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ABSTRACT

Objective: The epidermal barrier is renewed by the activation, proliferation, and differentiation of keratinocyte stem cells after injury and aging
impedes this repair process through undefined mechanisms. We previously identified a gene signature of metabolic dysfunction in aged murine
epidermis, but the precise regulators of epidermal repair and age-related growth defects are not well established. Aged mouse models as well as
mice with conditional epidermal loss of the metabolic regulator peroxisome proliferator-activated receptor gamma coactivator-1 alpha (Pgc-1a)
were used to explore the cellular pathways which control skin repair after injury and stress.

Methods: Aged mice or those with epidermal Pgc-1a deletion (epiPgc-1a KO) and young or Pgcia™” controls were subjected to wound injury,
UVB exposure or the inflammatory agent TPA. /n vivo and ex vivo analyses of wound closure, skin structure, cell growth and stem cell differ-
entiation were used to understand changes in epidermal re-growth and repair resulting from aging or Pgc-1a. loss.

Results: Aging impairs epidermal re-growth during wound healing and results in lower expression of Pgc-1a.. Mice with conditional deletion of
epidermal Pgc-1a exhibit greater inflammation- and UVB-induced cell differentiation, reduced proliferation, and slower wound healing. epiPgc-1o
KO mice also displayed reduced keratinocyte NAD™ levels, shorter telomeres, and greater poly ADP-ribosylation, resulting in enhanced stress-
stimulated p53 and p21 signaling. When NAD™ was reduced by Pgc-1a: loss or pharmacologic inhibition of NAD™ synthesis, there was reduced
stress-induced proliferation, increased differentiation, and protection against DNA damage via enhanced epidermal shedding. Similarly, aged
mice exhibit disrupted epidermal NAD™ homeostasis and enhanced p53 activation, resulting in p21 growth arrest after wounding. NAD™ pre-
cursor treatment restores epidermal growth from old skin to that of young.

Conclusions: Our studies identify a novel role for epidermal Pgc-1a in controlling epidermal repair via its regulation of cellular NAD™ and
downstream effects on p53-driven growth arrest. We also establish that parallel mechanisms are evident in aged epidermis, showing that NAD™

signaling is an important controller of physiologic skin repair and that dysfunction of this pathway contributes to age-related wound repair defects.
© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION and genomic mutations are frequently found in otherwise asymp-

tomatic skin [5], suggesting that ESCs have unique and effective

The skin epidermis defends against environmental hazards such as
solar radiation, lacerations, and infections via coordinated responses
that trigger dynamic tissue remodeling [1,2]. Healthy skin repair de-
pends on balanced rates of epidermal stem cell (ESC) division and
differentiation and disruptions in this equilibrium are implicated in
diseases such as psoriasis, eczema, skin cancer and slow-healing
wounds [3]. Poor wound repair in the elderly represents an espe-
cially pressing health problem as the mechanisms underlying this
pathology are not known and we lack effective healing therapies for the
geriatric population [4]. Thus, identifying the triggering events which
govern ESC growth and differentiation responses can lead to new ways
to promote skin regeneration. Intriguingly, the epidermis deals with
particularly high rates of intracellular DNA damage from UV exposure

mechanisms of shedding unfit or irrevocably damaged cells. However,
the mechanisms by which this phenomenon is regulated in healthy
skin is not understood.

A reduction in energy metabolites (i.e. ATP, glucose) activates sensitive
stress—response pathways in tissues such as the liver or skeletal
muscle to sustain organ function and bioenergetic disruptions are
connected to a variety of disorders including diabetes [6], aging [7] and
fatty liver disease [8]. We recently discovered that aged ESCs exhibit a
transcriptional signature of metabolic dysfunction [9], suggesting that
restoring energy homeostasis might be a way of treating wound repair
defects in the elderly. Metabolites can act as direct energy sources as
well as participate in chromatin remodeling (i.e. acetylation using
acetyl Co-A) or DNA repair (i.e. ADP ribosylation using NAD™) [10],
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enabling the tight coupling of cellular energy and transcriptional pro-
gramming. Metabolites are also known to regulate stem cell function
and fate decisions [11,12]. The epidermis experiences dynamic UV- or
wound-induced bioenergetic changes [13,14] and recent work has
identified metabolites, such as lactate and serine, which can govern
ESC behavior [15,16]. However, the critical metabolite networks and
downstream signaling pathways that respond to stress, control ESC
fate and are essential for in vivo epidermal repair responses have not
been well characterized.

The Pgc-1 family is composed of the transcriptional coactivators Pgc-
10, Pgc-1P and PRC that respond to energy fluctuations and regulate
metabolic programs in many tissues and organs [17]. Pgc-1a has
specifically been shown to be critical for stress-induced metabolic
signaling in skin fibroblasts [18] and melanocytes [19], however its
specific role in skin aging or ESCs had not been established. We find
that Pgc-1a. expression is reduced in aged epidermis in conjunction
with impaired wound re-epithelialization. To gain a better under-
standing of Pgc-1¢’s impact on ESC function, we conditionally deleted
its expression in adult mice. We found that Pgc-1a. sustains NAD™
metabolism and suppresses epidermal stem cell differentiation after
wounding, inflammation, and UVB-based skin damage. Notably,
reducing NAD™ levels potently suppress keratinocyte growth and in-
creases differentiation after stress, but has no impact on these metrics
under baseline, homeostatic conditions. Moreover, reduced NAD™
levels after Pgc-1a removal coincides with telomere shortening and
increased poly ADP-ribosylation, which results in a more robust acti-
vation of pro-differentiation p53 signaling after stress. Aged epidermis
exhibits similar NAD™ disturbances and p53 activation as Pgc-1¢ loss,
establishing NAD™ as a regulator of in vivo ESC-driven skin repair.
Collectively, these findings identify several new potential therapeutic
targets for wound healing disorders in the elderly.

2. MATERIALS AND METHODS

2.1. Animal handling and care

Ppargc1a™ mice were obtained from Jackson Labs (Jackson Labs
#009666) and mated with Keratin14“®Ef7+ mice (Jackson Labs
#005107) to generate Keratin14® 577+ ppargc1a™ animals (epiPgc-
10, KO) and Ppargcia™” only littermates (WT). In all experiments mice
expressing the Cre transgene were hemizygous. To induce Cre
recombination, tamoxifen was dissolved in 70% ethanol and applied
topically to shaved dorsal skin daily for a total of 7 days as 5 mg/day
following a treatment schedule of two days, followed by a two-day
break (typically for the weekend), and then continued for 5 more
days. Mice were 8—16 weeks old at the time of tamoxifen adminis-
tration and were not used for experiments until at least 21 days after
the last day of tamoxifen application. Male and female C57BL/6J mice
were acquired from Jackson Labs (#000664) and used for aging
comparisons, acute UVB exposure and skin explant experiments. For
aging experiments, young mice were 3—4 months of age and old mice
were 24—25 months of age. All mice were housed in independently
ventilated cages maintained under controlled environmental conditions
(12 h/12 h) light/dark cycle, 23 °C) in an AAALAC approved animal
facility. Mice received chow food and water ad libitum and were
euthanized by cervical dislocation. All animal procedures were con-
ducted under the approval of the Northeastern University IACUC.

2.2. Genotyping, mRNA expression and mtDNA copy number

Ear punches were collected from mice at weaning (21 days of age) for
genotyping of Ppargcia flox or Keratin14-CreER. All gPCR, including
high resolution melt (HRM), was performed on a QuantStudio 3

instrument (ThermoFisher) as previously described [20]. Genomic DNA
was extracted from ear tissue by adding 15 pL of QuickExtract DNA
extraction solution (EpiCentre) and heating for 65 °C for 6 min followed
by 98 °C for 2 min in a heat block. After centrifugation, 10 pL of
sample was diluted 1:25 in ultrapure water for PCR analysis. Ppargcia
lox p sites were genotyped with HRM PCR using primer sequences
provided by Jackson Labs. Primers — Ppargcia flox forward: TCC
AGTAGGCAGAGATTTATGAC; Ppargcia flox reverse: TGTCTGGTT
TGACAATCTGCTAGGTC. The presence or absence of the Keratin14-
CreERT transgene was genotyped by SYBR gPCR using primer se-
quences provided by Jackson Labs — Keratin14-CreER forward:
CGCATCCCTTTCCAATTTAC; Keratin14-CreER reverse: GGGTCCATGGT
GATACAAGG.

For mRNA expression and DNA analysis, epidermis was separated
from dermis using dispase (Roche) enzymatic digestion for approxi-
mately 60—90 min at 37 °C. After digestion, the epidermis was
scraped and isolated using a scalpel blade and immediately frozen
at —80 °C until later analysis. RNA was extracted from digested
epidermis by homogenizing in TRIzol (Invitrogen) reagent with a bead
mill apparatus (MPBio 5G). RNA was purified from TRIzol using a
commercial column purification kit (Zymo Direct-zol RNA mini prep),
with on-column DNase treatment and subsequent elution. Total RNA
was then reversed transcribed to cDNA (ABI HC cDNA synthesis Kkit)
and diluted in ultrapure water. The expression of mRNA was analyzed
with qPCR using SYBR Green (Nmnat1, Nmnat3, Kynu, Qprt, Nnmt,
Ppargcia, Sirt1, Parp1, Nampf®) or TagMan chemistry (Ppargc1b
(Mm00504720_mT1), Cox7b (Mm00835076_g1), Ndufs2
(Mm00467603_g1), and Ugcr10 (Mm01187695_g1)). B2 micro-
globulin (B2m, Mm00437762_m1) was used as the housekeeping
gene and its expression did not differ statistically between genotypes.
Mouse liver samples were used a positive control for the epidermal
gPCR analysis of Kynu, Qprt and Nnmt. SYBR primer sequences for
mRNA expression are as follows:

Primer Sequence
Nmnat1-forward TGGCTC AACCCCATCAC
Nmnat1-reverse TCTTCTTGTACGCATCACCGA

AGCCGTGACCACTGACAACGAG
GCTGCATGGTTCTGAGTGCTAAG

Ppargc1a-forward
Ppargc1a-reverse

Sirt1-forward ATGACGCTGTGGCAGATTGTT
Sirt1-reverse CCGCAAGGCGAGCATAGAT
Parp1-forward TGGTTTCAAGTCCCTTGTCC
Parp1-reverse TGCTGTCTATGGAGCTGTGG
Nampt-forward AGCAGCAGAGCACAGTACCA
Nampt-reverse GCTATCGCTGACCACAGACA
Nmnat3-forward CAGTGGATGGAAACGGTGAAGG
Nmnat3-reverse CAGAGGCTGATGGTGTCTTGCT
Qprt-forward GAAAGACAACCATGTAGTGGCGG
Qprt-reverse GGCTGCTACATTCCACCTCTAC
Kynu-forward GTATGCGGATGGTAAAGCCACG
Kynu-reverse CACTGAACAGGATCACGGCGAT
Nnmt-forward CTTTGGGTCCAGACACTGTGCA

Nnmt-reverse CCAGAGCCAATGTCAATCAGGAG

Dispase-digested epidermis was subjected to DNA extraction using a
column purification kit (Zymo DNA isolation kit). After dilution to 1 ng/
uL, the relative abundance of the mitochondrial DNA gene Coxll (MT—
C02) and single copy nuclear gene beta globin were assessed using
the ratio of mtDNA:nDNA via qPCR. Similarly, relative telomere frag-
ment length was assessed by qPCR and normalized to beta globin.
Primer sequences are as follows:
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Primer Sequence

CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT

Telomere-Forward
Telomere-Reverse

MT—CO02-forward GCCGACTAAATCAAGCAACA
MT—CO2-reverse CAATGGGCATAAAGCTATGG
Betaglobin-forward GAAGCGATTCTAGGGAGCAG
Betaglobin-reverse GGAGCAGCGATTCTGAGTAGA

2.3. In vivo skin stress and injury models

Full-thickness, splinted wound surgery was performed under iso-
fluorane anesthesia as previously described [9]. Wounds were pho-
tographed daily using a DMC-FZ70 camera (Panasonic) and the
Tegaderm dressing was changed daily until sacrifice. Wounded skin
was affixed to a cardstock backing and fixed in 10% neutral buffered
formalin for 24 h for later histological analysis. Additional mice were
wounded in the same way and their wounds allowed to progress to full
closure, as determined by daily macroscopic observation of the wound
site.

TPA (12-0-tetradecanoylphorbol 13-acetate, LC labs, 81 uM) dis-
solved in acetone or acetone vehicle were each topically applied to the
left or right half of shaved dorsal skin (100 pL per side) under iso-
fluorane anesthesia. Skin samples were collected 48 h after TPA
application. For all instances of acute UVB exposure, mice received
ketamine/xylazine anesthesia (50 mg/kg ketamine; 5 mg/kg xylazine)
i.p. and were exposed to a single dose of 200 mJ/cm? of UVB radiation
using a dosimeter calibrated UV instrument (Tyler Research). The top
and bottom dorsal skin were randomized for exposure to either UVB or
were covered to serve as the sham control for each mouse. Tissue was
collected at the indicated times after UVB exposure. In all experiments
mice were given EdU (50 mg/kg) via intraperitoneal injection 3 h prior
to sacrifice and tissue collection. For the UVB experiments, FK866 at
100 nM (Selleck Chemical, #52799) or ethanol vehicle was applied
topically applied immediate prior to and 24 h after a single dose of UVB
radiation. Epidermal lysates for western blotting were collected by
scraping 3 h after UVB treatment and a single dose of vehicle or FK866.
Similarly, epidermal scrapes for NAD™ measurement and fixed pieces
of skin for histology were collected 48 h after UVB. Nicotinamide
riboside (NR, ChromaDex, Los Angeles, CA, USA) at 500 mg/kg or PBS
vehicle were intraperitoneally injected during wound healing and UVB
experiments. With wound healing, NR or vehicle was injected once
daily starting immediately after the completion of wound surgery until
the skin was fully closed (re-epithelialized). With acute UVB, NR or
vehicle was injected prior to and 24 h following UV and skin tissue
collected 58 h after the initial UVB dose.

2.4. Keratinocyte explant culture

To prepare skin for keratinocyte culture, the dorsal skin of mice in the
telogen phase was shaved using clippers and depilated with NAIR prior
to skin collection. Skin was then excised, incubated for 2 min in a
solution of povidone-iodine, twice in a solution of 70% ethanol (total of
2 min), and rinsed in sterile DPBS. Skin was then placed epidermis
side down and scraped with a beveled scalpel blade to remove all
subdermal adipose tissue and part of the dermal tissue. A 4 mm biopsy
punch was used to excise individual tissue explants, which were then
plated dermis side down into 24-well tissue culture plates (Thermo
BioLite) followed by a 1 h drying period for explant adhesion to the
surface. After the drying period, 400 pL of media (DMEM supple-
mented with 15% FBS, 1% glutamine, 1% penicillin, and 1% strep-
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tomycin) was added to submerge the explant. Explants from both
genotypes were treated with and without nicotinamide (Acros Organics
#NC1019639, 1 mM), nicotinamide riboside (Cayman Chemical,
#23132, 1 mM), or nicotinamide mononucleotide (Cayman Chemical
#16411, 1 mM), or for 72 h in a cell culture incubator at 37 °C with a
5% C0, atmosphere. Skin explants from wild-type C57BL/6J mice
were treated with vehicle or increasing dosages of FK866 under the
same culture conditions. All explants were prepared for imaging first
by fixation with 10% neutral buffered formalin followed by staining with
0.1% crystal violet in a 30% methanol solution. The explants were then
washed with water until the run-off was clear and imaged before
drying out.

2.5. Sample lysis, western blotting and cytochrome ¢ oxidase
activity

Epidermal scrape samples were lysed in buffer containing 50 mM
HEPES, 150 mM NaCl, 100 mM NaF, 10 mM Na pyrophosphate, 5 mM
EDTA, 250 mM sucrose, 1 mM DTT, 1% Triton-X, and Pierce Protease
and Phosphatase Inhibitor solution (Thermo Scientific). Samples were
then freeze thawed 3 times using liquid nitrogen and passed through a
27-gauge needle to ensure complete lysis. The protein concentration
of epidermal lysates was assessed using a BCA kit (Pierce). Equal
amounts of protein were combined with loading buffer, boiled at 98 °C
and then subjected to gel electrophoresis using 4—15% gradient gels
(Bio-Rad). Separated proteins were then transferred to PVDF (Turbo-
blot, Bio-Rad), blocked with 3% milk for 1 h, washed 3 times with TBS-
T and incubated with primary antibody overnight at 4 °C. Primary
antibodies were always diluted 1:1,000 in 5% fatty acid free BSA. After
primary incubation, blots were again washed 3 times with TBS-T and
incubated with HRP-linked secondary antibodies (Bio-Rad) at 1:5,000
dilution for 1 h at room temperature in 3% milk. Blots were developed
using ECL (Clarity ECL substrate, Bio-Rad) and visualized using a
computerized imaging system (ChemiDoc, Bio-Rad). Primary anti-
bodies used were: Mono-/Poly-ADP ribosylation (MAR/PAR, mouse,
Trevigen #4335-mc-100), pan-acetyl lysine (rabbit, Abclonal #A2391),
Parp1 (rabbit, Cell Signaling #9542), VDAC (rabbit, Cell Signaling
#4661), SDHA (rabbit, Cell Signaling #11998), TOM20 (rabbit, Santa
Cruz #sc-11415), acetyl p53 (K382) (rabbit, Abclonal #A16324). -
actin antibody was used as a loading control and was obtained from
Bio-Rad (VMA00048). Cox activity was also measured in epidermal
lysates by monitoring the oxidation of sodium dithionite-reduced cy-
tochrome ¢ (Sigma Aldrich #C2506) via the change absorbance
(550 nm at 30 °C) over 90 s using a plate reader. Activity was
normalized to the protein content of the sample lysates used in the
assay.

2.6. NAD™ measurement

Pre-weighed tail epidermis, dorsal epidermal scrapes or liver tissue
were lysed according to manufacturer recommendations for the NAD ™
detection kit (Promega NAD/NADH-Glo assay). Briefly, samples were
homogenized in ice-cold base solution (0.2N NaOH (Fisher
Scientific) +1% dodecyltrimethylammonium bromide (DTAB, Sigma
Aldrich #D8638)) using a bead homogenizer (MPBio 5G). Using 100 pL
of chilled extract, 50 pL of 0.4N HCl was added to all samples followed
by heating at 60 °C for 15 min. Thereafter, 50 pL of 0.5 M Trizma base
was added to each sample. Finally, samples were pipetted into white
walled 96-well plates, combined with detection reagent, incubated for
30 min and the luminescence read using a plate reader (Synergy H1,
Biotek). Relative NAD™ levels were normalized to initial tissue weight.
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2.7. Histology

Skin was fixed overnight in 10% neutral buffered formalin and
thereafter transferred to 70% ethanol at 4 °C until processing. Sam-
ples were processed using an automated tissue processor (Thermo
HistoStar, Kalamazoo, Michigan, USA) and embedded in paraffin wax.
A microtome (Leica Biosystems, Buffalo Grove, lllinois, USA) was used
to cut 4 pum skin cross-sections, which were allowed to dry overnight
before de-waxing and further processing. Heat induced epitope
retrieval was performed on de-waxed slides with either citrate or Tris—
EDTA buffer prior to immunofluorescence staining. Skin cross-sections
were blocked for 30 min at room temperature in PBS plus 5% normal
goat serum PBS, which was also the primary antibody diluent, unless
the target was a phospho-protein in which case TBS plus 5% normal
goat serum was used. Primary antibodies and their usage were as
follows: Keratin 14 (chicken, BioLegend #906004, 1:500, San Diego,
California, USA), Keratin 10 (rabbit, BioLegend #905404, 1:500),
Loricrin (rabbit, BioLegend #905104, 1:500), HMGB1 (rabbit, Abcam
#ab79823, 1:250), p21 (rat, Abcam #ab107099, 1:100), thymine
dimer (mouse, Novus #NB600-1141, 1:400), YH2AX (rabbit, Cell
Signaling #9718, 1:40), Mono-/Poly-ADP ribosylation (MAR/PAR, rab-
bit, Cell signaling #83732, 1:500). Primary antibody incubations were
carried out overnight at 4 °C. Following either PBS or Tris-buffered
saline (TBS) wash, secondary detection antibodies conjugated with
either AlexaFluor-647 or AlexaFluor-488 (Invitrogen, Carlsbad, Cali-
fornia, USA) were diluted in either PBS or TBS at 1:250 were applied for
30 min at room temperature. EdU labeling was visualized using a
Click-it chemistry kit (Invitrogen). ProLong Gold (Invitrogen) or ProLong
Diamond (Invitrogen) with DAPI (4’,6-diamidino-2-phenylindole) were
used interchangeably for mounting and allowed to cure prior to im-
aging. For thymine dimer staining, a mouse-on-mouse blocking kit
(Vector Labs #BMK-2202, Burlingame, California, USA) was used per
the manufacturer’s instructions. Hematoxylin and Eosin staining was
performed on 4 um de-waxed sections following standard histology
protocols using Gill’s Hematoxylin No.1 and Eosin Y (Sigma Aldrich).
Colorimetric stained slides were mounted with Permount (Fisher Sci-
entific, Pittsburgh, Philadelphia, USA). All brightfield imaging was done
using an inverted EVOS XL (Life Technologies, Carlsbad, California)
microscope. All fluorescence imaging was performed on a Revolve R4
(Echo Labs, San Diego, California, USA) microscope equipped with
Olympus UPlanFL 10x/0.30, and UPlanFL 20x/0.50 air objectives using
DAPI, FITC, Texas Red and Cy5 fluorescence channels.

2.8. Image analysis

All image processing and analysis was conducted using Imaged FlJI
(version 2.0.0-rc-69/1.52i, NIH), Photoshop CC 2019 (version 20.0.4,
Adobe), and lllustrator CC 2019 (version 23.0.3, Adobe, San Jose,
California, USA). For Hmgb1, MAR/PAR staining or p21 staining only,
immunofluorescence images first underwent standardized thresh-
olding of all samples to gate on only strongly positively stained cells
followed by manual counting of positive cells for at least 3 unique fields
from each sample. Nuclear Hmgb1-, p21-or MAR/PAR-positive cells
were those that had overlapping signal with their nuclear DAPI signal.
Nuclear size was measured the area of the DAPI signal in only basal
layer epidermal cells in order to compare unstressed to stressed
conditions (i.e. UVB, TPA) and were confirmed as Keratin 14 positive by
co-staining. Keratin 14, Keratin 10, and Loricrin positive cells were
those that had DAPI-associated cytoplasmic signal. Epidermal thick-
ness measurements were performed on H&E stained intact skin cross-
sections as previously described [21]. All histological analyses of intact
skin only counted interfollicular epidermal cells and excluded hair
follicles to maintain analytical consistency in fields with different

amounts of follicles. Analyses of wounded skin used nascent hair
follicles and the cut edge of the panniculus carnosus layer to identify
the original wound margin. Keratin 14 tongue length was defined as
the total length of the basement membrane of the Keratin 14 wound
tongue spanning the leading edge to the first encountered hair follicle.
Wound size measurements were obtained by planimetric analysis of
overhead wound images in FIJI by measuring the non-re-epithelialized
surface area relative to the initial surgery day. Images were calibrated
using the 10 mm stainless steel ring or silicone ring used to splint open
the wound as a coplanar scale reference. Briefly, a triangle was cir-
cumscribed around the wound diameter anchored to equidistantly
spaced points around the splint. The area of the circumscribed triangle
was used to transform the area of the wound to account for minor
differences in imaging angle and distance within the camera images.
Explant images were obtained by imaging the fixed and stained ex-
plants using a 4x objective under brightfield conditions on the Revolve
R4 (Echo Labs, San Diego, California, USA) in the inverted configura-
tion. For each explant, at least four image fields were captured to allow
for panoramic stitching. Outgrowth areas were quantified on stitched
images by using the pencil tool in ImageJ/FIJI and normalized to the
similarly traced area of the original explant tissue.

2.9. Statistics

All data were analyzed in Prism 9 (GraphPad, San Diego, California,
USA) using a student’s t test or a two-way analysis of variance
(ANOVA). Data were either log or square root transformed prior to
statistical testing and any differences identified via ANOVA were
assessed via a Tukey’s post-hoc test to discern specific interaction
effects. Statistical significance was set as p < 0.05.

2.10. Data availability statement
All data generated or analyzed in this study are included in the pub-
lished article and its Supplementary Material Files.

3. RESULTS

3.1. Age-related impairments in wound healing and epidermal
growth are associated with reduced Pgc-1a. signaling

Aging produces well-characterized defects in wound healing whereby
less epidermal re-growth is evident to the naked eye at day 8 and 9
after injury (macroscopic wound closure, Figure 1A). To assess specific
defects in epidermal growth distinct from the other regenerating tissue
layers (e.g. dermal fibroblasts), we employed a skin explant model of
in vitro keratinocyte growth over 72 h in culture and find an approxi-
mately 60% reduction in outgrowth from aged skin (Figure 1B).
Morphologically, the epidermal barrier is composed of stratified layers
of keratinocytes that migrate upwards during terminal differentiation
prior to being shed and Keratin 14-positive stem cells are primarily
responsible for epidermal re-growth following skin injury (Figure 1C).
To understand how early-stage epidermal re-growth was altered in the
aged murine wound bed, we analyzed the active re-growth of the
leading edge of the epidermis 5 days after injury, which precedes the
time when we detect age-related healing differences macroscopically
(i.e. day 8—9, see Figure 1A). In early day 5 wounds, we find that old
mice have a shorter Keratin 14-positive epidermal tongue, as well as
reduced proliferation (EAU labeling), which is indicative of slower re-
growth (Figure 1D—F). To understand pathways which may control
this repair, we sought to extend our published work showing a
signature of metabolic dysfunction in aged ESCs, including a reduction
in the nuclear regulator Pgc-1a. [9]. We first confirmed these changes
in aged epidermis via qPCR and found lower Pgc-1oc mRNA in aged

4 MOLECULAR METABOLISM 65 (2022) 101575 © 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

A ﬁs?:gf?:c fﬁect 9days post-wounding B Young (4 mo.) ‘ C
Time x genotype effect @ D8, D9 %\ [ Old (24 mo.) Epidermis
S400 £5 40 { = — Corniified layer
g Young st - — Inv*/Lor+
o [ -
= 75 £35 30 5
- 50 £ — K10*/K1*
g =5 2 8
z 50 e * g
g 2 8 — K14*/K5*
3 25| -0 Young (4 mo.) E E 10 - Basement
= |- Od(24mo) 25, Dermis membrane
5
0123456789 =
Days Post-Wounding

5 days
post-wounding

D 5 days E

post-wounding

5 days
post-wounding

1500 120, L Young (4 mo.)
_t 2 [ Old (24 mo.)
E2 :
EZ + 90 .
8 %5,1000 =)
a5 w
go = 60
T3 s00 E % o
X ¢ $ 30 °e * *
s 2 ﬂ
i}
. i [0 Lln
O L . »
P L &P
SV A
DA
Distance from leading
edge (um)
G [J Young (4 mo.)
3 Old (24 mo.) Pgc-1a
15 p=099 4, MRNA
*
< = < ~
Zo ZE3
4
Eg10 E5
oo 0w
20 2052
=} 25
32 051 | « 38 #
c= e=1 *  Leading o
edge
0.0 0
IS S ot
ng ng 2N v W

Acute UVB

Original injury

Direction of re-growth

Figure 1: Aging results in slower wound healing and impaired epidermal stem cell growth in association with reductions in Pgc-1a. signaling. (A) Wound closure over 9
days post-injury (n = 6—8, day 9 images at right) and (B) keratinocyte outgrowth (7 = 3) from Young (4 mo. old) and Old (24 mo. old) C57/BI6 mice. Cell growth in (B) was stained
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versus young epidermis, however there were no changes in its ho-
molog Pgc-1B (Ppargc1b; Figure 1G). We also assessed changes in
Pgc-1a in young epidermis after acute UVB exposure, the most
mutagenic wavelength of solar radiation, and found Pgc-1oc mRNA
(Ppargcia) is upregulated 24 h after acute UVB exposure but becomes
downregulated after 48 h (Figure 1H). Overall, epidermal Pgc-1a.
signaling is reduced during aging in conjunction with slower cellular
re-growth and dynamically responds to UV stress. However, the
functional role of Pgc-1a in the epidermis is not known.

3.2. Deletion of epidermal Pgc-1a reduces stress-induced
proliferation, enhances differentiation and results in slower wound
healing

To determine the role of epidermal Pgc-1c¢., we crossed tamoxifen-
inducible Keratin 14-CreER mice with floxed Pgc-1o. mice to
generate Keratin 14-CreER: Ppargc1a™” (epiPgc-10. KO) and Pparg-
c1a™ littermates (WT). Upon tamoxifen exposure, cre expression in-
duces recombination within epidermal Keratin 14 basal cells,
including all epidermal stem cells (ESCs) and any resulting differen-
tiated progeny (Figure 2A). After tamoxifen we found a substantial

reduction in epidermal mRNA expression of Pgc-1a (Ppargcia) in WT
relative to epiPgc-1a KO mice (Figure 2B). To determine whether Pgc-
1o was necessary to sustain homeostatic epidermal structure, we
assessed epidermal thickness as well as keratin 14 (K14, containing
ESCs), keratin 10 (K10, spinous layer — differentiating keratinocytes)
and loricrin (Lor, granular layer — differentiated keratinocytes) in intact,
undamaged skin in both genotypes. We found no differences in total
epidermal thickness (Supplemental Figure S1A), its stratification into
differentiated layers (Figure 2C), or proliferation (EdU labeling) in WT
and epiPgc-1oc KO mice (Supplemental Figure S1B), demonstrating
that Pgc-1a. does not regulate epidermal proliferation or stratification
of unstressed skin. Since Pgc-1a. governs mitochondrial biogenesis in
organs such as skeletal muscle [22], we next assessed whether its
loss impacted epidermal mitochondrial abundance. However, we found
no differences between WT and epiPgc-1ac KO mice in epidermal
mitochondrial gene expression (Cox7b, Ndufs2, and Uqcr10) or in the
expression of Pgc-1P (Ppargc1b) (Supplemental Figure S1C). There
were also no differences in protein expression (VDAC, SDHA, and
TOM20, Supplemental Figure S1D) in unstressed epidermis. Similarly,
we found equivalent epidermal cytochrome ¢ oxidase activity and
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Figure 2: The genetic loss of epidermal Pgc-1a reduces cell growth and enhances differentiation after physiologic skin damage. (A) Schematic of cre-lox recombination
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mitochondrial DNA (mtDNA) copy number in WT and epiPgc-1a. KO
mice (Supplemental Figure S1E—F), demonstrating that Pgc-1a. does
not govern mitochondrial mass in the skin epidermis.

Given the dynamic changes in Pgc-1a. mRNA after UVB exposure, we
next determined the requirement of keratinocyte Pgc-1a in governing
physiologic skin damage. We assessed acute UVB responses 48 h after
stimulation and found no genotype differences in the extent of total
epidermal thickening from sham skin (Supplemental Figure S2A).
However, we found a reduced induction of proliferation (Figure 2D),
increased thickening of the differentiated K10™ layers (Figure 2E), and
a higher number of nucleated loricrin®™ corneal cells (Supplemental
Figure S2B) in UVB exposed epiPgc-1a. KO epidermis versus WT,
demonstrating disrupted keratinocyte growth responses. Since
increased differentiation and cell shedding might accelerate the
removal of damaged cells, we also stained for the DNA damage
markers thymine dimers and yyH2AX and we found fewer cells
expressing these markers in UVB exposed epiPgc-1o. KO compared to
WT epidermis (Figure 2F). To determine whether the greater differ-
entiation found in Pgc-1a. null animals occurred in response to other
stimuli, we topically applied the phorbol ester TPA which models acute
inflammation similar to psoriasis [23]. TPA induces keratinocyte pro-
liferation and differentiation but, in contrast to UVB exposure, does so
without inducing apoptosis or DNA double strand breaks [24]. Similar
to UVB, TPA treatment resulted in a lower induction of proliferation
(Figure 2G), greater K10™ layer thickening (Figure 2H) and produced
more nucleated loricrin™ cells in epiPgc-1a. KO mice after 48 h
(Supplemental Figure S2C). Since ESCs are a necessary component of
the multicellular repair process after wound trauma [1,25], we also
analyzed skin healing 9 days after surgical, full thickness wound injury.
We found that wounds from epiPgc-1a KO mice remained more open
at day 9 post-injury compared to WT mice, indicating slower re-
epithelialization (Figure 2I). To corroborate this finding, we stained

wound cross-sections from 9 days post-injury with H&E. We observed
that WT wounds were fully re-epithelialized with a thicker nascent
epidermis, but epiPgc-1ac KO wounds exhibited a thin, partially re-
grown epidermis (Supplemental Figure S2D). Finally, we sought to
understand whether the slower epidermal repair of epi-Pgc1a KO mice
was cell autonomous using a skin explant model of in vitro keratinocyte
outgrowth and found that outgrowth was reduced by ~50% in epi-
Pgc1a KO vs. WT skin (Supplemental Figure S2E). Collectively, this
shows that Pgc-1a is broadly required to control stress-induced ker-
atinocyte growth and sustain timely skin repair.

3.3. Pgc-1a sustains epidermal NAD™ homeostasis and the
pharmacologic inhibition of NAD™ salvage promotes UVB-induced
differentiation and protects against DNA damage

The coenzyme nicotinamide adenine dinucleotide (NAD™) acts as an
essential redox metabolite that participates in glycolysis and mito-
chondrial electron transport but can also be consumed by other pro-
cesses such as DNA repair and histone deacetylation [26].
Pharmacologic inhibition of Nampt, the rate limiting enzyme of the
NAD™ salvage pathway that converts nicotinamide (NAM) to nicotin-
amide mononucleotide (NMN), has been shown to sensitize human
keratinocytes to calcium-induced differentiation in vitro [27]. Pgc-1oa
has also previously been shown to sustain NAD™ salvage via Nampt in
the kidney [28], so we reasoned it may underlie the pro-differentiation
phenotype in Pgc-1a null epidermis. We therefore measured the
epidermal expression of genes related to salvage of NAD™ from NAM
(Nmnat1, Nmnat3, Namp?), NAM degradation (Nnmj as well as NAD™
consumption (Parp1, Sirt7). We found an increase in epidermal Nampt,
a trend for greater Nmnat1 (p = 0.067) and elevated Parp1 expression
in epi-Pgc1or KO animals, without any change in Sirt7 or Nmnat3
mRNA (Figure 3A). However, while Nnmt mRNA was highly expressed
in murine liver, it was not detected in any epidermal samples. We also
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Figure 3: Pgc-1o: null keratinocytes have disrupted NAD* metabolism and pharmacological inhibition of NAD* synthesis is sufficient to reduce proliferation and
enhance UVB-induced differentiation. (A) Relative epidermal mRNA expression of genes related to NAD™ metabolism from an n of 7—9 WT and epiPgc-1¢. KO mice. (B) Relative
levels of NAD™ in tail epidermis from an n of 4—5 WT and epiPgc-10. KO mice. (C) Dose response of in vitro keratinocyte outgrowth after 72 h from young skin explants in response
to the Nampt inhibitor FK866 from an n of 2 biological replicates. (D) Schematic of the FK866 application combined with UVB stress in C57/BI6 mice. (E) Epidermal NAD™ levels, (F)
Keratin 10 layer thickening, (G) the change in epidermal proliferation (EdU), and (H) the abundance of YH2AX positive epidermal cells of an n of 5—6 mice per group treated with
topical FK866 (100 nM) or vehicle (Veh; ethanol) 48 h after sham or UVB exposure. Representative immunofluorescent images (F—H) are shown at right of quantification. All data
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difference (p < 0.05) from WT or Vehicle. Scale = 50 um for F, G, H.

assessed the expression of enzymes involved in de novo
NAD T synthesis (Quinolinate phosphoribosyl transferase- Qprt,
kynureninase- Kynu), which is considered a liver-specific pathway
[29], since this metabolism has not been examined in skin. We found
no differences in Kynu expression in WT and epi-Pgc1a. KO epidermis
and Qprt was not detectable in any samples (Supplemental
Figure S2F). We next assessed NAD™ levels in tail epidermis, which
is also derived from Keratin 14" precursors, to more accurately
normalize to tissue weight. We found that NAD™ was significantly
reduced in epiPgc-1a KO vs WT tail epidermis (Figure 3B). Thus, Pgc-
1a. is necessary to sustain epidermal NAD™ levels, however this does
not appear to be due to a reduction in NAD™ salvage.

To better understand the sensitivity of murine keratinocyte outgrowth
to Nampt-dependent NAD™ synthesis, we performed a dose response
using the Nampt inhibitor FK866 in vifro using skin from C57BL/6J
mice. We found that outgrowth was very sensitive to Nampt inhibition
and doses of FK866 > 25 nM partially or fully inhibited growth
(Figure 3C). To extend our findings from epiPgc-1a. KO mice and to
understand whether Nampt inhibition alone impacts UV-driven
epidermal differentiation in vivo, we pre-treated WT mice with
FK866 (100 nM) or vehicle topically: once immediately prior to UVB and
a second dose 24 h following UVB exposure (Figure 3D). We collected
skin 48 h after UVB and found that FK866 pre-treatment reduced
epidermal NAD™ levels irrespective of UVB or sham treatment
(Figure 3E). In addition, skin without Nampt inhibition (vehicle) expe-
rienced UVB-induced reductions in NAD™ (Figure 3E). Notably, FK866
treatment did not impact differentiation or proliferation in sham skin
without UVB exposure, however it enhanced UVB-driven K10™ layer
thickening, lowered proliferation (EdU™ cells), and reduced the number
of YH2AX™ cells in UVB exposed epidermis (Figure 3F—H). Thus,
pharmacologically reducing NAD™" synthesis via Nampt is sufficient to

reduce proliferation and increase ESC differentiation after UVB stress
in vivo as well as protect against DNA damage.

3.4. Increasing NAD™ levels in Pgc-1a null mice rescues aberrant
stress-induced differentiation and restores wound healing

Reduced cellular NAD™ levels are linked to the aging of various tissues,
and NAD™ precursor supplementation can restore impaired tissue
function and confer longevity in mice [30]. However, the impact of
boosting NAD™ on ESC-driven skin repair has not been established. To
test if increasing NAD™ levels could reverse the repair defects in
epiPgc-1a. KO mice, we treated skin explants from each genotype with
vehicle control or 1 mM of the NAD™ metabolite precursors nicotin-
amide (NAM), nicotinamide riboside (NR) or nicotinamide mono-
nucleotide (NMN), established methods of increasing cellular NAD™
[31]. We found that keratinocyte outgrowth in vitro was lower in vehicle
treated epiPgc-1a KO explants compared to WT, however NMN, NAM
and NR treatment increased outgrowth in epiPgc-1a. KO explants only,
restoring it to that of WT (Figure 4A and C). Moreover, when the effect
of NAD™ precursors was normalized to the paired vehicle treatment of
each mouse, growth changes were greater from epiPgc-1oc KO
compared to WT explants (Figure 4B—C). We then tested whether
treating epiPgc-1a KO mice daily with NR (500 mg/kg i.p.) starting at
the time of wounding could restore epidermal NAD™ levels and rescue
skin healing defects in vivo. As expected, NR treatment increased
NAD™ in the liver of both genotypes to a similar extent versus vehicle
control mice (Figure 4D), demonstrating comparable systemic delivery
of NR. Additionally, we again found lower NAD™ in the tail epidermis of
vehicle-treated epiPgc-1a0 KO vs. WT mice (p = 0.057), however NR
treatment significantly increased NAD™ levels in epiPgc-1a. KO tail
epidermis such that the levels were comparable to NR-treated WT
mice (Figure 4E). Importantly, we found that NR treatment reduced the
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time required for full wound closure (complete re-epithelialization) by
~2—3 days in epiPgc-1a, KO mice, without any impact on the healing
rate of WT healing mice (Figure 4F). We also analyzed the effect of NR
treatment on UVB-induced differentiation in a separate cohort of WT
and epiPgc-1o KO mice treated with NR (500 mg/kg i.p.) or vehicle
immediately prior to UVB as well as 24 h later (Figure 4G). Notably, NR
treatment had no impact on K10™ layer thickness in sham treated skin
in either genotype (data not shown). Vehicle-treated epiPgc-1a. KO
mice again had greater UVB-driven K10™ layer thickening than WT
mice, however, NR administration reduced this differentiation in both
WT and epiPgc-1a. KO mice such that the genotype differences were
ablated (Figure 4H). We also assessed DNA damage and found that
there were fewer overall UVB-induced yYH2AX™ and thymine dimer™
cells in epiPgc-1a. KO mice and there was an overall lowering effect of
NR treatment on DNA damage (Figure 41—K), likely because NAD ™ is a
substrate for DNA repair enzymes such as Poly-ADP ribosylases
(Parps) [32]. This demonstrates that restoring keratinocyte NAD™ can
rescue wound healing and inhibit excessive UVB-induced epidermal
differentiation in Pgc-1a. null skin.

3.5. Loss of Pgc-1a induces telomere shortening, augments Parp
activity and enhances stress-induced p53 signaling

We next sought to understand the pathways responsible for reduced
NAD™ levels in epiPgc-1a. KO mice. We measured mono- and poly-
ADP ribosylation (MAR/PARylation) abundance in epidermal lysates via
western blotting to approximate changes in PARPs and found greater
MAR/PARylation in epiPgc-1a. KO vs. WT epidermis (Figure 5A).
However, we did not observe changes in total Parp1 protein expression
(Supplemental Figure S3A), which is the predominant enzyme of
NAD"-dependent PARylation [33]. To understand whether MAR/PAR-
ylation was elevated in all cells or was due to an increase in the
number of cells with high Parp activity, we assessed MAR/PARylation
in skin cross-sections using IHC. We found that epiPgc-1a. KO mice
had a greater abundance of bright MAR/PAR™ epidermal nuclei versus
WT (Figure 5B). Since sirtuin-mediated lysine de-acetylation of his-
tones is also a major consumer of cellular NAD™ [31], we measured
acetyl lysine abundance and found it was increased in epiPgc-1o KO
vs. WT epidermal lysates (Figure 5C), showing that the low NAD™
levels after Pgc-1o. loss coincided with greater lysine acetylation.
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ND, not detectable. Scale bars = 50 um in B, E, G, H, K.

Similarly, we found that inhibiting NAD™ synthesis using topical FK866
drove increased epidermal lysine acetylation 3 h following UVB
exposure (Supplemental Figure S3B). To understand what might be
driving increased baseline MAR/PARylation, we measured telomere
length via gqPCR and found it was decreased in the unstressed
epidermis of epiPgc-1o. KO vs. WT mice (Figure 5D). Since telomere
shortening can induce p53/p21 signaling [34] and activation of this
axis enhances the terminal differentiation of keratinocytes during
proliferative stress [35], we quantified both nuclear p21-and HMGB1-
positive cells, the latter of which is lost from the nucleus after p53
activation [36]. Additionally, during our experiments we noticed that
there were frequently very large basal layer nuclei present in the

stressed epidermis of epiPgc-1a. KO mice (see Figures 2E,H and 4H).
Nuclear size has been shown to mark liver cells with telomere
dysfunction and p21 upregulation [37], so we also measured
epidermal nuclear size adjacent to the basement membrane. Although
Pgc-1a. loss produced baseline telomere shortening and higher MAR/
PARylation, we found no changes in HMGB1 and an absence of p21 in
unstressed skin (Figure 5E). However, inflammatory TPA stress
enhanced p53 signaling via fewer nuclear HMGB1-positive cells and
caused nuclear enlargement to a greater extent in epiPgc-1o KO vs.
WT epidermis despite an absence of p21-positive cells after 48 h
(Figure 5E—F). UVB treatment also reduced nuclear HMGB1 cells and
enhanced nuclear size but resulted in increased p21-positive cells
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after 58 h versus sham treatment; these effects were more pro-
nounced in epiPgc-1o. KO vs. WT epidermis (Figure 5G—I; similar
effect on p21 at 48 h post-UVB (Supplemental Figure S3C)). Impor-
tantly, this more sensitive activation of p53/p21 signaling was NAD™-
dependent as NR treatment reduced p21-positive epidermal cells,
lowered nuclear size and increased HMGB1-positive cells in UVB
exposed skin from both genotypes such that NR-treated epiPgc-1o KO
were equivalent to WT (Figure 5G—I). Interestingly, in sham skin
without UVB exposure, NR treatment increased nuclear HMGB1-
positive cells in both genotypes, suggesting a suppression of p53
activity, yet had no impact on nuclear size (Supplemental Figure S3D—
E). Finally, we examined whether NAD™ lowering alone was sufficient
to cause greater sensitivity to stress-induced p53/p21 signaling in WT
mice. We found that inhibition of NAD™ salvage using topical FK866 did
not impact UVB-induced nuclear HMGB1 loss, potentially due to the
transient effects of chemical treatments, but it did augment p21
expression and nuclear enlargement compared to vehicle treatment
after 48 h (Figure 5J-L). Thus, epidermal Pgc-1c. loss or NAD™
lowering promote a more sensitive induction of p53 signaling after
multiple types of skin damage, although downstream p21 appears to
be transduced in a stress-specific manner. Overall, this demonstrates
an important role of epidermal Pgc-1¢a. to protect NAD' homeostasis,

which is essential for stem cell-driven skin repair as it behaves as a
broad acting physiologic inhibitor of stress-induced p53 signaling.

3.6. Aged epidermis exhibits disturbed NAD™ homeostasis and
increased p21 growth arrest

With our new-found understanding of epidermal NAD™ biology during
skin repair, we sought to understand whether NAD™ homeostasis and
p53 signaling were similarly disrupted in aged mice. We found reduced
NAD™ levels in uninjured old versus young dorsal epidermis
(Figure 6A). We also found altered mRNA expression of the NAD™
consumers Parp1 (increased 2-fold) and Sirt7 (reduced ~50%), as
well as an NAD™ salvage enzyme (reduced Nmnat1 ~ 60%), but no
change in Nampt or Nmnat3 (Figure 6B). There was also no difference
in expression of the de novo NAD™ synthesis enzyme Kynu in young
and old epidermis (p = 0.94). Similar to our findings with epidermal
Pgc-1a loss, we also found increased MAR/PAR levels and increased
lysine acetylation in aged epidermal protein lysates (Figure 6C—D).
This indicates that aging may enhance epidermal Parp activity and
reduce Sirt activity. To understand how growth arrest may be
augmented by reduced NAD™ levels, we assessed the acetylation of
p53 at K382, which is a specific target of Sirt1 whose expression
sustains p53 driven cell cycle arrest [38]. Acetyl p53 (K382) was not
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Figure 6: Aging disrupts epidermal NAD™ homeostasis and augments the p53-p21 signaling axis. (A) Relative epidermal NAD™ levels and (B) mRNA expression of NAD™
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detectable in young epidermal samples, however, all of the old sam-
ples had visible acetylated p53 bands (Figure 6E). To understand how
p53 signaling might be altered by aging in healing wounds, we stained
for the downstream p53 target p21, which is known to govern fibro-
blast proliferation in healing wounds as well as liver regeneration
[39,40]. At 5 days post-wounding, we find a greater overall number of
p21 positive cells in the first 1,000 um of the newly formed epidermal
leading edge in aged mice (Figure 6F), suggesting that augmented p21
arrest may underlie epidermal growth and repair defects during aging.
To examine whether restoring NAD™ with precursors could reverse
age-associated epidermal growth defects, we treated young and old
skin explants with NAM, NR and NMN in vitro. Similar to our findings in
epiPgc-1a KO skin, we found that keratinocyte outgrowth was reduced
in vehicle treated explants from old versus young mice, but age-related
growth defects were absent in NAM, NR or NMN treated conditions
(Figure 6G—H). Thus, akin Pgc-1¢ loss or Nampt inhibition, aging
disrupts epidermal NAD™ homeostasis, augments p53/p21 activation
and slows re-growth, but this is reversible after treatment with NAD™
precursors.

4. DISCUSSION

The skin epidermis is an important environmental barrier, but the
signaling networks that coordinate its energy levels, growth responses
and stem cell fate decisions are not understood. Similarly, the
mechanisms whereby aging impedes epidermal growth are also not
clear, which limits our ability to therapeutically treat slow wound
healing and other skin disorders in the elderly. In particular, wound
healing requires the complex coordination of connective tissue, im-
mune cells and epithelial cells for complete repair and we focused
specifically on the epithelial mechanisms relevant to wound injury and
other type of skin repair. Our findings center around epidermal NAD™
metabolism, which is not well studied as prior research has largely
focused on the control of DNA repair within keratinocytes in vitro
[41,42] or in relation to tumor growth [43,44]. Based on our previous
finding of metabolic dysfunction in aged ESCs [9], we found that the
metabolic regulator Pgc-1a is reduced in aged epidermis and is
dynamically altered after UVB exposure. After genetically deleting
epidermal Pgc-1c,, we identified the in vivo relevance of
NAD * signaling in controlling cell growth after several types of
physiologic stress in young, healthy skin. Moreover, we show that
NAD™ levels are sustained by Pgc-1o. and control stress-induced p53/
p21 signaling during skin repair and that this signaling axis is disrupted
in the aged murine epidermis. Prior studies have linked telomere
dysfunction to Pgc-1a. and mitochondrial impairments using more
severe degeneration in progeroid Tert™ ~ mice [45] or ApoE-null mice
[46], however we show that Pgc-1a. loss alone in adult epidermal stem
cells can disrupt telomeres and NAD™ levels without a strong impact
on mitochondrial activity. We also establish that low NAD™ levels are
sufficient to reduce the overall proportion of DNA damaged cells and
augment stress-induced p53 signaling due to differentiation-driven cell
ejection from the skin. Thus, in the face of extensive genomic stress or
p53 mutations, reduced NAD™ can augment residual p53 activity and
could help explain how human keratinocytes tolerate high rates of DNA
mutagenesis without tumorigenesis [5] via the rapid ejection of
damaged clones with low NAD™. Our findings surrounding growth
arrest agree with studies in other tissues where Pgc-1o has been
implicated in suppressing vascular [46] and fibroblast [47] senes-
cence. Interestingly, our findings more directly resemble the pheno-
types resulting from the epidermal deletion of the mitochondrial
antioxidant Sod2, which also enhances stress-induced keratinocyte
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differentiation and slows wound healing [48]. It is possible that the
oxidative damage and metabolic disruptions induced by Sod2 loss
impacted telomere length or NAD" homeostasis as this study also
found increased cell cycle stalling after stress [48], but this requires
further investigation.

While the importance of keratinocyte NAD * signaling to cell cycle
stalling after UV damage in vitro is known [42,49], we extend these
findings by showing that NAD'-dependent signaling to p53 is also
important for responses to epidermal wound injury or inflammatory
stress (i.e. TPA) in vivo. In agreement, whole body Parp1 KO mice
exhibit a hyper-proliferative epidermal phenotype with psoriatic IMQ
treatment [50] and heal wounds more quickly [51], potentially due to
increased NAD™ availability when Parp1-driven consumption is lost.
While these studies suggest that Parp1 is a major consumer of
epidermal NAD™ during proliferation and re-growth, however, given
the complex orchestration of different cell types during skin repair, this
should be confirmed using a more specific model of epidermal Parp1
loss. Our work also finds elevated MAR/PARylation from PARPs in
concert with reduced NAD™ in aged epidermis. This suggests that
boosting NAD™ levels could be used to speed wound healing in elderly
individuals and that inhibiting PARP activity could help to achieve this
response. However, NAD™ biology is complicated and can be influ-
enced by external factors such as increased cellular senescence
[52,53], chronic inflammation [53,54] or changes in the microbiome
[55] in conjunction with epidermal genomic damage [42]. As a result of
inflammation or senescence, NAD™ levels can be reduced via the
NADase CD38, however CD38 is primarily expressed in immune cells
such as macrophages [54], which are not found in the epidermis.
Similarly, the amount of the NAD™ precursor nicotinamide can be
reduced via NNMT-driven methylation [56], however, we were unable
to detect Nnmt expression in murine keratinocytes. Future work should
identify the major consumers of epidermal NAD™ or its precursors after
skin damage and during aging as this could reveal additional avenues
of therapy.

The precise cell cycle mechanisms by which aging slows wound
healing are only beginning to be understood. An increased expression
of the growth regulator p16™“? has been implicated in inhibiting
wound closure in young mice, largely within the dermis [57], however,
we and other groups show little change in p16™*2 in aged murine
epidermis [9,58]. Moreover, chronic p16™“2 overexpression unex-
pectedly promotes epidermal hyperplasia [59]. Alternatively, p21 has
been shown to be transiently upregulated in aged fibroblasts during
healing and may limit wound closure [39], but aging-induced changes
in p21 within the healing epidermis had not been identified. In our
studies, we extend these data by showing that epidermal p53/p21
signaling can be controlled by NAD™ levels after stress. Moreover, the
activation of epidermal p53/p21 signaling appears sensitized in old
skin in conjunction with disrupted NAD™ homeostasis yet is reversible.
We reason that cell cycle stalling is only transient in aged wounds as
they eventually fully re-epithelialize. However, more prolonged p21-
driven stalling or permanent growth arrest via p16™2 may be preva-
lent in the epidermis of non-healing diabetic skin ulcers which are
highly inflamed and do not heal.

It is notable that we only observe physiologic responses to altered
NAD™ levels when it is combined with cellular stress. This suggests
that low NAD™ “primes” ESCs for growth arrest or differentiation but
only triggers this process after additional physiologic stimuli such as
DNA breaks, growth factors or increased calcium [1]. This may explain
why the aged epidermis does not have a substantial structural
phenotype during homeostasis, but the effects of aging become more
evident after injury. This altered stress-response is most likely derived
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from restricted NAD'-dependent histone deacetylation (e.g. greater
lysine acetylation) that promotes more “open” euchromatin, fitting with
our observation that stress-induced nuclear enlargement and acety-
lation are controlled by NAD™ levels. Interestingly, in the WT epidermis
inflammatory stress from TPA treatment results in significantly less
nuclear enlargement compared to UVB stress after 48 h (1.35 vs.
~1.7-fold increase), potentially due to a greater demand on NAD™
and a more intensive repair process after UVB-driven DNA damage.
While chromatin modifications of renewing and differentiating ESCs
are well described [60], the NAD"-dependent aspects of these net-
works have not been explored. Moreover, MAR/PAR moieties act as
dynamic intracellular signals themselves, so future work should
investigate their specific roles in stem cell-mediated tissue repair.

4.1. Conclusion

Overall, these results establish NAD™ homeostasis as a critical facet of
skin repair and as a sensitive rheostat of keratinocyte fate after
physiologic stress. During aging, a disruption of NAD™ levels may
contribute to the increase in epidermal differentiation and slower
wound repair evident in the elderly.
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