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Nicotinamide Prevents UVB- and Oxidative
Stress‒Induced Photoaging in Human Primary
Keratinocytes

Christina Yan Ru Tan1,2, Chye Ling Tan1,2, Toby Chin1,2, Malgorzata Morenc1,2, Chin Yee Ho2,3,
Holly A. Rovito4, Ling Shih Quek1,2, Ai Ling Soon2,3, John S.Y. Lim5, Oliver Dreesen2,3, John E. Oblong4

and Sophie Bellanger1,2
Nicotinamide (NAM), a NAM adenine dinucleotide precursor, is known for its benefits to skin health. Under
standard culture conditions, NAM delays the differentiation and enhances the proliferation of human primary
keratinocytes, leading to the maintenance of stem cells. In this study, we investigated the effects of NAM on
photoaging in two-dimensional human primary keratinocyte cultures and three-dimensional organotypic
epidermal models. In both models, we found that UVB irradiation and hydrogen peroxide induced human
primary keratinocyte premature terminal differentiation and senescence. In three-dimensional organotypics,
the phenotype was characterized by a thickening of the granular layer expressing filaggrin and loricrin, but
thinning of the epidermis overall. NAM limited premature differentiation and ameliorated senescence, as
evidenced by the maintenance of lamin B1 levels in both models, with decreased lipofuscin staining and
reduced IL-6/IL-8 secretion in three-dimensional models, compared to those in UVB-only controls. In addition,
DNA damage observed after irradiation was accompanied by a decline in energy metabolism, whereas both
effects were partially prevented by NAM. Our data thus highlight the protective effects of NAM against pho-
toaging and oxidative stress in the human epidermis and pinpoint DNA repair and energy metabolism as crucial
underlying mechanisms.
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INTRODUCTION
Nicotinamide (NAM), that is, niacinamide or vitamin B3, is
a NAM adenine dinucleotide (NAD)þ precursor with anti-
aging properties (Bissett et al., 2005, 2004; Oblong, 2014).
We previously showed that NAM promotes human kerati-
nocyte (KC) stem cell maintenance, which may contribute
to its beneficial effect on chronological aging (Tan et al.,
2019).
In addition to chronological aging, human skin undergoes

cumulative damage from daily sun exposure, leading to
1Stemness, Differentiation, and Aging in the Human Epidermis, A*STAR
Skin Research Labs (A*SRL), Agency for Science, Technology and Research
(A*STAR), Singapore, Singapore; 2Skin Research Institute of Singapore
(SRIS), Singapore, Singapore; 3Cell Aging, A*STAR Skin Research Labs
(A*SRL), Agency for Science, Technology and Research (A*STAR),
Singapore, Singapore; 4Beauty Technology Division, The Procter & Gamble
Company, Mason, Ohio, USA; and 5A*STAR Microscopy Platform, Agency
for Science, Technology and Research (A*STAR), Singapore, Singapore

Correspondence: Sophie Bellanger, Stemness, Differentiation, and Aging in
the Human Epidermis, Skin Research Institute of Singapore (SRIS), A*STAR
Skin Research Labs (A*SRL), Agency for Science, Technology and Research
(A*STAR), 8A Biomedical Grove, Singapore 138648, Singapore. E-mail:
sophie_bellanger@asrl.a-star.edu.sg

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CPD, cyclo-
butane pyrimidine dimer; ECAR, extracellular acidification rate; H2O2,
hydrogen peroxide; HPK, human primary keratinocyte; K10, keratin 10; KC,
keratinocyte; NAD, nicotinamide adenine dinucleotide; NAM, nicotinamide;
OCR, oxygen consumption rate; OXPHOS, oxidative phosphorylation;
LMNB1, lamin B1; FLG, filaggrin; ROS, reactive oxygen species

Received 14 December 2020; revised 6 October 2021; accepted 19 October
2021; accepted manuscript published online XXX; corrected proof published
online XXX

ª 2021 The Authors. Published by Elsevier, Inc. on behalf of the Society for Inv
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by
chronic inflammation, oxidative stress, and photoaging (Yaar
and Gilchrest, 2007). Although dermal modifications in both
intrinsic and extrinsic aging have been studied extensively,
less is known about those in the epidermis (Haydont et al.,
2019; Shin et al., 2019). Severe photoaging involves
morphological changes that include overall epidermal thin-
ning and flattening of rete ridges with hyperkeratosis, which
could be due to reduced desquamation, reduced basal KC
proliferation, and stem cell loss (Levakov et al., 2012; López-
Otı́n et al., 2013; Tagami, 2008).
At the molecular level, sunlight induces direct DNA

damage and oxidative stress, which in turn amplifies cellular
damage through photosensitizing reactions (Rastogi et al.,
2010). UVB wavelengths are the main drivers of photoag-
ing in the epidermis (Gilchrest, 2013). This form of irradiation
is absorbed by DNA and mediates a direct mutagenic effect
through the generation of lesions such as cyclobutane py-
rimidine dimers (CPDs) and pyrimidine-(6e4)-pyrimidone
photoproducts, eventually causing DNA double-strand
breaks (Rastogi et al., 2010; Rünger et al., 2012; Schuch
et al., 2017).

UV irradiation induces premature senescence—an irre-
versible cell cycle arrest controlled by the p53/p21 and/or
p16/Rb pathways (Debacq-Chainiaux et al., 2012; Wang
et al., 2017). Senescent cells are metabolically active and
secrete a range of molecules, including proinflammatory
cytokines, chemokines, GFs, and proteases, which collec-
tively constitute the senescence-associated secretory pheno-
type (SASP) (Coppé et al., 2010). KCs exposed to UVB release
SASP factors such as IL-6 and IL-8 (Chung et al., 1996; Kim,
estigative Dermatology. This is an open access
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2016; Quist et al., 2016), and senescence was reported 3
days after exposure (Lewis et al., 2008; Wang et al., 2017).
However, others failed to detect senescence-associated b-
galactosidase‒positive cells for up to 12 days after irradiation
and instead observed differentiation (de Pedro et al., 2018).
Interestingly, late differentiation markers (filaggrin [FLG],
loricrin, and involucrin) were induced in human skin 48
hours after UV exposure in a dose-dependent manner (de
Pedro et al., 2018; Lee et al., 2002), whereas the mRNA
levels of structural proteins from the cornified layer were
upregulated 24 hours after irradiation of human foreskin
primary KCs (Sesto et al., 2002). In contrast, some studies
showed loricrin and FLG downregulation in three-
dimensional (3D) organotypic cultures 2e3 days after irra-
diation (Bernerd and Asselineau, 1997).
The reliance of differentiated versus proliferating human

primary KCs (HPKs) on glycolysis or oxidative phosphoryla-
tion (OXPHOS), in addition to the possible existence of a
switch in energy metabolism that induces differentiation/
senescence, remain to be clarified. We previously showed
that the shutdown of glycolysis associated with a moderate
decline in OXPHOS drives both HPK differentiation and
senescence (Tan et al., 2019). This could be linked to
increased reactive oxygen species (ROS) production since
mitochondrial ROS generation through OXPHOS modulation
was reported to promote differentiation of KC stem cells
(Hamanaka et al., 2013; Hornig-Do et al., 2007; Lago et al.,
2012; Tamiji et al., 2005). However, OXPHOS modulation
can induce KC senescence and differentiation independent of
ROS generation (Wiley et al., 2016).

In this study, we used both two-dimensional (2D) cultures
and 3D organotypic epidermal models to show that NAM
facilitates DNA repair while maintaining energy meta-
bolism, thereby preventing the onset of accelerated differ-
entiation and premature senescence in HPKs exposed to
UVB or oxidative stress. Our findings provide further
mechanistic insights into the antiphotoaging properties of
NAM.

RESULTS
NAM prevents premature late differentiation induced by
UVB in both 3D organotypics and 2D HPK cultures

After exposure of mature 3D organotypic epidermal cul-
tures to 25 mJ/cm2 UVB, Ki-67 and keratin 10 (K10) protein
expression levels were unaltered (Figure 1a). In contrast, the
levels of FLG and loricrin increased, with the thickening of
the upper granular layers expressing these two proteins.
NAM treatment prevented this phenomenon, thus preser-
ving the overall epidermal structure of the epithelium.
When the UVB dose was increased, we observed overall
epidermal thinning that was severe at 200 mJ/cm2

(Supplementary Figure S1a). Loricrin and FLG were
expressed in >50% of the epithelium, although K10 was
expressed by fewer layers and was almost absent from the
suprabasal/spinous layers, indicating premature late differ-
entiation. Although NAM did not restore normal epidermal
thickness, it partially prevented late differentiation and
improved overall epidermal structure.
In accordance with our 3D findings, late differentiation

markers were induced in 2D cultures 3 days after UVB
Journal of Investigative Dermatology (2021), Volume -
irradiation at 25 mJ/cm2, and incubation with NAM for 1 day
or 3 days inhibited their expression at the protein and mRNA
levels in a time-dependent manner (Figure 1b‒d and
Supplementary Figure S1b). After 3 days of NAM treatment,
we observed 30e90% inhibition depending on the experi-
ments/markers tested. Interestingly, although we detected no
significant decrease in the expression of Ki-67 in the 3D
organotypics after UVB irradiation (Supplementary
Figure S2a and b), 25 mJ/cm2 resulted in an almost com-
plete cessation of HPK proliferation in 2D cultures and a loss
of Ki-67, which was partially prevented by NAM treatment in
a time-dependent manner. However, NAM-treated cells,
including Ki-67‒positive cells, still appeared larger and flatter
after irradiation than the control cells (Figure 1b and
Supplementary Figure S1b).

NAM prevents senescence after UVB irradiation in both 3D
and 2D HPK cultures

To investigate the ability of NAM to protect HPKs against
premature senescence after UVB irradiation, we exposed
organotypic cultures to high (50e200 mJ/cm2) or low
(25e50 mJ/cm2) doses of UVB (Figure 2 and Supplementary
Figure S3, respectively). In the absence of UVB irradiation,
lamin B1 (LMNB1) levels, known to decrease in senescent
cells (Dreesen et al., 2013), were approximately two-fold
higher in the basal layer (K10-negative) than in the supra-
basal/upper layers (K10-positive), suggesting that senes-
cence normally occurs in the upper differentiated layers
(Figure 2a and b and Supplementary Figure S3a and b). After
high-dose UVB irradiation (Figure 2), a decline in LMNB1
levels occurred in all layers, consistently significant in the
upper layers but only significant at doses >50 mJ/cm2 in the
basal layer. Importantly, NAM treatment maintained LMNB1
expression in all layers for doses up to 100 mJ/cm2

(Figure 2a and b). When the dose was reduced to 25 or 37
mJ/cm2, no significant changes in LMNB1 levels were
detected in any layer compared with the levels expressed in
the absence of UVB irradiation (Supplementary Figure S3a
and b). Although not significant, there was a slight decline in
LMNB1 at 50 mJ/cm2 in both the lower and upper layers,
indicating that 50 mJ/cm2 may be the threshold dose
required to detect senescence in 3D organotypic cultures.
Nonetheless, LMNB1 levels were consistently and signifi-
cantly higher in the UVB þ NAM population than in the
corresponding UVB population for all low doses and un-
expectedly higher than in the nonirradiated population
(Supplementary Figure S3a and b). Interestingly, because
NAM did not increase LMNB1 expression in the nonirradi-
ated cells, the positive effect of NAM seemed to be specific
to stressed cells, as previously proposed (Tan et al., 2019).
For all high and low doses, the total number of cells per field
throughout the whole epithelium was significantly reduced
by irradiation, and NAM partially prevented this decrease at
UVB doses up to 100 mJ/cm2 (Figure 2c and Supplementary
Figure S3c).
Inhibition of senescence by NAM in 3D models was

confirmed by SenTraGor (GL13) labeling of lipofuscin, a
recently described senescence biomarker that stains ag-
gregates composed of highly oxidized molecules
(Supplementary Figure S4, arrows). Positively stained brown
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thickness epithelia treated as indicated.
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analyses (Ki-67, red; FLG, green; DAPI,
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HPKs (2D cultures) as indicated. Bar ¼
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analyses after treating HPKs as in b.
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granules were present in UVB-irradiated HPKs, and a pro-
tective effect of NAM was detected at both 100 and 200 mJ/
cm2. In addition, the senescence-associated secretory
phenotype proteins IL-6 and IL-8 accumulated in the
medium after 100 mJ/cm2 UVB, peaking at 24 hours before
the levels started to decline. NAM efficiently mitigated their
secretion, with a reduction to basal levels of IL-6 after 48
hours and a 30% reduction in IL-8 levels (Figure 2d).
www.jidonline.org 3
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Figure 2. NAM prevents senescence after UVB irradiation in 3D organotypics. (a) Immunofluorescence analyses of full-thickness epithelia treated as indicated.
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respectively. Each dot represents one cell. A total of 450e1,100 cells per condition (from triplicates) were analyzed. Statistical analyses: unpaired t-tests. Bar ¼
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In contrast to 3D organotypics, immunofluorescence
analysis revealed a dramatic reduction in LMNB1 levels in
2D models 3 days after UVB irradiation at the lowest dose (25
mJ/cm2), indicating extensive senescence concomitant with
differentiation (Figure 3a and Supplementary Figure S5a).
Journal of Investigative Dermatology (2021), Volume -
Senescence was confirmed by an increase in p21 levels and
the loss of Ki-67 (Figure 3a and b and Supplementary
Figure S5a and b). Immunofluorescence also showed that
NAM treatment for both 1 day and 3 days partially prevented
senescence in a time-dependent manner (Figure 3a and b and
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Supplementary Figure S5a and b), which was confirmed by
western blot (Figure 3c), RT-qPCR (Figure 3d), and
senescence-associated b-galactosidase activity profiling
(Supplementary Figure S6a). Overall, NAM prevented UVB-
induced senescence by up to a maximum of 50% in 2D
models depending on the senescence marker used.
Hydrogen peroxide treatment mimics UVB exposure in 2D
and 3D HPK cultures, and the effects can be prevented by
NAM

Because UV irradiation leads to a significant increase in
peroxide levels as part of the oxidative stress response
(D’Orazio et al., 2013), we examined the ability of hydrogen
www.jidonline.org 5
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triphosphate; Ctrl, control; ECAR,

extracellular acidification rate; FCCP,

trifluoromethoxy carbonylcyanide

phenylhydrazone; H2O2, hydrogen

peroxide; HPK, human primary

keratinocyte; min, minute; NAM,

nicotinamide; n.s., not significant;

OCR, oxygen consumption rate;

OXPHOS, oxidative phosphorylation.
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peroxide (H2O2) (a ROS precursor) treatment to mimic the
HPK phenotype induced by UVB irradiation (Figure 4).
Epidermal thinning was observed in 3D cultures treated with
H2O2 at both 63 and 125 mM. Although the granular layer
expressing FLG seemed only slightly thicker than the control,
=
***P < 0.001). 2D, two-dimensional; 3D, three-dimensional; Ctrl, untreated con

keratinocyte; IVL, involucrin; K10, keratin 10; LMNB1, lamin B1; NAM, nicotin
the overall thinning led to this layer now occupying
approximately 50% of the epithelium. Strikingly, this was
reminiscent of what we observed after high UVB exposure
and was ameliorated by NAM treatment (Figure 4a).
Consistent with the UVB findings in 3D, H2O2 did not affect
trol cell; FLG, filaggrin; H2O2, hydrogen peroxide; HPK, human primary

amide; n.s., not significant.
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the Ki-67 staining in the basal layer (Supplementary
Figure S7).
As observed after low-dose UVB irradiation, H2O2 had no

significant effect on LMNB1 expression in the basal layer
(Figure 4b and c). However, treatment with 63 mM H2O2 and
Journal of Investigative Dermatology (2021), Volume -
NAM led to significantly higher LMNB1 levels than those in
cells treated with H2O2 alone (and in control cells), which was
similar to the phenotype observed after low-dose UVB irradi-
ation and NAM treatment. For both concentrations, H2O2

treatment resulted in significantly reduced LMNB1 levels in the
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upper layers, which was efficiently prevented by NAM, thus
reproducing the phenotype observed after treatment with 100
mJ/cm2 UVB. Senescence was confirmed by increased lip-
ofuscin staining, and as observed for the reduction in LMNB1
expression in the upper layers, the H2O2-induced lipofuscin
signal was prevented by NAM (Supplementary Figure S8).

RNA analysis of the 2D cultures showed strong dose-
dependent induction of FLG and involucrin 5 days after H2O2

treatment, which was significantly inhibited by NAM after 63
mM H2O2, whereas the effect was only partial after 125 mM
H2O2 (Figure 4d). The dose-dependent induction of senescence
by H2O2 was indicated by the reduction in LMNB1 mRNA
levels (Figure 4e) and increased senescence-associated b-
galactosidase activity (Supplementary Figure S6b), which were
partially prevented by NAM treatment.

NAM rescues energy metabolism defects caused by UVB and
H2O2

We then investigated the ability of UVB to modulate cellular
metabolism and the potential protective effects of NAM. To
this end, we measured OXPHOS (oxygen consumption rate
[OCR]) and glycolysis (extracellular acidification rate [ECAR])
in real time 24 hours after UVB irradiation using a Seahorse
Analyzer (Agilent, Santa Clara, CA) (Figure 5). Although basal
respiration was not significantly modulated by UVB, we
observed a reduction in the spare respiratory capacity, which
was restored by NAM (Figure 5a). In contrast, glycolysis
levels were unchanged and were unaffected by NAM treat-
ment (Figure 5b).
H2O2 is known to provoke a decrease in both OXPHOS

and glycolysis by shifting energy metabolism toward the
oxidative pentose phosphate pathway to generate the ROS
scavenger NAM adenine dinucleotide phosphate (NADPH)
(Kuehne et al., 2015). As expected, H2O2 alone provoked a
decline in both glycolysis and OXPHOS, and the cells did not
recover over the 2-hour duration of the experiment (Figure 5c
and d). Coinjection of NAM with H2O2 followed by two
additional NAM injections 30 minutes and 1 hour later
resulted in a similar initial metabolic decrease, but glycolysis
recovered in a NAM dose-dependent manner, reaching
approximately 50% of the initial basal activity at the highest
NAM dose (Figure 5c and Supplementary Figure S9). Simi-
larly, coinjecting NAM with H2O2 followed by two addi-
tional H2O2 injections efficiently protected glycolysis after
the second and third H2O2 injections (Figure 5e). Interest-
ingly, NAM mediated only a modest effect in preventing the
OXPHOS decline, with no significant effect observed with
the first protocol, although the OCR of the cells treated with
H2O2 þ NAM was consistently higher than that of the cells
treated with H2O2 alone (Figure 5d). Using the second pro-
tocol, NAM significantly delayed the decrease in OXPHOS
after the second and third H2O2 injections but not beyond
100 minutes (Figure 5f).

NAM improves DNA repair in 2D HPK cultures after UVB
irradiation

Because both adenosine triphosphate (ATP) and NADþ are
essential for the activity of DNA repair enzymes such as
poly(ADP-ribose) polymerase (PARP), chromatin remodelers,
or DNA ligases, NAM may indirectly enhance the DNA
damage response under photoaging conditions (Chung and
Joe, 2014; Ke et al., 2019; Luna et al., 2013; Osley et al.,
2007). As expected, CPD staining in 2D cultures increased
immediately after UVB irradiation, indicating DNA lesions
(Figure 6a). Remarkably, although CPDs were partially
resolved in control cells after 48 hours (74% reduction for the
UVB sample), evidence that DNA repair was significantly
enhanced by NAM was obtained by the further decline in
CPD levels, reaching an overall reduction of 85% (Figure 6b).
These results show that NAM treatment increased the effi-
ciency of DNA repair after UVB exposure.

DISCUSSION
In this study, we show that HPK differentiation and senes-
cence are induced by UVB and H2O2 in 2D cultures and 3D
organotypics and that these phenotypes can be partially
prevented by NAM treatment. Furthermore, we show that this
prevention occurs by maintaining energy metabolism and
enhancing DNA repair. Thus, our findings indicate the po-
tential of NAM as a powerful agent that can protect against
photoaging.
We observed that only UVB doses �50 mJ/cm2 induced a

significant loss of LMNB1 in 3D organotypics, whereas 25
mJ/cm2 was sufficient in 2D cultures. Therefore, it is
conceivable that acute UVB irradiation �50 mJ/cm2 fails to
induce senescence in the epidermis, although it is sufficient
to promote premature differentiation. Nevertheless, we do
not favor this hypothesis because all samples exposed to low-
dose irradiation and treated with NAM still showed a signif-
icant increase in LMNB1 in both the basal and upper layers.
This increase was inversely proportional to the dose of UVB
(Supplementary Figure S3). Interestingly, we observed the
same phenomenon in the basal layer after cotreatment with
63 mM H2O2 and NAM. Interpretation of this finding is
complex; we propose that senescence is induced in the 3D
organotypics after UVB exposure at all doses, although the
associated reduction in LMNB1 expression could be coun-
terbalanced by an increase in LMNB1 driven by another
unidentified mechanism concomitantly activated by irradia-
tion. This pathway would compensate for the loss of LMNB1
after low-dose UVB irradiation but not after high-dose
exposure (because the senescence rate would be higher in
this case). Cotreatment with NAM would then prevent the
reduction in LMNB1 levels induced by high UVB doses,
whereas it would increase LMNB1 levels compared with that
in nonirradiated cells after low UVB doses. Of note, 200 mJ/
cm2 UVB irradiation induced dramatic senescence that could
no longer be prevented by NAM treatment. The decline in
LMNB1 after UVB exposure in the absence of NAM was
more pronounced in the upper layers (30% decrease) than in
the basal layers (10% decrease); similarly, H2O2 affected the
LMNB1 levels only in the upper layers. We hypothesize that
basal cells, including stem cells, preferentially respond to
stress by premature differentiation instead of senescence,
whereas differentiated cells are more prone to senescence.
Although the energy pathway affected (OXPHOS or

glycolysis) may differ depending on the type of stress applied
to the epidermis, we show that energy metabolism decreases
after UVB or oxidative stress. We propose that this decline,
which can be prevented by NAM, drives the loss of stem cells
through premature differentiation and senescence. In support
www.jidonline.org 9

http://www.jidonline.org


CYR Tan et al.
Nicotinamide Fights Epidermal Photoaging

10
of our findings that NAM exerts protective effects against
photoaging, we further found that DNA damage repair in
HPKs was enhanced by NAM, corroborating previous reports
of similar effects in other cell types (Fania et al., 2019;
Surjana et al., 2010). This evidence highlights a dual pro-
tective role of NAM against both DNA damage and the
decline in energy metabolism associated with photoaging
conditions.
Both DNA repair and metabolism require NADþ, and we

show in this study that the maximal OXPHOS capacity is
reduced after UVB irradiation, possibly owing to the diver-
sion of NADþ to the DNA repair pathway. We propose that
increasing the NADþ pool through NAM complementation
permits more flexibility after irradiation by allowing cells to
repair DNA without dramatically affecting energy meta-
bolism. In addition, maintaining energy metabolism will ul-
timately help to maintain adenosine triphosphate‒dependent
DNA repair. We also observed limited secretion of the
senescence-associated secretory phenotype components IL-6
and IL-8 in UVB-irradiated HPKs treated with NAM, probably
owing to fewer cells undergoing senescence. Interestingly, IL-
6 secretion is correlated with UV-induced CPD formation
(Chung et al., 1996), whereas IL-8 exacerbates DNA damage
through increased ROS production (Alexander et al., 2013).
Therefore, the maintenance of low levels of these ILs by NAM
could also participate in limiting DNA damage.
Remarkably, these effects of NAM might explain its pre-

ventive role in the occurrence of nonmelanoma skin cancers
known to be induced by UVR (Chen et al., 2015; Kim et al.,
2015). As such, our findings should be considered in terms of
the potential value of NAM for improving the capacity to
prevent and treat clinical skin conditions linked to sun
exposure (e.g., actinic keratosis and basal/squamous cell
carcinomas) and for developing cosmetic applications tar-
geting stress-induced skin aging.

MATERIALS AND METHODS
Study approval

This study was approved by the National University of Singapore

Institutional Review Board (National University of Singapore Insti-

tutional Review Board reference code B-14-257E) and the Agency

for Science Technology and Research Institutional Review Board

(Institutional Review Board references 2019-053 and 2021-082).

Primary KC isolation from human skin

HPKs were obtained and isolated as previously described (Quek

et al., 2018) from healthy human skin samples (upper limb of a

donor aged 41 years and foreskin from donors aged 6 years) from

deidentified surplus surgical waste with written informed patient

consent and ethical clearance.

HPK 2D culture and UVB irradiation/H2O2 treatment

For maintenance, HPKs were cultured on lethally irradiated murine

3T3-J2 feeder cells as previously described (Rheinwald and Green,

1975; Simon and Green, 1985; Tan et al., 2019).

One day before irradiation/H2O2 treatment, HPKs were seeded

into a feeder-free system in Dermalife medium (LL-0007; Lifeline

Cell Technology, Oceanside, CA). The medium was changed

(�NAM) just before the cells were irradiated with UVB using the

BioSun system (Vilber, Collégien, France). The medium was replaced

immediately after irradiation to �NAM medium. For H2O2
Journal of Investigative Dermatology (2021), Volume -
treatment, cells were treated with H2O2 (�NAM) for 30 minutes

before the medium was changed to �NAM medium.

RT-qPCR

Total mRNA was extracted and reverse transcribed, and RT-qPCR

analysis was carried out as previously described (Thierry et al.,

2004) using the primer sequences listed in Supplementary Table S1.

Immunofluorescence analysis

HPKs were fixed and permeabilized with ice-cold acetone/methanol

(1:1) for 7 minutes at �20 �C or with 4% paraformaldehyde followed

by Triton/PBS depending on the antibody used, and blocked with

PBS/2% serum. They were incubated with primary antibodies

(Supplementary Table S2) followed by secondary antibodies (Alexa

Fluor 488 or 568, Invitrogen, Carlsbad, CA) and DAPI (Sigma-

Aldrich, Saint-Louis, MO) before mounting with Hydromount

(Electron Microscopy Sciences, Hatfield, PA). Images were captured

with a Zeiss AxioImager Z1 microscope and analyzed using Zen 2

software (Zeiss, Oberkochen, Germany).

For CPD labeling, cells were fixed in paraformaldehyde as

described earlier, treated with 2 M hydrogen chloride for 30 minutes,

and blocked with 20% fetal bovine serum followed by a 30-minute

incubation with anti-CPD antibody (Supplementary Table S2) at 37
�C. Secondary detection was achieved with an Alexa Fluor 488

antibody (Invitrogen), and Hoechst was used as a nuclear dye.

Coverslips were mounted onto slides using ProLong Diamond

Antifade Mountant (ThermoFisher Scientific, Waltham, MA), and

images were acquired on an IX-83 Olympus microscope.

CPD quantification

Nuclei segmentation was performed using the threshold function,

and the mean intensity of the CPD fluorescence was measured with

ImageJ (version 1.52o; National Institutes of Health, Bethesda, MD).

For each experiment, CPD fluorescence intensity was normalized to

the mean intensity 5 minutes after UVB.

Glycolysis and OXPHOS measurement

As measures of the rates of OXPHOS and glycolysis, respectively, the

OCR and ECAR were determined using the Seahorse XFe 24

Analyzer (Agilent).

For UVB experiments, HPKs were seeded into an XF24 microplate

(Agilent) 24 hours before irradiation (25 mJ/cm2 UVB). After 24

hours, the medium was replaced with a custom-made EpiLife me-

dium (Life Technologies, Carlsbad, CA), and cells were treated as

previously described (Tan et al., 2019). The Seahorse XF Cell Mito

Stress Test Kit (103015-100, Agilent) and Seahorse XF Glycolysis

Stress Test Kit (103020-100, Agilent) were used according to the

manufacturer’s instructions. The OCR was based on three basal

measurements, repeated after injection of oligomycin (1 mM), tri-

fluoromethoxy carbonylcyanide phenylhydrazone (1 mM), and

rotenone/antimycin A (0.5 mM). The ECAR was based on three basal

measurements, repeated after injection of glucose (10 mM), oligo-

mycin (1 mM), and 2-deoxyglucose (50 mM).

To quantify the OCR and ECAR after H2O2/NAM treatments, HPKs

were seeded 1 day before analysis. The basal OCR and ECAR were

measured before and after a series of injections (using the ports): (i)

H2O2 (1.5 mM) coinjected with NAM (0.25, 0.5, or 1 mM), followed

by two injections of NAM (0.25, 0.5, or 1 mM) 30 minutes and 1

hour later, respectively; or (ii) H2O2 (0.5 mM) coinjected with NAM

(1.5 mM) followed by two injections of H2O2 (0.5 mM) 30 minutes

and 1 hour later, respectively. Raw OCR and ECAR values were
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normalized to the viable cell number using crystal violet staining

(C3886, Sigma-Aldrich) as previously described (Tan et al., 2019).

Protein extraction and western blotting

Protein extraction and western blotting were performed as previ-

ously described (Quek et al., 2018) using the antibodies listed in

Supplementary Table S2.

3D organotypic skin epidermis culture

Human epidermis models (3D NHEK for H2O2 experiments or EPI-

200-3S-D2 for UVB experiments; MatTek Corporation, Ashland,

MA) derived from the newborn foreskin were used according to the

manufacturer’s instructions. Tissues were pretreated with 1.5 mM

NAM for 16 hours before UVB or H2O2 treatment. The medium was

replaced every 2 days; the tissues were harvested on day 6 after

treatment, fixed in 10% neutral buffered formalin for 4 hours, and

embedded in paraffin blocks.

Immunohistochemistry analysis of 3D organotypic sections

Immunohistochemistry analysis of paraffin-embedded sections was

performed using specific primary antibodies (Supplementary

Table S2) as previously described (Tan et al., 2019).

Immunofluorescent staining of 3D organotypic sections

Paraffin-embedded tissue sections were prepared as described by

Tan et al. (2019) but without H2O2 treatment. Sections were exposed

to primary antibodies for 1 hour followed by a 30-minute incubation

with secondary antibodies (Alexa Fluor 488 or 568, Invitrogen) and

10-minute incubation with DAPI (Sigma-Aldrich) before mounting

with Hydromount (Electron Microscopy Sciences).

LMNB1 quantification

Images were acquired on the Zeiss AxioImager Z1 using a �40 plan

apochromatic objective lens. Perinuclear LMNB1 expression levels

were determined using ImageJ, version 1.52o, with a self-written

algorithm (Supplementary Materials and Methods). K10 staining

was used to visualize the basal (K10-negative) versus suprabasal

(K10-positive) layers.

ELISA

Supernatants from 3D organotypics were collected 24 and 48 hours

after irradiation. ELISAs were performed according to the manufac-

turer’s instructions (antibodies are listed in Supplementary Table S2)

using a microplate reader (Spark, Tecan, Männedorf, Switzerland).

Quantitative analysis of samples was performed using a Four

Parameter Logistic curve fit.

Statistical analyses

Statistical analyses were performed using GraphPad Prism, version

5.03 (GraphPad Software, San Diego, CA), with one-way ANOVA,

two-way ANOVA, or t-test as indicated. P < 0.05 indicates statistical

significance (*P < 0.05, **P < 0.01, ***P < 0.001; n.s., not signif-

icant). All data represent the means � SEM, except for LMNB1 and

CPD quantifications, where data represent the means � SD.
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SUPPLEMENTARY MATERIALS AND METHODS
Senescence-associated b-galactosidase assays

Human primary keratinocytes were cultured on glass coverslips
and analyzed for senescence-associated b-galactosidase activity
5 days after treatment with UVB or hydrogen peroxide using the
Senescence b-Galactosidase Staining Kit (9860, Cell Signaling
Technology, Danvers, MA). Images were captured using an Axi-
oImager Z1 (Zeiss, Oberkochen, Germany) microscope using
a�20 plan apochromatic objective lens. Senescence-associated
b-galactosidase‒‒positive cells were counted manually.

SenTraGor (GL13) staining

Paraffin-embedded tissue sections were dewaxed and rehy-
drated, followed by antigen retrieval and treatment with
hydrogen peroxide and goat serum, as described in the sec-
tion “Immunohistochemistry analysis of 3D organotypic
sections” in the main manuscript. Sections were then washed
with PBS/0.05% Tween 20, 50% ethanol, and 70% ethanol (5
minutes per wash). SenTraGor reagent (Lab Supplies Scien-
tific e P.Galanis, Athens, Greece) was prepared according to
the manufacturer’s instructions, and one drop was placed on
each section using a 1-ml syringe attached to a 13 mm/0.22
mM membrane filter. A coverslip was then placed on top, and
the section was incubated at 37 �C for 10 minutes. Excess
SenTraGor reagent was removed using Kimwipes dipped in
ethanol, followed by four 50% ethanol washes (5 minutes per
wash). Sections were washed with PBS/0.05% Tween 20 for 5
minutes and incubated overnight with mouse anti-biotin
(Ab201341 [Hyb-8], 1:500, Abcam, Cambridge, United
Kingdom). They were then washed again with water and PBS/
0.05% Tween 20 before incubation for 30 minutes with
EnVisionþ System-HRP Labelled Polymer anti-mouse anti-
body (K4001, Dako, Carpinteria, CA). Sections were then
washed with water and PBS/0.05% Tween 20 before incu-
bation with Liquid DABþ Substrate Chromogen System
(K3468, Dako) for 2 minutes. After washing with water, they
were mounted using Hydromount (Electron Microscopy Sci-
ences, Hatfield, PA).

Algorithm used for quantification of Lamin B1

The following algorithm was used for Lamin B1
quantification:
//John Lim, AMP, 16 May 2019
//Measure centroid of nuclei
//Ecad mean intensity, nuclei y-center
//Lamin threshold mean intensity, threshold area faction
//Reject those negative distance
nuclei_ch ¼ 1;
nuclei_modifier ¼ 1; //threshold modifier
minSize ¼ 2; //nuclei minimum area
maxSize ¼ 300; //nuclei maximum area
K10_ch ¼ 2;
K10_bg ¼ 191;
Lamin_ch ¼ 3;
Lamin_bg ¼ 263;
reset_to_pixel ¼ false; //if true, reset unit to pixel, if false
fellow calibration below
calibration ¼ 0.16125; //distance per pixel
pixel_unit ¼ "micro";

substrate_ch ¼ 3;
minS ¼ 1000; maxS ¼ 5000;

//function
function data_table(a, b, c, d, e, f){
e1¼"Data_Table";

e2¼"["þtitle1þ"]";

isOpen(title1)){

print(title2, aþ"\t"þbþ"\t"þcþ"\t"þdþ"\t"þeþ"\
t"þf);

e{run("Table...", "name¼"þtitle2þ" width¼800
height¼600");

nt(title2, "\\Headings:Label\tX\tY\tArea\tK10_MeanIn
tensity\tLaminB1_Threshold_Mean_Intensity");

nt(title2, aþ"\t"þbþ"\t"þcþ"\t"þdþ"\t"þeþ"\t"þf);
}

//table
Table.create("Data_Table");
Table.showRowNumbers(true); //Enable or disable
display of row numbers.
//Table.set(columnName, rowIndex, value);
//Table.update;
//parameters
requires("1.52a"); //check ImageJ version
setOption("BlackBackground", true);
roiManager("reset");
if(reset_to_pixel ¼¼ true){
("Set Scale...", "distance¼0");
}
if(reset_to_pixel ¼¼ false){
("Set Scale...", "distance¼1 known¼calibration unit¼"
þpixel_unit);
}

//run("Set Measurements...", "area mean centroid display
redirect¼None decimal¼3");

setBatchMode(true);
id0 ¼ getImageID();

title0 ¼ getTitle();
getDimensions(width, height, channels, slices, frames);
//Substrate
selectImage(id0);
run("Duplicate...", "title¼substrateduplicatechannels¼substrate_ch");
//run("Gaussian Blur...", "sigma¼2");
run("Subtract Background...", "rolling¼50");
setAutoThreshold("Default dark");
run("Analyze Particles...", "size¼"þminSþ"-"þmaxSþ"
circularity¼0.00-1.00 add");
sCount ¼ roiManager("count");
if(sCount !¼ 1){
nt("More than one or Zero substrate was detected
"þtitle0);
}

if(sCount ¼¼ 1){

Manager("select", 0);
www.jidonline.org 12.e1
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Journa12.e2
t.setMeasurements();
m

m

strate_y ¼ List.getValue("Y");

Manager("reset")
/

y

i

}
}

Sta

if(r
}
//Find nuclei ROIs
selectImage(id0);
run("Duplicate...", "title¼nucleiduplicatechannels¼nuclei_ch");
id1 ¼ getImageID();
title1 ¼ getTitle();
run("Gaussian Blur...", "sigma¼2 slice");
run("Subtract Background...", "rolling¼50");
//run("Unsharp Mask...", "radius¼1 mask¼0.60");
//run("Enhance Local Contrast (CLAHE)", "blocksize¼127
histogram¼256 maximum¼3 mask¼*None* fast_(less_
accurate)");
setAutoThreshold("Default dark");
getThreshold(n1, n2);
setThreshold(nuclei_modifier*n1, n2);
maxSizeE ¼ maxSize * 10;
run("Analyze Particles...", "size¼"þminSizeþ"-"þmaxSizeEþ"
circularity¼0.10-1.00 show¼Masks");
run("Grays");
run("Watershed");
run("Analyze Particles...", "size¼"þminSizeþ"-"þmaxSizeþ"
circularity¼0.45-1.00 show¼Nothing exclude add");
id2 ¼ getImageID();
selectImage(id1); close();
selectImage(id2); close();
nROI ¼ roiManager("count");
if(nROI > 0){
sub
}

els

sub
}

//O

//O

ma

roi

roi

roi

roi
(i ¼ 0; i < nROI; iþþ) {

electImage(id0);

oiManager("select", i)

oiName ¼ Roi.getName;

tack.setChannel(K10_ch);

ist.setMeasurements();

¼ List.getValue("X");

¼ List.getValue("Y");

rea ¼ List.getValue("Area");

ean1 ¼ List.getValue("Mean");

ean1 ¼ mean1 - K10_bg;

tack.setChannel(Lamin_ch);

etAutoThreshold("Default dark");

etThreshold(lower, upper);

etThreshold(lower, upper);
l of Investigative Dermatology (2021), Volume -
ist.setMeasurements("limit");

ean2 ¼ List.getValue("Mean");

ean2 ¼ mean2 - Lamin_bg;

/data_table(title0þ"_"þroiName, x, y, area, mean1,
mean2);

distanceS ¼ substrate_y - y;

f(sCount ¼¼ 1 && ydistanceS > 1){

nrow ¼ Table.size; //print(nrow);

Table.set("Label", nrow, title0þ"_"þroiName);

Table.set("X", nrow, x); Table.set("Y", nrow, y);

Table.set("Area", nrow, area);

Table.set("K10_MeanIntensity", nrow, mean1); Table.-
set("Lamin_Threshold_MeanIntensity", nrow, mean2);

Table.set("ydistanceS", nrow, ydistanceS);

Table.update;
}
roiManager("Deselect");
run("Select None");
resetThreshold();

selectImage(id0);
run("Remove Overlay");
if(sCount ¼¼ 1){
ck.setChannel(nuclei_ch);

eset_to_pixel ¼¼ false){

strate_y_pixel ¼ substrate_y / calibration;

e{

strate_y_pixel ¼ substrate_y;

verlay.drawLine(0, substrate_y_pixel,width-1, substrate_y_pixel);

verlay.show;

keLine(0, substrate_y_pixel, width-1, substrate_y_pixel);

Manager("Add");

Manager("Remove Channel Info");

Manager("Remove Slice Info");

Manager("Remove Frame Info");
}roiManager("Deselect");
roiManager("Show All without labels");
print("Done");



Supplementary Figure S1. NAM prevents premature late differentiation induced by UVB in both 3D organotypics and 2D cultures of HPKs. (a) HPKs were

grown to a full-thickness epithelium before irradiation with 100 or 200 mJ/cm2 UVB � NAM (single dose) and harvested on day 6 after treatment. H&E,

immunohistochemical, and immunofluorescence staining were performed. Bar ¼ 50 mm. (b) Immunofluorescence analyses of proliferation and differentiation

markers on day 3 after HPK treatment with UVB � NAM for 1 day or 3 days in 2D. Bar ¼ 50 mm. The channels are separated, compared with those in Figure 1 in

which they are merged. 2D, two-dimensional; 3D, three-dimensional; Ctrl, untreated control cell; FLG, filaggrin; HPK, human primary keratinocyte; K10,

keratin 10; LOR, loricrin; NAM, nicotinamide.
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Supplementary Figure S2. Analyses of proliferation in 3D organotypics after

low or high doses of UVB irradiation. (a) Percentage of Ki-67‒positive cells in

the basal layer (low UVB doses). A total of 10e17 fields per condition were

analyzed (from triplicates). (b) Percentage of Ki-67‒positive cells in the basal

layer (high UVB doses). A total of 21e34 fields per condition were analyzed

(from triplicates). In both cases, statistical analyses were performed with

unpaired t-tests, and the data represent the means � SEM. P-values < 0.05

indicate statistical significance (**P < 0.01; ***P < 0.001). 3D, three-

dimensional; NAM, nicotinamide; n.s., not significant.
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Supplementary Figure S3. Analyses of senescence in 3D organotypic models after low doses of UVB irradiation. (a) HPKs were grown to a full-thickness

epithelium before irradiation with 25, 37, or 50 mJ/cm2 UVB (single dose) and harvested on day 6 after treatment. Immunofluorescence analyses of the LMB1

senescence marker (green) and the K10 differentiation marker (red). Bar ¼ 20 mm. (b) LMNB1 levels per cell in basal (lower panel) and upper (upper panel)

layers were quantified using a custom algorithm in ImageJ, version 1.52o. Each dot represents one cell. A total of 800e1,800 cells per condition (from triplicates)

were analyzed depending on samples. Statistical analyses: unpaired t-tests. Data represent the means � SD. (c) Total number of cells per field (according to

DAPI) under each condition. A total of 17e24 fields per condition were analyzed (from triplicates). Statistical analyses: unpaired t-tests. Data represent the

means � SEM. For all panels, P-values < 0.05 indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001). 3D, three-dimensional; HPK, human

primary keratinocyte; K10, keratin 10; LMNB1, lamin B1; NAM, nicotinamide; n.s., not significant.
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Supplementary Figure S4. Lipofuscin detection in 3D organotypic sections after UVB irradiation. The 3D organotypic sections treated as indicated were

stained with SenTraGor (GL13) on day 6 after UVB irradiation (100 or 200 mJ/cm2). Arrows indicate cells presenting granules of lipofuscin. Bar ¼ 20 mm. 3D,

three-dimensional; Ctrl, untreated control cell; NAM, nicotinamide.
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Supplementary Figure S5. Analyses of senescence and proliferation in 2D models after UVB irradiation. (a) Immunofluorescence analyses of the LMNB1

senescence marker on day 3 after treatment of HPKs with UVB (25 mJ/cm2) � NAM for 1 day or 3 days. Bar ¼ 50 mm. (b) Immunofluorescence analyses of the

p21 senescence marker under the same conditions as in a. Bar ¼ 50 mm. For both a and b, the channels are separated, compared with those in Figure 3 in which

they are merged. 2D, two-dimensional; Ctrl, untreated control cell; HPK, human primary keratinocyte; LMNB, lamin B1; NAM, nicotinamide.
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Supplementary Figure S6. NAM

prevents senescence induced by both

UVB irradiation and H2O2 treatment

in 2D cultures of HPKs. (a) HPKs

grown in 2D cultures were treated

with UVB 25 mJ/cm2 and analyzed for

SA-b-gal expression 5 days after

treatment. Upper panel: phase-

contrast images showing SA-b-gal in
blue. Bar ¼ 50 mm. Lower panel:

quantification of SA-b-gal‒positive
cells in the indicated populations; n �
300 cells for each condition. (b) HPKs

grown in 2D cultures were treated

with H2O2, and the experiment was

performed as in a. Upper panel:

phase-contrast images showing SA-b-
gal staining in blue. Bar ¼ 50 mm.

Lower panel: quantification of SA-b-
gal‒positive cells in the indicated

populations; n � 300 cells for each

condition. In all cases, statistical

analyses: one-way ANOVA; n ¼ 3 for

a or 4 for b. Data represent the means

� SEM. P-values < 0.05 indicate

statistical significance (*P < 0.05; **P

< 0.01). 2D, two-dimensional; Ctrl,

untreated control cell; H2O2,

hydrogen peroxide; HPK, human

primary keratinocyte; NAM,

nicotinamide; n.s., not significant; SA-

b-gal, senescence-associated b-
galactosidase.
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Supplementary Figure S7. Analyses of Ki-67 expression in 2D models of

HPKs after treatment with H2O2. HPKs were grown to full-thickness epithelia

before treatment with H2O2 (63 and 125 mM) and harvested on day 6 after

treatment. The graph shows the percentage of Ki-67‒positive cells in the basal

layer. A total of 11e20 fields per condition were analyzed (from triplicates).

Statistical analyses: unpaired t-tests. Data represent the means � SEM. P-

values < 0.05 indicate statistical significance. 2D, two-dimensional; H2O2,

hydrogen peroxide; HPK, human primary keratinocyte; K10, keratin 10;

NAM, nicotinamide; n.s., not significant.
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Supplementary Figure S8. Lipofuscin detection in 3D organotypic sections after H2O2 treatment (63 or 125 mM). The 3D organotypic sections treated as

indicated were stained with SenTraGor (GL13) on day 6 after H2O2 treatment. Bar ¼ 20 mm. 3D, three-dimensional; Ctrl, untreated control cell; H2O2, hydrogen

peroxide; NAM, nicotinamide.
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Supplementary Figure S9. Dose-

dependent rescue of energy

metabolism by NAM after

H2O2 treatment. Basal ECAR levels

after treatment with H2O2 � NAM

(one injection of H2O2, three

injections of NAM). Statistical

analyses: two-way ANOVA; n ¼ 3.

Data represent the means � SEM. P-

values < 0.05 indicate statistical

significance (*P < 0.05; **P < 0.01;

***P < 0.001). ECAR, extracellular

acidification rate; H2O2, hydrogen

peroxide; min, minute; NAM,

nicotinamide; n.s., not significant.

Supplementary Table S1. Primer Sequences for RT-
qPCR

Primer Name Sequence (50e30)

TBP F: CGTCCCAGCAGGCAACAC
R: TTGTGAGAGTCTGTGAGTGGAAGAG

IVL F: CCATCAGGAGCAAATGAAACAG
R: GCTCGACAGGCACCTTCTG

FLG F: GTGTTAGTTACAATTCCAATCCTGTTG
R: ATACGTTGCATAATACCTTGGATGATC

LMNB1 F: CGCTTGGTAGAGGTGGATTCTG
R: CCTCACTTGGGCATCATGTTG

p21 F: GCGACTGTGATGCGCTAATG
R: CGGTGACAAAGTCGAAGTTCC

Abbreviations: F, forward; FLG, filaggrin; IVL, involucrin; LMNB1, lamin
B1; R, reverse; TBP, TATA-binding protein.
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Supplementary Table S2. Primary Antibodies for 2D Immunofluorescence, Western Blotting, 3D
Immunohistochemistry/Fluorescence, and ELISA

Primary Antibody Dilution Source (Catalog Number; Supplier)

2D immunofluorescence

Ki-67 1:500 ab15580; Abcam, Cambridge, UK

LMNB1 1:500 NBP2-48966, Novus Biologicals, Littleton, CO

p21 1:500 Waf1/Cip1 (12D1), #2947; Cell Signaling Technology, Danvers, MA

CPD (TDM-2) 1:1,500 CAC-NM-DND-001; Cosmo Bio, Tokyo, Japan

Western blotting

IVL 1:500 Novocastra NCL-INV; Leica Biosystems, Richmond, IL

LMNB1 1:10,000 ab16048; Abcam, Cambridge, UK

Actin 1:1,000 A2066; Sigma-Aldrich, St. Louis, MO

3D immunohistochemistry/fluorescence

K10 (mouse) 1:200 DE-K10, M7002, Dako, Agilent, Santa, Clara, CA

K10 (rabbit) 1:200 EP16071HCY, ab76318, Abcam, Cambridge, UK

FLG 1:200 FLG/1561, ab218395; Abcam, Cambridge, UK

LOR 1:500 EPR7148(2)(B), ab176322; Abcam, Cambridge, UK

Ki-67 1:200 MIB-1; M7240; Dako, Agilent, Santa Clara, CA

LMNB1 1:100 NBP2-48966, Novus Biologicals, Littleton, CO

ELISA

IL-6 — ab100572, ab229434; Abcam, Cambridge, UK

IL-8 — ab46032, ab229402; Abcam, Cambridge, UK

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CPD, cyclobutane pyrimidine dimer; FLG, filaggrin; IVL, involucrin; K10, keratin 10; LMNB1,
lamin B1; LOR, loricrin; UK, United Kingdom.
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