals showed no significant increase in p16INK4A protein
expression in the liver, heart, muscle, or pancreatic islets. Nevertheless, they did not de-
velop glucose intolerance with age and showed a higher insulin sensitivity. The authors
argued that the small increases in p16INK4A are causing this protective effect against the
development of age-related diabetes mellitus [219]. Increasing p16INK4A expression with
age in pancreatic islets has been described. Forced overexpression of p16INK4A reduced
islet proliferation, while old mice lacking p16INK4A in pancreatic islets demonstrated
enhanced islet proliferation and survival after beta-cell ablation, which agrees with the
“classical” antiproliferative effect of p16INK4A [220]. Several additional publications impli-
cated p16INK4A in insulin secretion and beta-cell proliferation [79,216,244,245]. In addition,
p16INK4A deficiency enhances fasting-induced hepatic glucose production via activation
of PKA-CREB-PGC1a signaling [246]. Accumulation of senescent cells during aging pro-
motes hepatic fat accumulation and steatosis via reduced capabilities of mitochondria to
metabolize fatty acids. Elimination of senescent cells in INK-ATTAC mice or by treatment
with a combination of the senolytic drugs dasatinib and quercetin reduces hepatic steato-
sis [17], while specific elimination of p16INK4A-expressing liver sinusoidal endothelial
cells induces hepatic fibrosis and premature death [39]. In humans with loss-of-function
mutations in CDKN2A encoding p16INK4A and p14AREF, carriers showed increased insulin
secretion, impaired insulin sensitivity, and reduced hepatic insulin clearance. There were
no significant differences between patients with mutations affecting both p16INK4A and
p14ARF and subjects with mutations affecting p16INK4A only suggesting that these effects
are indeed due to the p16INK4A loss of function [217]. Taken together, the different reports
from mice and humans suggest that p16INK4A acts at multiple levels of glucose homeosta-
sis and metabolism especially in older individuals. Potential developments of therapeutic
strategies for type 2 diabetes mellitus by modifying p16INK4A should be considered with
care given the potential cancer risk.

Besides the described implications of p16INK4A in the cardiovascular system, adi-
pose tissue, and metabolism, several publications also identified potential functions in
the circadian clock [247], neurogenesis, neuronal trans-differentiation, and axon regenera-
tion [222,248-250], most of them in agreement with cell cycle control by p16INK4A.

In an elegant study, Demaria and colleagues identified senescence as a potential
adaptative mechanism for tissue repair. They generated a bacterial artificial chromosome
(BAC)-transgenic mouse line containing 50 kb of the genomic region of the p16INK4A locus,
a luciferase and red fluorescent protein (RFP) reporter, and a truncated herpes simplex
virus 1 (HSV-1) thymidine kinase (HSV-TK) cassette allowing the elimination of cells with
activated p16INK4A locus upon treatment with ganciclovir [41]. RFP-positive cells showed
increased SAPG staining and increased levels of mRNAs encoding p16INK4A, p21, and the
SASP factors IL-6, MMP-3, and VEGE, but not IL-5, suggesting that the RFP-marked cells are
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indeed senescent. The elimination of these cells caused delayed cutaneous wound healing.
A similar phenomenon was also observed in p16INK4A /p21 double knockout mice, which
do not show senescence [251] but not in single p16INK4A or p21 knockout animals, which
are able to compensate the lack of one protein by the other in terms of senescence [41,251].
As major p16INK4A-positive cell types in the cutaneous injury model, endothelial cells
and fibroblasts were identified [41], which agrees with our recent observations [38,39].
Senescent endothelial cells and fibroblasts appear early after injury and accelerate wound
closure by inducing myofibroblast differentiation through the secretion of platelet-derived
growth factor AA [41]. Using the same mouse model, several reports indicated that
the removal of p16INK4A-expressing cells attenuated post-traumatic osteoarthritis [225],
had no effect on age-related bone loss [206], prevented age-related intervertebral disc
degeneration [23], improved irradiation-induced immune cell functional decline [229,230],
protected cognitive function [223], and alleviated cisplatin-induced peripheral neuropathy
in mice [224]. Senescent cells might also contribute to the release of hemostasis-related
factors, which in excess might contribute to thromboembolic events in the old [252]. Most
recently, the mouse model was used to study cellular senescence in cigarette smoke-induced
lung injuries in adult and old mice [253]. Cigarette smoke induced senescence, p16INK4A,
and p21 expression in adult animals, though surprisingly the opposite was observed in
old animals [253].

In line with the role of p16INK4A in cardiovascular progenitor cells mentioned
above, a potential function was postulated in skin stem and progenitor cells [254] and
a higher colony-forming ability and replating efficiency measured in bone marrow-derived
progenitor cells from pl6INK4A knockout mice [255], which has been reviewed else-
where [105,256,257]. In aged p16INK4A knockout mice, superior repopulating ability in
bone marrow transplantation experiments compared with wild-type animals was noted,
while only tiny differences were detectable under baseline conditions [258]. In mice with
tetracycline-inducible overexpression of a human p16INK4A transgene, proliferation of
intestinal stem cells was diminished, and animals showed signs of accelerated aging, which
were mostly reversible upon withdrawal of tetracycline [207]. In this model, p16INK4A
overexpression was not associated with senescence as evidenced by lack of SABG stain-
ing. In contrast to these mouse models, to the best of our knowledge, neither major skin
nor hematopoietic nor intestinal stem cell abnormalities were reported in patients with
p16INK4A mutations.

4.2. p14ARF/p19ARF

Although p16INK4A and p14ARF/p19ARFATrf are transcribed from the same locus,
the proteins have some overlapping as well as distinct functions. Mice with an extra copy of
Ink4/ Arf or the downstream effector P53 showed resistance against cancer, which is in line
with the general cell cycle and tumor suppressor function [259-262]. Intercrosses of both
mouse lines showed additional resistance to cancer and extended longevity [209]. It is likely
that the extended longevity in this model is at least in part due to the preservation of the
stem cell pool in different organs [209,263-266]. Extra copies of Ink4/Arf in homozygous
mice induced delayed aging, reduced the cancer incidence, improved longevity, diminished
kidney lesions, and DNA damage, but also caused male infertility [210]. Different mouse
models with activated P53 signaling also showed resistance to cancer development, but
decreased the lifespan and premature onset of age-related diseases such as osteoporosis
and tissue atrophy [267,268]. In line with this, these mouse models present reduced
hematopoietic, mammary gland, neuronal, and pancreatic stem and progenitor cells with
impaired hematopoiesis, mammary atrophy, decreased olfaction, and disturbed glucose
homeostasis [269-272]. Whether the discrepancies in the longevity of the various mouse
models are due to different levels of activation of the Arf-P53 pathway remains elusive.
Taken together, the p14ARF/p19ARFArf-p53 pathway seems to be mostly responsible
to maintain the stem cell pool and promote homeostasis, while data mostly from the
transgenic p16INK4A-INK-ATTAC and p16INK4A-3MR [41,239] mouse models suggest
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that elimination of p16INK4A might be beneficial for homeostasis and healthy aging
although this view was challenged recently [39].

4.3.p21

Recently, two mouse models were established to specifically address the role of p21
in senescence and tissue homeostasis. The first consists of an inducible p21-Cre model
(CreERT2), which allows after crossing with different floxed mice monitoring or elimination
of p21 expressing cells [212]. The second mouse strain is comparable to the p16INK4A-
INK-ATTAC mouse model but uses a 3.2 kb p21 promoter fragment driving expression
of the FKBP-Caspase-8 fusion suicide protein. The construct was inserted in the Rosa26
locus [226]. The p21-CreERT2 mice were crossed with a luciferase reporter, and lumi-
nescence was measured in vivo after doxorubicin treatment or a high-fat diet as known
inducers of senescence. Next, p21-CreERT2 animals were crossed with floxed knock-in
tdTomato mice confirming the expected increase in fluorescent cells in several organs
in old mice. Finally, the p21-CreERT2 line was crossed with a DTA ablator line, and
physical fitness was measured in old mice treated with Tamoxifen and controls. The elim-
ination of p21-positive senescent cells increased walking speed, grip strength, hanging
endurance, daily food intake, and daily activity indicating a rejuvenation phenotype in
response to the elimination of p21-expressing cells [212]. Surprisingly, p16INK4A- and
p21-expressing cell populations seem to be different [212], which is contrasting with the
lack of senescence in p16INK4A /p21 double knockout animals [251]. Also in the p21-
ATTAC model, the clearance of p21- but not p16INK4A-positive senescent cells prevented
radiation-induced osteoporosis and bone marrow adiposity [226], supporting the view
that p16INK4A- and p21-dependent senescence comprise different and independent path-
ways [3,5,22,273]. A high number of p21- but not p16INK4A-expressing cells was detected
in visceral adipose tissue of obese mice, mostly preadipocytes, endothelial cells, and
macrophages [218]. In contrast to visceral adipose tissue, the heart, kidney, liver, and brain
of old mice express high levels of p16INK4A in endothelial cells [38,39]. Elimination of
p21-expressing cells using the p21-CreERT2 line crossed with the DTA ablator line worked
in preadipocytes, macrophages, and leukocytes, but not in the endothelial compartment.
Functionally, it improved glucose homeostasis and insulin sensitivity in obese mice. Inter-
estingly, the removal of p21-positive cells had less metabolic benefits in female than male
mice [218] adding one more layer of complexity to potential translational approaches. Of
note, the senolytic cocktail of dasatinib plus quercetin was able to remove p21-positive
senescent adipocytes but not endothelial cells and macrophages [218]. Nevertheless, it
improved glucose homeostasis and insulin sensitivity and reduced pro-inflammatory SASP
secretion [218]. Although this elegant study clearly supports the idea of senolytic drugs as a
therapeutic strategy for obesity-induced metabolic dysfunction, it also raises new questions
about the mode of action of the senolytic drug cocktail, which seems to target one specific
senescent cell type.

A recent elegant study showed that in response to cellular stress, p21 and p16INK4A
are upregulated. Both induce cell cycle arrest and SASP expression, but the SASPs are
different [274]. The p21-induced secretome is characterized by the release of additional
immunosurveillance factors, in particular Cxcl14, which are lacking in the p16INK4A-
induced SASP. Consequently, the p21-induced secretome attracts macrophages. At later
stages, the macrophages polarize into a M1 phenotype, and the p21-exressing cells are
cleared via T cells. Most importantly, the authors showed that the p21-induced SASP places
the cells under immunosurveillance and establishes a timer mechanism for the cell fate. In
the case of p21, the expression normalizes within 4 days in mice, macrophages withdraw,
and the cells are not cleared. Thus, the specific p21-induced SASP sets the time frame
for the switch between surveillance and cell clearance mode of the immune system [274].
This mechanism might contribute to the developmental decisions described above, where
individual cells are mostly characterized by transient expression of p21.
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5. Open Questions and Perspectives

The establishment of several pl6INK4A- and p21-deleter mouse lines mentioned
above contributes largely to our understanding of senescence and aging phenotypes.
As both proteins are expressed in different cell types and ablation has diverse effects,
senescence is not one biological entity, but comprises different cellular events and divergent
SASPs. The picture might be even more complex considering that in a given cell type
aging is heterogenous [275] and tissues are in different stages of senescence [276,277].
The observation of beneficial effects in organs where the transgene is not expressed in
p16INK4A-INK-ATTAC mice suggests a major role of SASP normalization instead of
direct elimination of senescent cells. This is further supported by the recent p21-Cre line
data [218] and the fact that the SASP from a small number of cells is sufficient to induce
senescence in young mice and senolytic drugs induced a rejuvenation phenotype [278].
The next complicating issue is that the SASP is also not a homogenous cocktail of released
factors but might highly differ in the composition of immunomodulatory factors and thus
determine more physiological aging versus pro-inflammatory deteriorating phenotype
(reviewed in [3,279]). Interestingly, different p16INK4A-positive cell elimination mouse
models showed diverse phenotypes with the p16INK4A-INK-ATTAC model delaying aging
phenotypes and increasing lifespan [72], while in the p16INK4A-3MR model wound healing
was disturbed [41], and in p16INK4ACre;DTA mice liver fibrosis and reduced health-
span were observed [39]. Thus, it would be important to determine whether p16INK4A-
expressing cells are the same in the three models under baseline conditions. For this
purpose, our recently established and knockout-validated immunohistochemistry protocol
could be a useful tool [38]. As p16INK4A expression is not an off-on phenomenon, but
increases from embryonic stages until old age [38], in the next step it would be interesting
to determine whether p16INK4A-expressing cells in the mouse models are eliminated
at different levels of p16INK4A expression. If this is the case, sorting of the cells and
secretome analysis could define the secretory phenotype of protective versus detrimental
p16INK4A expressing cells which finally may serve as a rejuvenation approach in aged
patients without the need and limitations of overexpression of reprogramming factors [279].
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