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Senescent human melanocytes drive skin ageing
via paracrine telomere dysfunction

Stella Victorelli**?, Anthony Lagnado®™*?, |

Karen Barrett®, J]ames Chapman™?, Jodie Birch™?

essica Halim™2, Will Moore™?, Duncan Talbot*
, Mikolaj Ogrodnik®, Alexander Meves”,

Jeff S Pawlikowski®, Diana Jurk™?, Peter D Adams”?, Diana van Heemst>'°, Marian Beekman™,
P Eline Slagboom™*? David A Gunn* & Jodo F Passos™**"

Abstract

Cellular senescence has been shown to contribute to skin ageing.
However, the role of melanocytes in the process is understudied.
Our data show that melanocytes are the only epidermal cell type
to express the senescence marker p16'™%** during human skin
ageing. Aged melanocytes also display additional markers of
senescence such as reduced HMGB1 and dysfunctional telomeres,
without detectable telomere shortening. Additionally, senescent
melanocyte SASP induces telomere dysfunction in paracrine
manner and limits proliferation of surrounding cells via activation
of CXCR3-dependent mitochondrial ROS. Finally, senescent mela-
nocytes impair basal keratinocyte proliferation and contribute to
epidermal atrophy in vitro using 3D human epidermal equiva-
lents. Crucially, clearance of senescent melanocytes using the
senolytic drug ABT737 or treatment with mitochondria-targeted
antioxidant MitoQ suppressed this effect. In conclusion, our study
provides proof-of-concept evidence that senescent melanocytes
affect keratinocyte function and act as drivers of human skin
ageing.
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Introduction

Cellular senescence is characterised by an irreversible cell-cycle
arrest, which is accompanied by a number of phenotypic changes
such as the development of a senescence-associated secretory
phenotype (SASP) (Coppé et al, 2008). Senescent cells have been
shown to play beneficial roles in vivo, such as tissue regeneration,
wound healing and embryonic development (Munoz-Espin et al,
2013; Demaria et al, 2014; Ritschka et al, 2017). Paradoxically,
accumulation of senescent cells has also been causally implicated in
age-associated tissue dysfunction and pathologies (Baker et al,
2011, 2016; Xu et al, 2015). The detrimental effects of senescent
cells can be largely attributed to the SASP, which comprises a
number of pro-inflammatory cytokines, chemokines and growth
factors, allowing extracellular communication. Indeed, senescent
cells can induce paracrine senescence in normal neighbouring cells
via secretion of SASP factors (Acosta et al, 2013), and chronic expo-
sure to the SASP has been shown to impair the regenerative capacity
of keratinocytes in mice in vivo (Ritschka et al, 2017).

The senescence programme can be triggered by a number of
stressors, such as telomere dysfunction. Telomeres are specialised
structures present at the ends of linear chromosomes, which are
critical in maintaining genomic stability (Blackburn, 1991). They
consist of tandem TTAGGG repeats and are stabilised by a group of
proteins known as the shelterin complex. The latter are important
for the formation of the T-loop, a lariat-like structure which physi-
cally protects the ends of chromosomes from being recognised as
double-stranded breaks (DSBs) (Griffith et al, 1999). It is believed
that telomere shortening that occurs due to extensive rounds of cell
division results in loss of shelterin components (i.e. telomere
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uncapping), destabilising the T-loop, and subsequently triggering a
DNA damage response (DDR) similar to double-stranded breaks,
which initiates the senescence programme (d’Adda di Fagagna et al,
2003; Takai et al, 2003). However, it is now becoming increasingly
evident that a DDR can also be activated at telomeres independently
of length, and such length-independent persistent DNA damage
signalling has been reported in senescent cells in vitro and in many
mammalian tissues with age (Herbig et al, 2006; Kaul et al, 2011;
Fumagalli et al, 2012; Hewitt et al, 2012; Birch et al, 2015; Ander-
son et al, 2019).

Skin ageing arises from a combination of both intrinsic and
extrinsic factors, which ultimately compromise the structural integ-
rity and physiological function of the skin (Kammeyer & Luiten,
2015). In general, aged skin is characterised by profound phenotypic
changes such as dermal and epidermal atrophy, flattening of the
epidermal-dermal junction, a loss of collagen and a gain of elastic
fibres (Farage et al, 2007). Although senescent cells have been
shown to accumulate in human skin with age (Dimri et al, 1995;
Ressler et al, 2006), the majority of studies on cellular senescence in
the skin have thus far focused on dermal fibroblasts, and very little
is known about the impact of melanocyte senescence in skin ageing.
Recent reports have demonstrated that melanocytes expressing
senescence markers accumulate in human skin, and this was signifi-
cantly associated with increased facial wrinkles, higher perceived
age and age-associated elastin morphology in the papillary dermis
(Waaijer et al, 2012b, 2016). Interestingly, expression of p16™ 44, a
known marker of senescence, was shown to co-localise almost
exclusively to melanocytes in the epidermis, suggesting that mela-
nocytes represent the major p16™* senescent cell population in
the epidermis of human skin (Waaijer et al, 2012b, 2016; Pawli-
kowski et al, 2013). This observation is surprising given that fully
differentiated melanocytes have an extremely low replicative capac-
ity (Jimbow et al, 1975; Taylor et al, 2011). However, the mecha-
nisms by which melanocytes become senescent and whether they
contribute causally to skin ageing phenotypes are still unknown.
Therefore, in our study, we investigated the link between senescent
melanocytes with age-related skin changes and examined whether
these cells could act in a cell non-autonomous manner, impacting
on the regenerative capacity of surrounding cells.

Results
Senescent melanocytes accumulate in human skin with age

In order to investigate melanocyte senescence in vivo, we obtained
skin punch biopsies taken from the sun-protected part of the upper
inner arm of young and older human donors (Table 1). Firstly, we
performed immunohistochemistry to analyse the expression of p16,
a cyclin-dependent kinase inhibitor which is highly expressed in
senescent cells (Serrano et al, 1996). Melanocytes were identified by
immunohistochemistry using antibodies against S100 and Melan-A.
We found a significant increase in the frequency of pl6-positive
melanocytes in human skin with age (Fig 1A and B). Interestingly,
all pl6-positive cells detected in the epidermis were also positive for
melanocyte markers (Fig 1A), supporting previous observations that
melanocytes are the main senescent cell population in the epidermis
of human skin (Waaijer et al, 2016). To determine whether
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Table 1. Age and gender of subjects involved in this study.

Young donors Older donors

n 20 41

Age range, year 22-31.8 54.9-81.3*
Mean age, year 265 + 2.8 66.5 + 6.6
Gender (male/female) 10/10 25/16

n = number of subjects.
Mean age = mean =+ SD.
*P < 0.0001 compared with young donors.

melanocytes expressed other markers of senescence with age, we
conducted immunofluorescence for HMGB1, which has been shown
to migrate from the nucleus to the extracellular milieu in senescent
cells (Davalos et al, 2013) and cyclin-dependent kinase inhibitor
p21 in combination with Melan-A. We observed a decline in expres-
sion of HMGBI in melanocytes from older subjects (Fig 1A and C);
however, we did not observe a significant age-dependent change in
p21-positive melanocytes (Fig 1A and D).

A decline in SIRT1 (a NAD *-dependent protein deacetylase) has
been associated with ageing and senescence (Sasaki et al, 2006;
Imai & Guarente, 2014; Birch et al, 2015). Accordingly, we observed
a significant decrease in SIRT1 expression in melanocytes in the skin
of older donors (Fig EV1A and B).

Telomere dysfunction, characterised by the association of DNA
damage response (DDR) proteins with telomeres, has also been
shown to drive senescence and increase in multiple mammalian
tissues during ageing (Kaul et al, 2011; Fumagalli et al, 2012; Hewitt
et al, 2012). Therefore, in order to investigate whether telomere
dysfunction was associated with melanocyte senescence, we
performed immuno-FISH combining immunofluorescence against
DNA damage response proteins yH2AX and 53BP1 and in situ
hybridisation using a telomere-specific PNA probe. The analysis of
Melan-A-positive cells revealed a small but significant increase in
the total number of yH2AX foci in melanocytes with age (Fig 1E).
By quantifying the co-localisation of yH2AX and telomeres, we
found that the mean number of telomere-associated foci (TAF)
significantly increased in melanocytes in aged skin (Fig 1F). Similar
results were obtained when quantifying co-localisation between
53BP1 and telomeres (Fig EV1C and D). Moreover, we observed a
significant increase in the percentage of melanocytes containing > 3
TAF in the skin of older donors (Figs 1G and EV1E), which was
rarely seen in younger skin. It is still unknown how many TAF are
required to induce senescence; however, previous work had shown
that % of cells containing > 3 TAF was quantitatively comparable to
the frequency of other senescent markers (Ogrodnik et al, 2017;
Anderson et al, 2019).

Since a DNA damage response can be activated at short telom-
eres as a result of attrition driven by cell division (d’Adda di
Fagagna et al, 2003), we next investigated whether telomere short-
ening occurs during ageing of melanocytes. By performing telomere
quantitative FISH (Q-FISH) in skin sections from human donors and
analysing individual telomere signal intensity, we found no signifi-
cant difference in median telomere FISH signal intensity between
melanocytes from young and older skin (Fig 1H), suggesting that
these cells do not undergo significant telomere shortening with age
in vivo. This is consistent with the low replicative potential of
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differentiated melanocytes previously reported (Jimbow et al, 1975;
Taylor et al, 2011). Interestingly, by comparing the distribution of
FISH intensities of telomeres that did not co-localise with yH2AX

(non-TAF) with those co-localising with yH2AX (TAF) in
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melanocytes, we found a slight shift towards stronger telomere FISH
signal intensities in the latter (Fig 1I). Further analysis of telomere
FISH intensity in individual melanocytes showed that telomeres co-
localising with yH2AX were not preferentially short (Fig 1J-L).
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Figure 1. Senescent melanocytes accumulate in human skin with age.

Stella Victorelli et al

Immunofluorescence was performed in skin biopsies from young and old human donors for the analysis of senescence markers.

A Representative immunofluorescence images for p16, HMGB1 and p21 together with Melan-A in young and older skin. Arrows indicate melanocytes, which are
amplified on the right. Scale bar is 30 um. Bottom panel shows representative immuno-FISH images for yH2AX (green) and telomeres (red) in melanocytes in
young and older skin sections. Arrows indicate co-localisation between yH2AX foci and telomeres (TAF), which are amplified on the right. Images are 3D
reconstructions of immuno-FISH using confocal microscopy and taken with a 100x oil objective. Scale bar is 10 um.

B-G Dot plots show (B) percentage of p16-positive melanocytes, (C) mean HMGBL intensity in melanocytes, (D) percentage of p21-positive melanocytes, (E) mean
number of yH2AX foci, (F) mean number of TAF in melanocytes and (G) percentage of melanocytes containing > 3 TAF for each individual subject (n = 10-14
young and 10-12 old donors). The horizontal line represents the mean for each group + SEM.

H Histograms showing distribution of telomere signal intensities in melanocytes analysed by Q-FISH in young (n = 8) and old (n = 7) skin biopsies. Dotted lines

indicate median intensity.

| Histograms showing distribution of intensities of yH2AX-negative (non-TAF) and yH2AX-positive (TAF) telomeres in melanocytes in older skin (n = 8 donors). Dotted

lines indicate median intensity.

J Representative immuno-FISH image (red: telomeres; green: yH2AX) of a melanocyte in the skin of an older donor, showing a longer telomere co-localising with
YH2AX (a) and a shorter one which is yH2AX-negative (b). Arrows indicate telomeres measured in (K), and dashed lines show the area quantified in (K). Images are
Huygen (SVI) deconvolved Z projections and were taken using a 100x oil objective.

K Graphs showing the quantification of telomere intensity of YH2AX-positive (a) and YH2AX-negative (b) telomeres. Red line indicates telomere intensity, and green

shows yH2AX intensity.

L Graph showing FISH intensities for individual telomeres co-localising (TAF; red) or not co-localising (non-TAF; black) with yH2AX foci in individual melanocytes

(n = 18). Green horizontal line indicates the mean FISH intensity.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001. Statistical tests: two-tailed unpaired t-test (B-G), Mann-Whitney U-test (H-I).

Together, these data suggest that telomere dysfunction in aged
melanocytes is not driven by reduced telomere length.

Interestingly, we observed in human skin that both the mean
number of TAF in melanocytes and the percentage of melanocytes
containing > 2 dysfunctional telomeres positively correlated with a
flatter epidermal curvature, which is an important feature of skin
ageing (Fig EV2A and B), and this was still significant even when
correcting for subject age (Fig EV2C and D). These findings and
previous published data (Waaijer et al, 2016) led us to hypothesise
that senescent melanocytes may contribute to the decreased epider-
mal turnover observed during ageing (Farage et al, 2007).

Senescent melanocytes induce paracrine telomere damage and
senescence in surrounding cells

Senescent cells have been shown to induce paracrine DNA damage
and senescence in neighbouring cells, and this has been suggested
to be a mechanism by which they contribute to age-related tissue
dysfunction (Nelson et al, 2012; Acosta et al, 2013). Therefore, we
hypothesised that accumulation of senescent melanocytes could
contribute to skin ageing phenotypes by compromising surrounding
epidermal cells. Firstly, we investigated whether there was evidence
of paracrine telomere damage exerted by senescent melanocytes on
neighbouring keratinocytes in human skin. To that end, melano-
cytes containing 0 to 3 TAF in aged human skin were separated into
groups, and the number of TAF in keratinocytes located in the
immediate vicinity of each melanocyte was quantified. We found
that keratinocytes surrounding melanocytes with 3 TAF have a
significantly higher number of dysfunctional telomeres when compared
to cells neighbouring melanocytes with 0 TAF (Fig 2A and B). In order
to ensure that the differences in the number of TAF in keratinocytes
were not due to inter-subject variability (such as age differences),
we carried out within-subject analysis in the older subjects. A
positive correlation between TAF in melanocytes and surrounding
keratinocytes was present in 6 of the 7 older subjects, and 3 of the 6
correlations were statistically significant, suggesting that the
correlation between the number of TAF in melanocytes and in the
surrounding keratinocytes was not just due to inter-subject
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differences (Appendix Fig S1A and B). Additionally, we investigated
whether TAF in keratinocytes changed in function of the distance
from senescent melanocytes. We found that the mean number of
TAF was the highest in keratinocytes located in the immediate vicin-
ity of senescent melanocytes and that this number significantly
declined the farther they were located (Appendix Fig S1C).

In order to investigate whether keratinocytes also acquired senes-
cent markers with age, we evaluated markers of senescence pl6,
p21, TAF and absence of HMGB1 specifically in keratinocytes from
young and old subjects. We did not detect any pl6 positivity in
keratinocytes from any age group, however, we found an age-
dependent increase in p21-positive cells located predominantly in
the granular layer of the epidermis (Fig EV3A and B). We also found
a significant decrease in expression of HMGB1 (Fig EV3C and D).
Finally, we observed that both the mean number and % of keratino-
cytes positive for TAF increased in older subjects (Fig EV3E-G).

Next, in order to assess whether senescent melanocytes are
capable of inducing paracrine DNA damage in vitro, we induced
senescence in human epidermal melanocytes using X-ray irradia-
tion, which is a widely used model of stress-induced cellular senes-
cence (Passos et al, 2010). We found that the majority of
melanocytes became senescent 10 days following irradiation, which
was confirmed by significantly decreased proliferation, increased
senescence-associated f-galactosidase activity (Sen-B-Gal) and
increased pl6 expression (Appendix Fig S2A-F). X-ray-induced
senescent melanocytes also showed increased numbers of yH2AX
foci, as well as a higher frequency of TAF when compared to
controls (Appendix Fig S2G-I). An important phenotype of senes-
cent cells is the development of the SASP. In order to characterise
the SASP of senescent melanocytes, we carried out a cytokine array
in conditioned media (CM) collected from these cells. From the
panel of soluble proteins analysed, we observed that the secretion
of RANTES and IP-10 was significantly increased in senescent mela-
nocytes, whereas Gro-o and VEGF were significantly down-regu-
lated compared to young, proliferating controls (Fig 2C). The
majority of other cytokines and chemokines analysed were secreted
below detection level. Although secretion of the classical SASP
factors, IL-6 and IL-8, was increased in senescent melanocytes, it
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did not reach statistical significance. This is consistent with previous
reports showing that the composition of the SASP is highly depen-
dent on the cell type and on the senescence-inducing stimulus
(Coppe et al, 2008, 2010).

To determine whether the SASP of senescent melanocytes could
induce telomere damage in neighbouring cells in vitro, human

A

The EMBO Journal

dermal fibroblasts were cultured with CM from either young or
senescent melanocytes (Fig 2D). We were not able to co-culture
senescent melanocytes and Keratinocytes since the melanocyte
culture medium inadvertently induced differentiation of keratino-
cytes which impacted on our analysis; therefore, we chose to carry
out our experiments using dermal fibroblasts as a proof-of-concept.
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Figure 2. Senescent melanocytes induce paracrine senescence and contribute to epidermal atrophy in a 3D epidermal equivalent.

A Representative immuno-FISH images of keratinocytes around melanocytes with 3 TAF in skin from older donors. Melanocytes are circled in pink, and keratinocytes
analysed are circled in orange. Areas encircled with white dashed lines represent other keratinocytes not included in this analysis. Arrows represent co-localisation
between yH2AX and telomeres (TAF), which are amplified on the right. Images are Z projections taken using a 100x oil objective.

B Graph showing mean number of TAF in keratinocytes adjacent to melanocytes containing 0-3 TAF in skin biopsies of older donors (n = 7). Data are shown as

mean + SEM.

@ Heatmap showing cytokines detected in conditioned medium from young and senescent melanocytes. Blue represents low expression, whereas red denotes high
expression. Each column represents one independent experiment for the corresponding condition (n = 3). Heatmap was generated using Ingenuity Pathway
Analysis (IPA). £ = cytokines significantly up-regulated; * = cytokines significantly down-regulated.

D  Experimental scheme. Young dermal fibroblasts were cultured with conditioned medium collected from either young or senescent melanocyte.

E Graph showing mean number of TAF in fibroblasts cultured with young or senescent melanocyte CM for 48 h and 30 days. Data are shown as mean + SEM (n = 3

independent experiments).

F Representative EAU immunofluorescence images of fibroblasts cultured in young or senescent melanocyte CM for 20 days. Images were taken using a 20x

objective. Scale bar is 50 pum.

G  Graph showing percentage of EdU-positive fibroblasts at the indicated culture conditions. Data are shown as mean + SEM (n = 3 independent experiments).

H  Scheme representing the development of 3D human epidermal equivalents. Proliferating or senescent melanocytes are co-cultured with keratinocytes for 10 days
before fully differentiating into an epidermal equivalent. Day 0 indicates the day of complete epidermal differentiation. Scale bar is 50 um.

| Representative immuno-FISH image of a melanoderm containing senescent melanocytes. Telomeres are shown in red, yH2AX is shown in green, and Melan-A is
shown in pink. Arrow indicates co-localisation between yH2AX and telomeres (TAF), which is amplified on the right. Images are Z projections taken with a 63x oil

objective. Scale bar is 10 um.

J-N  Graphs showing (J) mean number of TAF in keratinocytes, (K) percentage of keratinocytes containing > 2 TAF, (L) percentage of Ki-67-positive keratinocytes, (M)
mean number of keratinocytes and (N) percentage of p16-positive keratinocytes in melanoderms containing either young (white bars) or senescent (red bars)
melanocyte at the time points indicated. Data are shown as mean + SEM of n = 3-4 (proliferating) and n = 3 (senescent) melanoderms.

O  Representative H&E images showing epidermal thickness of melanoderms containing young or senescent melanocytes. Images were taken using a 20x objective.

P Graph showing epidermal thickness of melanoderms containing either young (white bars) or senescent (red bars) melanocyte at the time points indicated. Data are
shown as mean + SEM of n = 4 (proliferating) or n = 3 (senescent) melanoderms.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001. Statistical tests: one-way ANOVA (B), two-tailed unpaired t-test (E, G), two-way ANOVA (J-N, P).

The analysis of telomere dysfunction by immuno-FISH revealed that
CM from senescent melanocytes was effective at triggering a DDR at
telomeres in dermal fibroblasts which was present both at 2 and
30 days following CM exposure (Fig 2E). We also examined
whether fibroblasts exposed to senescent CM expressed additional
markers of senescence. Although pl6 and Sen-B-Gal expression
were not affected at the time points analysed, we observed a signifi-
cant decrease in EAU incorporation when fibroblasts were cultured
in senescent melanocyte CM for 20 days (Fig 2F and G). These
results suggest that SASP factors secreted from senescent melano-
cytes can induce paracrine telomere dysfunction and impair prolifer-
ation of surrounding cells.

Given that melanocytes are in direct contact with keratinocytes
in human skin, and that many age-associated epidermal changes
can be attributed to the loss of replicative capacity of keratinocytes
(Gilhar et al, 2004), we next examined whether senescent melano-
cytes could also exert adverse paracrine effects in these cells. In
order to investigate this, we utilised 3D living epidermal equivalents
(also known as melanoderms), which consisted of either proliferat-
ing or senescent melanocytes and young keratinocytes cultured at a
ratio of 1:10 melanocytes: keratinocytes. During a period of 10 days,
these cells develop into a multi-layered, highly differentiated human
epidermis equivalent (Fig 2H). Similar models have been widely
used to study age-associated morphological skin changes (Adamus
et al, 2014; Dos Santos et al, 2015; Diekmann et al, 2016; Lammer-
mann et al, 2018). With the purpose of achieving a more physiologi-
cally relevant model, we used melanocytes which were induced to
become senescent by repeated UVA+B exposure. Senescence was
achieved by exposing melanocytes to UV irradiation for 5 consecu-
tive days and was confirmed by reduced EdU incorporation,
increased Sen-B-Gal activity and increased pl6 expression 4 days
following the last exposure (Fig EV4A-F). The percentage of prolif-
erating melanocytes remained significantly lower at 18 days
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following UV exposure, whilst pl6 expression was significantly
higher compared to controls, indicating that repeated UVA+B expo-
sure is sufficient to induce a stable proliferation arrest and melano-
cyte senescence in vitro (Fig EVAE and F). Similarly to X-ray-
induced senescence, UV-induced senescent melanocytes showed
significantly increased numbers of YH2AX foci and TAF (Fig EV4G—
J).

To determine whether senescent melanocytes were capable of
inducing paracrine telomere damage in keratinocytes, we performed
immuno-FISH in melanoderms which were obtained at 0, 10 and
21 days following epidermal development. We found that keratino-
cytes in melanoderms containing senescent melanocytes exhibited a
significantly higher number of TAF when compared to those cultured
with young melanocytes, both at 10 and 21 days post-epidermal
development (Fig 2I and J). Furthermore, melanoderms containing
senescent melanocytes showed a significantly higher percentage of
keratinocytes that contained 2 or more TAF, and this difference was
significant at days 10 and 21 post-development (Fig 2K).

Next, to investigate whether senescent melanocytes could also
induce paracrine senescence in keratinocytes, we assessed expres-
sion of senescence markers in melanoderms. We found that melano-
derms containing senescent melanocytes have a consistently lower
proportion of proliferating keratinocytes, as demonstrated by a
decreased percentage of Ki-67-positive keratinocytes in these models
(Fig 2L). Consistent with decreased proliferation, we found a signifi-
cant reduction in the total number of keratinocytes at day 21 in
melanoderms containing senescent melanocytes (Fig 2M). Addition-
ally, pl6 expression was significantly increased in keratinocytes
from melanoderms containing senescent melanocytes at all time
points investigated (Fig 2N). Interestingly, we also observed that
melanoderms containing senescent melanocytes have a significantly
thinner epidermis at day 21 compared to their proliferating counter-
parts (Fig 20 and P) and this corresponded to a significantly
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decreased number of epidermal cell layers positive for keratin 10—a
marker of keratinocyte differentiation (Appendix Fig S3A). Whilst
numbers of senescent melanocytes remained unchanged, the total
number of young melanocytes present in melanoderms doubled
21 days post-epidermal development. However, given the relatively
low number of melanocytes present in melanoderms, this cannot
explain per se the differences in epidermal thickness (Appendix Fig
S3B).

It is also possible that the observed changes in epidermal thick-
ness induced by senescent melanocytes are affected by alterations in
extracellular matrix composition. Recently, it was reported that the
hemidesmosome component collagen XVII was significantly
decreased during ageing and that its increased expression impacted
positively on skin regeneration (Liu et al, 2019). Consistently, we
found that collagen XVII expression was significantly reduced in
melanoderms containing senescent melanocytes (Appendix Fig S3C
and D). Together, these results suggest that senescent melanocytes
induce paracrine telomere damage and senescence in surrounding
keratinocytes. This in turn may compromise the proliferative poten-
tial of keratinocytes, resulting in age-associated epidermal atrophy.

Paracrine telomere dysfunction is mediated by CXCR3 activation
and increased ROS production in bystander cells

Following the observation that soluble factors secreted by senescent
melanocytes can induce paracrine telomere dysfunction and senes-
cence in neighbouring cells, we investigated whether specific
components of the SASP are responsible for mediating this process.
Cytokine array analysis done in CM obtained from X-ray-induced
senescent melanocytes in vitro revealed that IP-10 was one of the
cytokines which was highly secreted by these cells (Fig 3A). We
also observed that expression of CXCR3, a cell-surface receptor for
IP-10, was up-regulated in senescent melanocytes in vitro (Fig 3B
and C), and chemical inhibition of CXCR3 was sufficient to reduce a
number of senescence markers during X-ray-induced senescence
(Fig EV5), suggesting that CXCR3 is involved in autocrine signalling
important for the establishment of melanocyte senescence. More-
over, by performing immunofluorescence in the skin of young and
older human donors, we also found that CXCR3 expression was
significantly higher both in melanocytes specifically (Fig 3D and E)
and, more generally, across the basal layer of the epidermis in older
human skin (Fig 3D and F). Similarly, expression of IP-10 was
significantly increased in melanocytes (Fig 3G and H) and in the
basal layer of older human skin (Fig 3G and I). Therefore, we
hypothesised that IP-10 secreted by senescent melanocytes could be
involved in mediating the paracrine effects observed thus far.

To determine whether CXCR3 activation was necessary for para-
crine telomere damage induction, dermal fibroblasts were cultured
with either proliferating or senescent melanocyte CM, and were
simultaneously treated with the CXCR3 inhibitor, AMG487, or with
siRNAs against CXCR3, for 48 h (Fig 4A). In accordance with our
previous observations, CM from senescent melanocytes induced a
threefold increase in the mean number of TAF in fibroblasts, which
was prevented by treatment with CXCR3 inhibitor AMG487
(Fig 4B). Similarly, knockdown of CXCR3 (Fig 4C) prevented induc-
tion of TAF by senescent melanocyte CM (Fig 4D).

Next, to assess whether telomere dysfunction could be triggered
as a consequence of direct CXCR3 stimulation by IP-10, we treated
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dermal fibroblasts in culture with human recombinant IP-10 for
48 h. We found that IP-10 effectively induces TAF in fibroblasts,
and this is completely abolished by AMG487 treatment (Fig 4E),
suggesting that IP-10 secreted by senescent melanocytes activates
CXCR3 signalling in surrounding cells, in turn leading to telomere
dysfunction.

Mechanistically, it is unclear how CXCR3 activation by IP-10
contributes to paracrine telomere dysfunction. It is known that oxida-
tive stress is an important contributor to activation of a DDR, with
telomeres being particularly sensitive to imbalances in ROS homeosta-
sis (Kruk et al, 1995; Petersen et al, 1998; Rochette & Brash, 2010). In
fact, mitochondria are a major source of ROS generation and have
been implicated as key components for the generation and replenish-
ment of DNA damage foci, an important effector of senescence
(Passos et al, 2007; Correia-Melo et al, 2016, 2018). Moreover,
stimulation of the CXCR3 receptor has been shown to increase oxida-
tive stress in human kidney cells (Bek et al, 2003). Therefore, we
hypothesised that CXCR3 activation in bystander cells could lead to
an increase in intracellular ROS, thus generating TAF. To that end, we
treated dermal fibroblasts with human recombinant IP-10 and
measured mitochondrial ROS production using MitoSOX fluorescent
dye. We found that IP-10 triggered a significant increase in MitoSOX
fluorescence intensity, which peaked at 6 h and was suppressed by
treatment with the mitochondria-targeted antioxidant, MitoQ (Fig 4F
and Appendix Fig S4A-D). To assess whether paracrine TAF induc-
tion by senescent melanocytes was mediated by increased mitochon-
drial ROS in bystander cells, we next treated dermal fibroblasts with
CM from either young or senescent melanocytes in the presence of
MitoQ (Fig 4G). Consistent with our previous observations, immuno-
FISH revealed that senescent melanocyte CM triggered a significant
increase in the mean number of TAF in fibroblasts, which was
prevented by treatment with MitoQ (Fig 4H). Similarly, IP-10-induced
telomere dysfunction was also abolished by treating cells with MitoQ
(Fig 4I). Altogether, these results suggest that CXCR3 activation by IP-
10 leads to an increase in mitochondrial ROS generation, which in
turn induces telomere-associated foci in neighbouring cells.

The signalling pathways that contribute to ROS production
downstream of CXCR3 activation have not been fully elucidated. It
has been shown that CXCR3 signalling leads to activation of the
PI3K/Akt signalling pathway in human airway epithelial cells, medi-
ating chemotaxis (Bonacchi et al, 2001; Shahabuddin et al, 2006).
In fact, Akt has been involved in signalling cascades that converge
signals from the DDR into PGC-1f-dependent mitochondrial biogen-
esis, contributing to increased ROS generation (Correia-Melo et al,
2016). Furthermore, ERK phosphorylation has also been reported to
occur as result of CXCR3 activation (Xia et al, 2000; Shahabuddin
et al, 2006; Jenkins et al, 2015), although the links between the
MEK/ERK pathway and ROS production are less clear. Indeed, we
observed an increase in both Akt and ERK(1/2) phosphorylation
upon treating dermal fibroblasts with IP-10, which was prevented
by inhibiting CXCR3 with AMG487 (Appendix Fig S4E).

Clearance of senescent melanocytes rescues epidermal atrophy
in 3D epidermal equivalents

Epidermal atrophy is feature of ageing skin which is normally attrib-
uted to a decrease in the number of epidermal cells as well as reduced
basal keratinocyte proliferation (Gilhar et al, 2004; Rinnerthaler et al,
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Figure 3. Expression levels of CXCR3 and IP-10 increase in senescent melanocytes in vitro and in human skin with age.

A Graph showing the concentration of IP-10 secreted by senescent melanocytes in culture. Data are shown as mean + SEM of n = 3 independent experiments.

B Representative immunofluorescence images of CXCR3 (green) in young and stress-induced senescent melanocytes. Images were taken using a 20x objective.

C  Graph showing CXCR3 fluorescence signal intensity in young and senescent melanocytes. Data are shown as mean + SEM of n = 3 independent experiments.

D Representative immunofluorescence images of CXCR3 (red) in skin sections from young and older donors. Images were taken using a 20x objective. Arrows indicate

melanocytes, which are amplified on the right.

E, F Dot plots showing CXCR3 fluorescence intensity in (E) melanocytes specifically and (F) whole epidermis of young (n = 9) and older (n = 10) human skin for each
individual donor. The horizontal line represents the mean for each group. Data are shown as mean + SEM.
G Representative immunofluorescence images of IP-10 (red) in skin sections from young and older donors. Images were taken using a 20x objective. Arrows indicate

melanocytes, which are amplified on the right.

H, 1 Dot plots showing IP-10 fluorescence intensity in (H) melanocytes specifically and () whole epidermis of young (n = 9) and older (n = 10) human skin for each
individual donor. The horizontal line represents the mean for each group. Data are shown as mean + SEM.

Data information: **P < 0.01, ***P < 0.001. Statistical test: two-tailed unpaired t-test.

2015). We have shown that senescent melanocytes can impair kerati-
nocyte proliferation and contribute to epidermal atrophy in 3D epider-
mal equivalents. In order to establish a causal relationship between
melanocyte senescence and epidermal atrophy, we treated melano-
derms containing senescent melanocytes with ABT-737, a small-
molecule inhibitor of the BCL-2 family of anti-apoptotic proteins,
which has been shown to induce apoptosis preferentially in senescent

8 of 18 The EMBO Journal ~ 38: €101982 | 2019

cells (Yosef et al, 2016). Melanoderms were treated with ABT-737
upon establishment of an epidermal stratum corneum (which occurs
10 days after co-culture of melanocytes and keratinocytes, here
referred to as day 0) for 48 h, and the tissues were cultured without
any treatment thereafter (Fig 5A). Such treatment effectively elimi-
nated senescent melanocytes from melanoderms, as shown by loss of
pl6-positive melanocytes from these tissues (Fig 5B) and absence of
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Figure 4. Senescent melanocytes transmit paracrine telomere dysfunction to neighbouring cells via mechanisms involving IP-10-CXCR3-ROS signalling.
A Dermal fibroblasts were cultured with either young or senescent melanocyte conditioned medium. CXCR3 inhibition was achieved either by siRNA knockdown of
CXCR3 or by treating fibroblasts with the CXCR3 inhibitor, AMG487.

B Graph showing the mean number of TAF in fibroblasts cultured with young or senescent melanocyte CM with or without AMG487. Data are shown as mean + SEM
of n = 3 independent experiments.

C Knockdown efficiency of two different siRNAs against CXCR3. Data are shown as mean + SD of n = 2 independent experiments.

D Mean number of TAF in fibroblasts cultured with young or senescent melanocyte CM after CXCR3 knockdown. Data are shown as mean + SEM of n = 3 independent
experiments.

E Mean number of TAF in fibroblasts cultured with IP-10 with or without AMG487. Data are shown as mean + SEM of n = 3 independent experiments.

F Graph showing MitoSOX fluorescence intensity of fibroblasts treated with IP-10 with or without MitoQ at the time points indicated. Values are a percentage fold
change normalised to controls. Graph is representative of one out of n = 3 independent experiments.

G Dermal fibroblasts were cultured with either young or senescent melanocyte conditioned medium with or without MitoQ.

H Mean number of TAF in fibroblasts cultured with young or senescent melanocyte CM with or without MitoQ. Data are shown as mean + SEM of n = 3 independent
experiments.

| Mean number of TAF in fibroblasts treated with IP-10 with or without MitoQ. Data are shown as mean + SEM of n = 3 independent experiments.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001. Statistical tests: one-way ANOVA (B, E, H-I), two-way ANOVA (D).

Melan-A expression (Appendix Fig S5A). Clearance of senescent keratinocytes, which was comparable to control levels (Fig 5E and
melanocytes was sufficient to prevent significant TAF induction in F). Therefore, these data implicate senescent melanocytes as causal
keratinocytes (Fig SC and D). Moreover, elimination of senescent in the induction of paracrine telomere damage and senescence in
melanocytes resulted in a decrease in the percentage of p16-positive neighbouring epidermal cells. Consistent with a role for senescent
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melanocytes in contributing to age-associated skin changes, we found
that ABT-737 treatment rescued the epidermal atrophy induced by
senescent melanocytes (Fig 5G and H) and restored keratinocyte
numbers (Appendix Fig SSB).

Given that our previous data showed that paracrine telomere
damage is mediated by mitochondrial ROS, melanoderms were also
treated with the mitochondria-targeted antioxidant, MitoQ. Unlike
ABT737, MitoQ did not affect the number of pl6-positive melano-
cytes following treatment (Fig 5B). Consistent with our previous
results, MitoQ prevented paracrine telomere damage induction by
senescent melanocytes (Fig 5C and D), and it also inhibited the accu-
mulation of pl6-positive keratinocytes in melanoderms containing
senescent melanocytes (Fig 5E and F). Furthermore, a rescue in
epidermal thickness was also observed with MitoQ treatment (Fig 5G
and H). These data support our hypothesis that the paracrine effects
of senescent melanocytes are mediated by mitochondrial ROS.

Discussion

Senescent cells have been shown to accumulate in human skin with
age (Dimri et al, 1995; Ressler et al, 2006), and evidence suggests
that accumulation of these cells contributes to age-associated skin
changes by compromising regeneration and structure (Adamus
et al, 2014; Velarde et al, 2015). However, the majority of human
studies so far have focused on dermal fibroblasts, whilst the contri-
bution of senescent melanocytes to the skin ageing process remains
poorly understood.

We have shown that p16 expression is significantly increased in
melanocytes in the epidermis of older donors, in agreement with
previous reports (Waaijer et al, 2012b, 2016; Pawlikowski et al,
2013). In the epidermis, we found that p16 expression could only be
detected in cells expressing melanocyte markers, indicating that
melanocytes represent the main population of pl6-positive senescent
cells. This observation prompted our investigation into the mecha-
nisms by which melanocytes acquire a senescent phenotype, since
differentiated melanocytes have an extremely low proliferative capac-
ity in vivo and are thus unlikely to undergo sufficient telomere attri-
tion to induce replicative senescence (Jimbow et al, 1975). It is
possible that in post-mitotic and/or slow-dividing cells, such as mela-
nocytes, senescence occurs as a result of length-independent telomere
damage caused by oxidative stress (Victorelli & Passos, 2017). Consis-
tent with this hypothesis, we observed increased co-localisation
between YH2A.X and telomeres in aged melanocytes, which denotes
telomere dysfunction, without significant shortening. The accumula-
tion of DDR proteins at telomeres that are not critically short has been
previously reported in non-dividing cells, such as neurons (Fumagalli
et al, 2012; Ogrodnik et al, 2019), cardiomyocytes (Anderson et al,
2019) and hepatocytes (Hewitt et al, 2012). Consistent with a role for
the DDR in melanocyte senescence and in accordance with our
results, a previous study reported an age-dependent increase in
53BP1-positive melanocytes (Suram et al, 2012). We should note that
for technical reasons, we have not been able to determine whether
pl6-positive melanocytes are also positive for TAF.

It has been proposed that long telomeres may provide a more
abundant target for DNA damage to occur (Fumagalli et al, 2012).
Another mechanism by which telomeres can activate a DNA damage
response irrespectively of length is via the loss of shelterin
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components (Takai et al, 2003). Given that our data suggest that
telomeres do not shorten significantly in senescent melanocytes
in vivo, it is unlikely that telomere uncapping would occur as a result
of extensive loss of telomeric repeats. However, it has been shown
that oxidative damage at telomeres can disrupt the binding of certain
shelterin proteins (Opresko et al, 2005), possibly providing a length-
independent mechanism for telomere uncapping. Our data suggest
that telomere length is not a limiting factor in melanocyte senescence;
however, whilst interphase telomere FISH is the only method that
will allow us to obtain information regarding telomere length in speci-
fic cells within a tissue, the methodology does not allow the recogni-
tion of telomere-free ends. Thus, one of the limitations of our study is
that we may be failing to detect critically short telomeres. Addition-
ally, it is also possible that clusters of telomere FISH signals may
contribute to artefacts in our analysis as previously discussed
(Anderson et al, 2019); however, we did not find any indication
that the presence of telomere clusters occurs preferentially in old
melanocytes.

Evidence suggests that persistent DDR signalling at telomeres
plays an important role in the establishment of senescence. Studies
have shown that DNA damage at telomeres is less efficiently
repaired compared to non-telomeric damage (Kruk et al, 1995;
Fumagalli et al, 2012; Hewitt et al, 2012; Anderson et al, 2019).
Consistently, live-cell imaging studies have demonstrated that the
majority of long-lived DNA damage foci co-localise with telomeres
in stress-induced senescence (Hewitt et al, 2012). Such irreparable
DNA damage generates persistent DDR signalling at telomeres,
which is believed to be important for the initiation and maintenance
of the senescent state (Fumagalli et al, 2012; Hewitt et al, 2012).

Skin ageing is accompanied by many morphological changes,
including loss of epidermal curvature (Waaijer et al, 2012a). In
accordance with this, we observed significant age-dependent epider-
mal flattening in the older donor cohort used in this study. Since
accumulation of senescent cells has been shown to contribute to
tissue dysfunction with age (Baker et al, 2011, 2016; Xu et al,
2015), we investigated whether increased TAF in melanocytes was
associated with age-related skin characteristics. We observed a
highly significant association between increased TAF in melanocytes
and flattening of the epidermal-dermal junction (EDJ), suggesting
that senescent melanocytes contribute to this skin ageing pheno-
type. Flattening of the EDJ occurs primarily as a result of the retrac-
tion of the rete ridges, which consist of epidermal invaginations into
the dermis. Physiologically, a flattened dermal-epidermal interface
means that the epidermis is less resistant to shearing forces and
reduces the exchange surface between the epidermis and dermis,
compromising nutrient supply to the epidermis. This has been
suggested to contribute to reduced keratinocyte proliferation with
ageing (Briggaman & Wheeler, 1975; Lavker, 1979; Lavker et al,
1989; Gilhar et al, 2004). Although it is not known whether flatten-
ing of the EDJ is a direct consequence of senescent melanocyte accu-
mulation, our results implicate TAF as a potential marker for
epidermal flattening that occurs during skin ageing.

Senescent cells have been shown to induce paracrine DNA
damage and senescence in healthy neighbouring cells via mecha-
nisms involving secretion of SASP factors and increased ROS
(Nelson et al, 2012; Acosta et al, 2013; Razdan et al, 2018). In
agreement with this, our data showed that keratinocytes surround-
ing senescent melanocytes also exhibited significantly more
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Figure 5. Clearance of senescent melanocytes or reducing mitochondrial ROS production rescues epidermal atrophy in 3D human epidermal equivalents.

A Melanoderms comprised young keratinocytes with either young or senescent melanocytes. ABT737 or MitoQ was added at day O (day of full epidermal
differentiation). ABT737 was removed at day 2, and melanoderms were cultured under normal culture conditions for the remainder of the experiment. MitoQ was
refreshed every 2 days until the end of the experiment at day 21. Tissues were analysed at day 21. Scale bar is 50 pum.

B Graph showing the percentage of p16-positive melanocytes in melanoderms with or without ABT737 treatment. Data are shown as mean + SEM of n = 4 (young)

and n = 3 (senescent control and treated) melanoderms.

C,D Graphs showing (C) the mean number of TAF in keratinocytes and (D) the percentage of keratinocytes containing > 1, > 2 and > 3 TAF in melanoderms in the
conditions indicated. Data are shown as mean £ SEM of n = 3-6 melanoderms (statistical significance is indicated for > 2 TAF).
E Representative immunofluorescence images of p16 (red) in melanoderms containing young or senescent melanocytes with or without ABT737 or MitoQ treatment.

Images were taken using a 20x objective. Scale bar = 50 um.

F Graph showing the percentage of p16-positive keratinocytes in melanoderms in the conditions indicated. Data are shown as mean + SEM of n = 3-7

melanoderms.

G Representative H&E images showing epidermal thickness of melanoderms containing young or senescent melanocytes with and without ABT737 or MitoQ at
21 days following epidermal development. Images were taken using a 20x objective. Scale bar = 50 pum.
H Graph showing epidermal thickness of melanoderms containing either young or senescent melanocytes with or without ABT737 or MitoQ at the time points

indicated. Data are shown as mean + SEM of n = 3-8 melanoderms.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001. Statistical tests: one-way ANOVA.

telomere damage, providing evidence for a possible bystander effect
of senescent melanocytes in human skin in vivo. Moreover, we
showed that conditioned media from senescent melanocytes in vitro
induced TAF in dermal fibroblasts, suggesting that paracrine TAF
induction is mediated by soluble factors released by senescence
melanocytes. Senescent melanocytes were also shown to induce
paracrine telomere dysfunction in surrounding keratinocytes in 3D
epidermal equivalents. Dysfunctional telomeres provide a source of
persistent DDR that limits the replicative capacity of cells (Fumagalli
et al, 2012, 2014; Hewitt et al, 2012). In support of this, we
observed that senescent melanocytes impaired replication of kerati-
nocytes in 3D epidermal equivalents, resulting in epidermal atrophy,
which is a skin ageing phenotype. Importantly, epidermal thickness
was rescued by eliminating senescent melanocytes using the seno-
lytic drug ABT737 (Yosef et al, 2016), suggesting that senescent
melanocytes directly contribute to epidermal atrophy through limit-
ing proliferation of keratinocytes. Previous studies have shown that
elimination of senescent cells by ABT737 rescued proliferation of
hair follicle stem cells in a transgenic mouse model where senes-
cence is specifically induced in the basal layer of the epidermis
(Yosef et al, 2016). Given that proliferation of stem and progenitor
cells is also crucial for epidermal regeneration and homeostasis
(Blanpain & Fuchs, 2009), it would also be important to assess the
bystander effects of senescent melanocytes on epidermal stem cells.
However, since our in vitro models do not comprise stem cells, we
postulate that keratinocyte cell-cycle arrest triggered by senescent
melanocytes is sufficient to induce epidermal atrophy. We acknowl-
edge that our results using melanoderms have a number of limita-
tions, such as the lack of dermis, subcutaneous fat and a number of
cell types, including immune cells, which have been previously
implicated in the skin ageing process. Nonetheless, the model used
is valuable since it allows the investigation of the specific interac-
tions between senescent melanocytes and keratinocytes as well as
test pharmacological interventions without any additional
confounding factors.

We demonstrate that paracrine TAF induction is mediated by
mechanisms involving the cell-surface receptor CXCR3. Interestingly,
we found that IP-10 and its receptor, CXCR3, were up-regulated both
in senescent melanocytes in vitro and in human skin with age. Since
telomeres are particularly susceptible to oxidative stress due to their
high content of guanine triplets (Oikawa & Kawanishi, 1999), we
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hypothesised that paracrine TAF was mediated by increased intracel-
lular ROS. Indeed, our results show that IP-10 released by senescent
melanocytes activates CXCR3 signalling in surrounding cells, trigger-
ing an increase in mitochondrial ROS production and consequently
inducing telomere dysfunction. Consistent with our data, previous
studies have shown that stimulation of the CXCR3 receptor results in
increased ROS generation (Bek et al, 2003). Moreover, others have
also demonstrated that SASP components, notably TGF-f1, induce
paracrine telomere dysfunction in a ROS-dependent manner (Razdan
et al, 2018). Although the mechanisms that result in enhanced mito-
chondrial ROS production downstream of CXCR3 signalling have not
been fully elucidated, we and others have shown that Akt phospho-
rylation occurs as a result of CXCR3 activation (Bonacchi et al, 2001;
Shahabuddin et al, 2006). In fact, Akt has been involved in signalling
cascades that enhance mitochondrial ROS generation in senescence
(Correia-Melo et al, 2016).

Our results support a role for mitochondrial ROS in the develop-
ment of skin ageing phenotypes, as epidermal atrophy induced by
senescent melanocytes is rescued by MitoQ in 3D epidermal equiva-
lents. Increased ROS generation has been shown to contribute to
skin ageing in laboratory mice. Deletion of Sod2, a mitochondrial
antioxidant enzyme, increased mitochondrial ROS and induced
cellular senescence in mouse skin, resulting in epidermal atrophy
(Velarde et al, 2012).

In summary, our results indicate that senescent melanocytes
accumulate in human skin with age. We show that senescent mela-
nocytes induce paracrine telomere damage in surrounding cells.
Moreover, we demonstrate that senescent melanocytes contribute
causally to epidermal atrophy in 3D epidermal equivalents, likely by
inhibiting basal keratinocyte proliferation, and thus impairing
epidermal turnover.

Materials and Methods

Cell culture and treatments

Primary human lightly pigmented epidermal neonatal melanocytes
were obtained from Thermo Fisher Scientific (HEMn-LP, C0025C)

and Lonza (NHEM-Neo, CC-2504). Melanocytes were cultured in
MBM-4 basal medium supplemented with MGM-4 SingleQuot
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Supplements and Growth Factors (Lonza), and maintained at atmo-
spheric conditions (air plus 5% CO,). Primary human dermal
fibroblasts were obtained from Lonza (NHDF, CC-2509) and were
cultured in DMEM (Sigma) supplemented with 10% foetal bovine
serum (FBS), 2 mM r-glutamine and penicillin/streptomycin 100
U/ml, and maintained at atmospheric conditions (air plus 5% CO,).

Stress-induced senescence was induced in melanocytes by either
10 Gy X-ray irradiation or by 5 consecutive daily exposures to
0.4 J/cm? of UVA and UVB irradiation. The UVA and UVB sources
consisted of a Dr Honle SOL 500s lamp (Dr. Honle AG UV Technol-
ogy) equipped with a UVA+UVB filter glass (Eurobond Adhesives),
and emitting in the spectral range of 320-400 nm for UVA and 295-
315 nm for UVB. No residual UVC is emitted.

To assess paracrine telomere damage induction, conditioned
medium from control (proliferating) and stress-induced senescent
melanocytes was collected 11 days following X-ray irradiation. CM
was centrifuged at 481 g for 5 min to eliminate any cell debris, and
it was then added to fibroblasts at a ratio of 1:1 DMEM: conditioned
medium. Fibroblasts were cultured in this mixture of DMEM and
CM for the duration of the experiment. For longer-term culture,
medium was replenished every 3 days.

For CXCR3 inhibition, X-ray-irradiated melanocytes were treated
with 10 uM AMG487 (Tocris) immediately following irradiation,
and treatment was refreshed every 2 days for 10 days. Dermal
fibroblasts were also treated with 10 uM AMG487 for 48 h in the
presence of melanocyte CM, as described above.

For scavenging of mitochondrial ROS, dermal fibroblasts in mela-
nocyte CM were treated with 20 nM MitoQ (provided and developed
by Prof Mike Murphy) for the duration of the experiment. Prior to
the addition of melanocyte CM, fibroblasts were pre-treated with
MitoQ for 6 h in normal culture conditions.

Recombinant human IP-10 protein (R&D System) was added to
dermal fibroblasts at a concentration of 200 ng/ml for the duration
of each experiment.

For EdU incorporation assays, cells were incubated in 10 uM
EdU for 24 h in normal growth medium. All subsequent EAU detec-
tion steps were carried out using Click-iT EQU Alexa Fluor Imaging
Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Knockdown by small interfering RNA (siRNA)

Dermal fibroblasts were transiently transfected with siRNAs using
HiPerFect Transfection Reagent (Qiagen, 301705). Cells were trans-
fected with 20 nM siRNA (negative control siRNA, Qiagen,
SI03650318; Hs_CXCR3_2 FlexiTube siRNA, Qiagen, SI003573306;
Hs_CXCR3_3 FlexiTube siRNA, Qiagen, SI00357343) following the
HiPerFect Transfection Reagent manufacturer’s protocol. Cells were
transfected 24 h prior to addition of CM and harvested 72 h after
transfection (2 days after addition of CM). siRNA transfection effi-
ciency was assessed by qPCR.

Human tissue collection and ethics
Young subjects consisted of white British subjects. Skin punch biop-
sies of 4 mm were obtained from the sun-protected site of the inner

upper arm of each donor and were taken by a qualified dermatolo-
gist in 2007. The study was approved by the Unilever Colworth
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Ethics Committee (UCR2007-07), and subjects gave informed writ-
ten consent prior to inclusion in this study. Data from 20 randomly
selected Colworth donors were used in this study.

Skin samples from older subjects were obtained from the
Leiden Longevity Study (LLS). Study design and methodologies of
the LLS have been previously described (Schoenmaker et al,
2006). Briefly, the LLS consisted of men and women aged above
89-91, respectively, with at least one sibling who matches the
same age criterion. The offspring of either long-lived sibling and
the partners of the offspring were recruited to participate in the
study. Skin punch biopsies of 4 mm were taken from the sun-
protected part of the inner upper arm of each donor. The study
protocol was approved by the Medical Ethics Committee of the
Leiden University Medical Centre (following the Declaration of
Helsinki), and participants gave informed written consent. Skin
biopsies from 41 randomly selected LLS participants were used in
this study.

Skin biopsies were formalin-fixed, paraffin-embedded (FFPE)
and cut into 4-um sections for subsequent immunohistochemical
analysis.

Human epidermal equivalents (melanoderms)

Melanoderms were produced by MatTek Corporation (Ashland,
MA) and contained neonatal human keratinocytes and either prolif-
erating or UV-induced senescent melanocytes. Briefly, melanocytes
and keratinocytes are co-cultured for a period of 10 days before
developing into a multi-layered, highly differentiated model of
human epidermis (also referred to as “day 0”). For the purposes of
this study, tissues were collected either 0, 10 and 21 days post-
epidermal development or at days 7 and 21 post-epidermal develop-
ment. Tissues were FFPE and cut into 4-pum sections for subsequent
immunohistochemical analysis.

Melanoderms were treated with 2.5 uM ABT-737 at day O (post-
epidermal development) for 48 h. Treatment was then removed,
and tissues were subsequently cultured without the drug for the
remainder of the experiment. MitoQ (20 nM) was added to tissues
at day 0 (post-development), and treatment was refreshed every
48 h for the duration of the experiment.

Flow cytometry

Analysis of mitochondrial ROS production was carried out by
measuring MitoSOX fluorescence intensity by flow cytometry.
MitoSOX is a red fluorescent dye, which is used as a mitochondrial
superoxide indicator. MitoSOX permeates the membrane of live cells
and is selectively targeted to mitochondria, where it is oxidised by
superoxide anions, exhibiting red fluorescence.

Cells were harvested and centrifuged at 1,600 rpm for 2 min.
Supernatant was discarded, and approximately 2.5 x 10° live cells
were incubated with 5 uM MitoSOX Red (Invitrogen) in serum-free
culture medium for 10 min at 37°C in the dark. Following another
centrifugation at 1,600 rpm for 2 min, supernatant was discarded,
and the cell pellet was resuspended in 2 ml of serum-free culture
medium. MitoSOX median fluorescence intensity was determined by
flow cytometry using the red fluorescence channel (FL3 channel).
An FSC/SSC dot plot was used to define the population of live cells
and apoptotic cells, and debris was excluded by gating.
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Quantitative real-time PCR

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen,
74106). Complementary DNAs were synthesised using the High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher, 4368814)
following the manufacturer’s instructions. Quantitative real-time
PCR was carried out using Power SYBR® Green PCR Master Mix
(Invitrogen, 4367659) in a C100TM Thermal Cycler, CFX96TM Real-
Time PCR System (Bio-Rad) and Bio-Rad CFX Manager software.
Gene expression was normalised to 18S. Primers used were as
follows:  Hs_CXCR3_va.l_SG (Qiagen, QT02410212) and
Hs_RRN18S_1_SG (Qiagen, QT00199367).

Immunofluorescence

Cells grown on coverslips were fixed in 2% paraformaldehyde in
PBS for 5 min. Cells were then permeabilised in PBG-Triton (PBS,
0.4% Fish-skin gelatin, 0.5% BSA, 0.5% Triton X-100) for 45 min
and incubated with primary antibody overnight at 4°C. Following
PBS washes, cells were incubated with secondary antibody for
45 min and mounted onto glass microscope slides with ProLong
Gold Antifade Mountant with DAPI (Invitrogen).

Primary antibodies used were as follows: mouse monoclonal
anti-pl16 (dilution as provided by manufacturer, 9511; CINTec
Histology, Roche) and mouse monoclonal anti-CXCR3 (1:400,
ab64714; Abcam).

Secondary antibodies used were as follows: goat anti-mouse
Fluorescein-conjugated secondary antibody Alexa Fluor 488
(1:4,000, A21042; Invitrogen) and goat anti-mouse Fluorescein-
conjugated secondary antibody Alexa Fluor 594 (1:4,000, A11005;
Invitrogen).

Immunohistochemistry

For FFPE tissues, sections were deparaffinised in 100% Histoclear
and hydrated in 100, 90 and 70% ethanol (twice for 5 min each),
and incubated twice for 5 min in distilled water. Antigen retrieval
was performed by incubating sections in 0.01 M citrate buffer (pH
6.0) and heated until boiling for 10 min. Sections were allowed to
cool down to room temperature followed by two washes in distilled
water for 5 min. Next, sections were blocked in normal goat serum
(1:60) in BSA/PBS for 30 min and incubated with primary antibody
overnight at 4°C. Following three PBS washes, sections were then
incubated with secondary antibody for 1 h, followed by PBS washes
and mounted using ProLong Gold Antifade Mountant with DAPI
(Invitrogen).

Primary antibodies used were as follows: rabbit polyclonal
anti-Ki67 (1:250, ab15580; Abcam), rabbit polyclonal anti-SIRT1
(1:100, ab13749; Abcam), mouse monoclonal anti-Melan-A (1:20,
M7196; Dako), rabbit polyclonal anti-Melan-A (1:50, sc-28871;
Santa Cruz), mouse monoclonal anti-pl16 (dilution as provided by
manufacturer, 9511; CINTec Histology, Roche), mouse monoclonal
anti-CXCR3 (1:400, ab64714; Abcam), rabbit polyclonal anti-IP10
(1:200, ab9807; Abcam), rabbit polyclonal anti-53BP1 (1:200,
49378, Cell Signaling), rabbit polyclonal anti-HMGB1 (1:200, 39358,
Cell Signaling), rabbit monoclonal anti-p21 (1:200, 2947S, Cell
Signaling), mouse monoclonal anti-cytokeratin 10 (1:100, ab9026,
Abcam), rabbit monoclonal anti-collagen XVII (1:100, ab186415,
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Abcam) and rabbit monoclonal (1:100,
ab186415, Abcam).

Secondary antibodies used were as follows: goat anti-rabbit Fluo-
rescein-conjugated secondary antibody Alexa Fluor 488 (1:1,000,
A11008; Invitrogen), goat anti-rabbit Fluorescein-conjugated
secondary antibody Alexa Fluor 594 (1:1,000, A11012; Invitrogen),
goat anti-mouse Fluorescein-conjugated secondary antibody Alexa
Fluor 488 (1:1,000, A21042; Invitrogen), goat anti-mouse Fluores-
cein-conjugated secondary antibody Alexa Fluor 594 (1:1,000,
A44005; Invitrogen) and goat anti-mouse Fluorescein-conjugated

secondary antibody Alexa Fluor 647 (1:1,000, A21235; Invitrogen).

anti-collagen  XVII

Immuno-FISH and Q-FISH

For cells grown on coverslips, immunocytochemistry was performed
as described above using mouse monoclonal anti-yH2AX (1:200, 05-
636; Millipore). Following secondary antibody incubation, cells
were fixed in methanol: acetic acid (3:1 ratio) for 30 min followed
by dehydration in graded cold ethanol solutions (70, 90, 100%) for
2 min each. Cells were incubated in PBS at 37°C for 5 min and fixed
in 4% paraformaldehyde at 37°C for 2 min. Following a PBS wash,
cells were dehydrated again with cold ethanol solutions (70, 90,
100%) for 2 min each and left to air-dry. Coverslips were then
placed onto glass slides containing 10 ul of PNA hybridisation mix
(70% deionised formamide (Sigma), 25 mM MgCl,, 1 M Tris pH
7.2, 5% blocking reagent (Roche) containing 2.5 pg/ml Cy-3-
labelled telomere-specific (CCCTAA) peptide nucleic acid probe
(PANAGENE)), and samples were denatured for 10 min at 80°C.
Coverslips were incubated in a humidified chamber protected from
light for 2 h at room temperature to allow hybridisation to occur.
Cells were then washed with 70% formamide in 2x SSC
(3 x 10 min each) followed by three washes in 0.05% TBS-Tween-
20 for 5 min. Cells were then dehydrated in graded cold ethanol
solutions (70, 90, 100%) and left to air-dry before they were
mounted onto glass microscope slides with ProLong Gold Antifade
Mountant with DAPI (Invitrogen). Cells were images using in-depth
Z stacking (a minimum of 35 optical slices with 63x objective).

For FFPE tissues, immunohistochemistry was carried out as
described above. Following an overnight incubation with rabbit
monoclonal anti-yH2AX (1:400, 9718; Cell Signalling), sections were
then incubated with a goat anti-rabbit biotinylated secondary anti-
body (1:200, PK-6101; Vector Labs) for 30 min at room temperature.
Following three PBS washes, tissues were incubated with fluores-
cein avidin DCS (1:500, A-2011; Vector Labs) for another 30 min at
room temperature. Sections were then washed three times in PBS
and cross-linked by incubation in 4% paraformaldehyde in PBS for
20 min. Sections were washed in PBS three times and then dehy-
drated in graded cold ethanol solutions (70, 90, 100%) for 3 min
each. Tissues were then allowed to air-dry prior to being denatured
in 10 pl of hybridisation mix (as described above) for 10 min at
80°C and then incubated for 2 h at room temperature in a dark
humidified chamber to allow hybridisation to occur. Sections were
washed in 70% formamide in 2x SCC for 10 min, followed by a
wash in 2x SSC for 10 min, and a PBS wash for 10 min. Tissues
were then mounted using ProLong Gold Antifade Mountant with
DAPI (Invitrogen). Sections were imaged using in-depth Z stacking
(@ minimum of 40 optical slices with 63x objective) followed by
Huygens (SVI) deconvolution.
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Quantitative FISH (Q-FISH) analysis of telomere FISH intensity
was performed on fixed cells and FFPE tissue following immuno-
FISH staining (as described above). Image analysis was performed
using ImageJ software, where Z projections were created for each
individual image and the oval tool was used to measure the inte-
grated density of each individual telomere signal.

Senescence-associated p-galactosidase activity assay

Cells grown on coverslips were fixed in 0.2% glutaraldehyde in 2%
PFA in PBS for 5 min. Cells were incubated in Sen-B-Gal staining
solution (150 mM sodium chloride, 2 mM magnesium chloride,
40 mM citric acid, 12 mM sodium phosphate pH 6.0, 1 mg/ml 5-
bromo-4-chloro-3-inolyl-p-d-galactosidase (X-Gal), 5 mM potassium
hexacyanoferrate (II) trihydrate, 5 mM potassium hexacyanoferrate
(I1) trihydrate) (pH 6.0) overnight at 37°C in the dark, followed by
three PBS washes for 5 min each, and were then mounted onto
glass microscope slides using ProLong Gold Antifade Mountant with
DAPI (Invitrogen).

Luminex assay

Detection of cytokines and chemokines in cell culture supernatants
was performed using the commercially available kit MILLIPLEX
Human Cytokine/Chemokine Magnetic Bead Panel—Premixed 41
Plex (Merck Millipore, HCYTMAG-60K-PX41). Protocol was
followed according to the manufacturer’s instructions. Assays were
analysed using a Luminex 200 reader.

Western blotting analysis

Cells (0.5 x 10°%) were lysed in 50 pl of lysis buffer (150 mM NaCl,
1% NP40, 0.5% NaDoC, 0.1% SDS, 50 mM Tris pH 7.4, 1x phos-
phatase and protease inhibitors cocktail in H,0). Equal amounts of
protein (30 pg) from each sample were resolved on a 10% SDS—
PAGE gel. Proteins were blotted onto a 0.45 pm polyvinylidene
difluoride (PVDF) membrane (Millipore) using Trans-Blot SD Semi-
Dry Transfer Cells (Bio-Rad). Following blocking with PBS-Tween
blocking buffer (5% milk, 0.05% Tween-20 in PBS), the membranes
were incubated with primary antibodies at 4°C overnight. The next
day, membranes were washed with H,O and incubated with a
peroxidase-conjugated secondary antibody for 1 h at room tempera-
ture. Membranes were washed three times in distilled H,O, once in
0.05% PBS-Tween for 5 min, and then again in distilled H,O to
remove excess Tween. Membranes were incubated with chemilumi-
nescence agent Clarity Western ECL substrate (Bio-Rad, 170-5060)
and visualised using Fuji Film Intelligent Dark Box II and Image
Reader Las-100 software. Signal intensity of protein bands was anal-
ysed using ImageJ analysis software. Background subtraction was
applied, and signal intensity of the protein of interest was normal-
ised to a loading control.

Primary antibodies used were as follows: rabbit polyclonal anti-
Akt (1:1,000, 9272; Cell Signaling), rabbit polyclonal anti-phospho
Akt (T308) (1:1,000, 2965S; Cell Signaling), rabbit polyclonal anti-
Erk1/2 (p44/42 MAPK) (1:1,000, 9102; Cell Signaling), rabbit poly-
clonal anti-phospho ERK1/2 (p-44/42 MAPK) (Thr202/Tyr204)
(1:1,000, 9101; Cell Signaling) and rabbit monoclonal anti-GAPDH
(1:5,000, 5174; Cell Signaling).
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Secondary antibody used was as follows: goat anti-rabbit IgG-
HRP-conjugated (1:5,000, A0545; Sigma-Aldrich).

Heatmaps
Heatmaps were generated using Ingenuity Pathway Analysis (IPA).
Morphometric skin measurements

For human skin, the measurements of morphological characteristics,
such as epidermal curvature, have been previously described (Waai-
jer et al, 2012a).

For melanoderms, haematoxylin and eosin staining was
performed in human epidermal equivalent sections, which were
then imaged (20x objectives) using a Nikon E800 widefield micro-
scope and captured with a Leica DFC420 camera using LASAF soft-
ware (Leica). For each section, the full length of the epidermis was
imaged. Epidermal thickness was measured throughout the section
using five randomly selected areas for each field by applying a
randomly offset grid overlay on ImageJ. Mean thickness per field
and then mean thickness per section were calculated. Data are plot-
ted as mean thickness (um) per section + SEM.

Quantification of immunohistochemical stainings

Quantifications were carried out in a blinded manner and were
performed by 3 independent analysts. All melanocytes present in
the micrographs were analysed (an average of 80 nuclei), and the
majority of keratinocytes were counted in each section (an average
of 860 keratinocytes per donor). For pl6 and p21 analysis, nuclei
with strong staining were considered positive cells. For SIRTI, a
threshold was set for the fluorescence intensity, which was kept
constant through all micrographs, and only nuclei with SIRT1 fluo-
rescence intensity above the threshold were considered positive. For
HMGBI1 fluorescence intensity analysis, the background intensity
for each section was measured from 6 random sites without nuclei.
Then, the average background intensity was subtracted from the
nuclear HMGB1 intensity for each cell type. For this analysis, all
melanocytes present in each section and 50-100 nuclei from kerati-
nocytes were analysed per donor. For immuno-FISH analysis, an
average of 20 melanocytes and 100 keratinocytes were analysed per
donor.

Microscopy

For fluorescence microscopy, the following microscopes were used:
Leica DM5500B widefield fluorescence microscope, Zeiss AxioOb-
server Spinning Disk confocal microscope, Leica SP8 confocal and
Digital Light Sheet (DLS) microscope.

Statistical analysis

All statistical analyses were carried out using GraphPad Prism 7.01,
and a P <0.05 was considered as statistically significant. For
comparisons between 2 groups, a two-tailed unpaired t-test was
used, and where the data were not normally distributed, a Mann—
Whitney U-test was performed. For multi-group comparison, a one-
way ANOVA with Tukey’s or Holm-Sidak’s post hoc test was used.
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A two-way ANOVA with Bonferroni post hoc test was performed for
data sets containing two independent factors. Correlations were
analysed using Pearson’s rank correlation test.

Expanded View for this article is available online.
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