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Abstract

The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) is a key regulator of the cellular stress response, but
the biological functions of the related Nrf3 protein are largely unknown. Here we demonstrate a novel pro-apoptotic function
of Nrf3 in mouse and human keratinocytes. In response to UV irradiation, Nrf3-deficient keratinocytes were protected from
apoptosis in vitro and in vivo. The protective function was also seen under oxidative or hyperosmotic stress conditions, but
not when apoptosis was induced by disruption of cell-matrix interactions. Mechanistically, we show that Nrf3-deficient
keratinocytes exhibit stronger cell—cell and cell-matrix adhesion, which correlates with higher cell surface integrin levels and
enhanced activation of focal adhesion kinase. Nrf3-deficient cells also formed more and larger focal adhesions and exhibited
a higher motility. These results suggest that the strong expression of Nrf3 in basal keratinocytes promotes their elimination in
response to DNA damage-inducing agents, thereby preventing accumulation of mutated stem and transit amplifying cells in

the epidermis.

Introduction

The skin, as the outermost surface of the body, is frequently
challenged by mechanical, chemical, or physical insults.
Therefore, it has developed various protective mechanisms,
which include formation of a physical protein/lipid barrier,
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but also expression of proteins involved in the detoxifica-
tion of compounds or reactive oxygen species (ROS). Of
particular importance is nuclear factor-erythroid 2-related
factor 2 (Nrf2; NFE2L2), a member of the cap 'n’ collar
family of transcription factors, which also includes p45 NF-
E2, Bachl, Bach2, Nrfl, and Nrf3 (NFE2L3). Nrf2 controls
the expression of ROS- and compound-detoxifying
enzymes and other cytoprotective proteins through bind-
ing to antioxidant response elements (AREs) in the pro-
moter or enhancer regions of these genes [1, 2,]. Due to its
cytoprotective functions, Nrf2 is required for skin protection
under stress conditions [3—5]. This offers interesting phar-
macological perspectives, since topical application of
Nrf2-activating compounds protected from inflammation,
edema, and carcinogenesis [6, 7,]. In addition, Nrf2 acti-
vation promoted wound repair in healing-impaired diabetic
mice [8].

In contrast to the extensively studied Nrf2, there is as yet
little information on the related Nrf3 protein. Nrf3 knockout
(Nrf3-ko) mice do not have an obvious phenotype under
unchallenged conditions [9], but they are more susceptible
to the development of carcinogen-induced T-cell lympho-
blastic lymphoma [10]. The molecular mechanisms under-
lying the increased lymphoma susceptibility are as yet
unknown. A transactivating activity of Nrf3 was described
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upon binding to the promoter of the NAD(P)H dehy-
drogenase quinone 1 (Ngol) gene [11]. Other studies
reported, however, that Nrf3 negatively regulates the
expression of the Nrf2 target genes Ngol and peroxiredoxin
6 (refs. [12, 13,]). Therefore, it is still unclear if Nrf2 and
Nrf3 have similar or antagonistic functions or if Nrf3 exerts
its biological activities in an Nrf2-independent manner. The
latter hypothesis is supported by the identification of Nrf3
targets genes in smooth muscle and colon cancer cells,
which have not been described as targets of Nrf2 (refs. [14,
15,]).

Surprisingly, the role of Nrf3 in keratinocytes has not
been determined, although it is strongly expressed in these
cells in vitro and in normal and wounded skin in vivo [16].
Here we show that Nrf3 is dispensable for wound healing in
mice, but its loss protects keratinocytes from apoptosis
induced by UV-irradiation or other insults. This occurs in an
Nrf2-independent manner and involves Nrf3-mediated
alterations in cell-matrix interactions. These results iden-
tify an unexpected pro-apoptotic function of Nrf3, which
controls the skin’s response to stress conditions.

Results

Nrf3 is dispensable for skin development and
homeostasis

To unravel the function of Nrf3 in the skin, we first ana-
lyzed its expression and found much higher Nrf3 mRNA
levels in the epidermis compared to the dermis of adult
mouse skin (Fig. 1a). While Nrf2 establishes a gradient of
UVB cytoprotection in the murine epidermis with higher
expression in differentiated suprabasal and lower expression
in undifferentiated basal cells [3], Nrf3 was expressed at
much higher levels in basal compared to suprabasal cells
(Fig. 1b). Immunostaining of mouse skin could not be
performed due to the lack of a suitable antibody, but
staining of human skin confirmed the predominant expres-
sion in the basal layer (Fig. 1c). NRF3 is also expressed in
cultured human keratinocytes, where it localizes to the
endoplasmic reticulum (ER) (Fig. 1d). The specificity of the
antibody, which was raised against a peptide located in the
middle of the NRF3 protein and should thus detect full-
length NRF3, as well as a previously described nuclear
cleavage product [14], was verified by staining of cells after
siRNA-mediated NRF3 knockdown (Supplementary
Fig. Sla-c).

Histological analysis of Nrf3-ko mice [9] did not reveal
obvious skin abnormalities, and epidermal thickness, skin
morphology, and keratinocyte proliferation were not affec-
ted (Fig. 1e). The differentiation-specific proteins keratin 14
(K14), K10, K6, and involucrin were normally expressed
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(Fig. 1f), and immunostaining, toluidine blue staining and
flow cytometry demonstrated similar numbers and fre-
quencies of different types of immune cells in the skin of wt
and Nrf3-ko mice (Supplementary Fig. S2a-c).

Nrf3 is dispensable for wound healing in mice

Upon full-thickness excisional wounding, no healing
abnormalities were detected in Nrf3-ko mice as shown by
morphometric analysis of wound closure, length of the
hyperproliferative wound epidermis (HE), area of HE,
proliferation analysis of wound keratinocytes, and histo-
pathological evaluation of the granulation tissue at day 3, 5,
or 7 after wounding (Fig. 2a—f). The only difference was a
slight delay in re-expression of the early differentiation
marker K10 in the wound epidermis, while re-expression of
the late differentiation marker loricrin was not altered
(Supplementary Fig. S3a-c). Delayed K10 expression was,
however, not seen in embryonic (E13.5) skin (Supplemen-
tary Fig. S3d).

Since the rate of wound healing declines upon aging
[17], we also wounded 1-year-old mice. Mice of both
genotypes indeed showed delayed wound closure compared
to young mice (compare Supplementary Fig. S3e and
Fig. 2b), but this was not further affected by Nrf3 deficiency
(Supplementary Fig. S3e-g). Overall, these results demon-
strate that Nrf3 is dispensable for wound healing in mice.

Nrf3 promotes UV-induced apoptosis of
keratinocytes in vivo

Due to the important role of Nrf2 in UV protection [18], we
determined if Nrf3 deficiency affects the UV response of
keratinocytes. When wt mice were irradiated with a phy-
siologically relevant dose of UVB (100 mJ/cm?), Nrf3
expression rapidly declined in the epidermis, followed by a
strong upregulation at 24 h after irradiation (Fig. 3a, left
panel). The UVB-induced downregulation of Nrf3 expres-
sion was confirmed with primary keratinocytes from wt or
heterozygous Nrf3-ko mice (Fig. 3a, right panel).

Extremely few apoptotic cells were detected in non-
irradiated skin of wt and Nrf3-ko mice (Fig. 3b). Their
numbers increased in mice of both genotypes upon irra-
diation with UVB, but to a significantly lesser extent in
Nrf3-ko mice compared to wt controls as determined by
cleaved caspase-3 or TUNEL staining (Fig. 3b, c). This was
also reflected by an increased epidermal thickness of Nrf3-
ko mice at this time point, while the dermal thickness was
not affected (Supplementary Figure S4a-c).

Ultrastructural analysis of UVB-irradiated epidermis
confirmed the surprising reduction in apoptosis in Nrf3-ko
mice. Keratinocytes with a hyperdense cytoplasm and
condensed nuclei that had lost their contact to the basement
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Fig. 1 Nrf3 is expressed in basal keratinocytes, but dispensable for
skin development and homeostasis. a qRT-PCR of epidermal and
dermal RNA for vimentin (Vim), K14 and Nrf3, normalized to Rps29.
b qRT-PCR of RNA from basal and suprabasal layers of mouse tail
skin for Nrf3. RNAs were pooled from five mice per genotype, two
pools were analysed in independent experiments. The efficiency of
basal/suprabasal separation in both experiments (Expl and Exp2) was
verified by analysis of the suprabasal/basal ratio of Sprr2a expression,
a marker for differentiated keratinocytes, as indicated. Expression in
basal keratinocytes was set to 1. ¢ NRF3 immunofluorescence staining
of human skin sections (green), counterstained with DAPI (blue). Bar:
20 um. d NRF3 immunofluorescence staining of HaCaT keratinocytes
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(red), counterstained with ER tracker (green) and Hoechst (blue). Note
the ER localization of NRF3. e Hematoxylin/eosin (H/E; upper panel)
and Ki67 immunohistochemistry staining (lower panel) of sections
from back skin of wt and Nrf3-ko mice. Bars: 10 um (H/E) and 100 pm
(Ki67). The indent shows a higher magnification of the area indicated
with a rectangle. Quantification of the number of Ki67 positive cells/
mm of basement membrane is shown below. f Immunofluorescence
staining of back skin sections for involucrin (Inv), K10, K14, or K6
(red), counterstained with DAPI (blue). Bar: 20 um. Scatter plots in a,
e show mean and standard deviation (S.D.). Each data point represents
results from an individual mouse
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Fig. 2 Nrf3 is dispensable for wound healing. a H/E staining of sec-
tions from 3-day, 5-day, and 7-day wounds of 8-9-week-old mice. E:
Epidermis; Es: Eschar; G: Granulation tissue; HE: Hyperproliferative
wound epidermis; HF: Hair follicle. b—d Morphometric analysis of (b)
percentage of wound closure, (c) length HE, and (d) area HE of 3-day,
5-day, and 7-day wounds. e, f Immunofluorescence staining for BrdU

membrane and to neighboring keratinocytes were seen in wt
mice (Fig. 3d, upper left panel), as well as a large number of
cells that had completed the apoptotic program and had
fully detached from the basement membrane (Fig. 3d, upper
right panel). By contrast, most cells in Nrf3-ko mice lacked
apoptotic features or only showed a slight condensation of
the nucleus without cytoplasmic alterations (Fig. 3d, lower
left panel). Signs of karyolysis were observed in some cells

SPRINGER NATURE

with arrowheads pointing to representative BrdU-positive cells (e) and
quantitative analysis (f) of BrdU-positive cells in the HE of 3-day
wounds. Bars: 500 um (a) and 200 um (f). Scatter plots show mean and
SD in b-d and f. Each data point represents the result from an indi-
vidual wound

without detachment from the basement membrane (Fig. 3d,
lower right panel).

The anti-apoptotic effect of Nrf3 deficiency was also
observed in response to a high dose of solar light (5 J/cm?
UVA plus 1.5J/cm*> UVB; Supplementary Fig. S4d).
However, the reduced apoptosis of Nrf3-deficient epidermal
cells was not associated with a significant reduction in the
number of cells with DNA double strand breaks as revealed
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« Fig. 3 Loss-of-Nrf3 protects keratinocytes from UVB-induced

apoptosis in vivo. a RNA samples from epidermis of mice prior to
and post irradiation with 100 mJ/cm®> UVB (a) or from primary
keratinocytes of wt and heterozygous or homozygous Nrf3-ko mice
prior to and at different time points after irradiation with 10 mJ/cm?
UVB (b) were analyzed by qRT-PCR for expression of Nrf3 relative
to Rps29. b—c: Cleaved caspase 3 (b) or TUNEL staining (c; color
changed from green to red) using sections from untreated (untr) skin
or 1.d or 3 d after irradiation with 100 mJ/cm? UVB. Nuclei were
counterstained with Hoechst (blue). Bar (b, ¢): 100 um. Positive cells
per length epidermis are shown in the scatter plots. d Electron
microscopy of UVB-irradiated epidermis. Upper left: Basal kerati-
nocyte (arrowhead) that has lost cell-cell and cell-matrix contacts
and reveals a hyperdense cytoplasm and a condensed nucleus as a
sign of early apoptosis. Upper right: Debris of a keratinocyte
(arrowhead) at a later stage of apoptosis with complete detachment
from the basement membrane. Lower left: Basal keratinocytes
(arrowheads) from Nrf3-ko mice show only slight condensation and
shrinkage of the nuclei without signs of cytoplasmic alteration.
Lower right: Some swollen and hypo-dense keratinocytes with signs
of karyolysis (arrowheads) in the basal layer of Nrf3-ko mice, but
without detachment from the basement membrane. Bar: 3 pym. e-g
Sections from skin 24 h after irradiation with 100 mJ/cm? UVB were
stained with antibodies against YH2AX, p53 or Ly6G, and the
numbers of YH2AX- or p53-positive keratinocytes or Ly6G-positive
neutrophils per mm epidermis or per area dermis, respectively, were
determined. 15-25 microscopic fields of skin sections per mouse
were analyzed. Bars: 25 um (e, f) and 100 um (g). h RNA from the
skin of wt and Nrf3-ko mice prior to and 24 h after UVB irradiation
was analyzed by qRT-PCR for ///b and /6. RNAs were pooled from
5-6 mice per genotype and treatment group. The result was repro-
duced with RNAs from an independent experiment with different
mice. Arrowheads point to apoptotic keratinocytes (b, ¢, e) or Ly6G-
positive neutrophils (g). E: Epidermis, D: Dermis, HF: Hair follicle.
Scatter plots in a—c and e—g show mean and SD. Each data point
represents the result from an individual mouse

by immunostaining for phosphorylated histone 2AX
(yYH2AX) (Fig. 3e). Furthermore, there was no difference in
the number of p53-positive keratinocytes (Fig. 3f).

UVB-induced neutrophil infiltration was attenuated in
Nrf3-ko mice, and the UVB-induced increase in the mRNA
levels of the pro-inflammatory cytokines interleukin (IL)-1p
and IL-6 was less pronounced (Fig. 3g, h).

The anti-apoptotic effect of Nrf3 deficiency is cell
autonomous and does not depend on altered DNA
damage or repair

To determine whether the reduced UV-induced apoptosis of
keratinocytes in Nrf3-ko mice is a cell autonomous effect,
primary and immortalized keratinocytes were irradiated
with UVB. Indeed, we observed a ~40% reduction of
cleaved caspase 3-positive cells within 24 h after irradiation
of primary keratinocytes from Nrf3-ko mice compared to
cells from wt controls (Fig. 4a), and the reduction was even
more pronounced for immortalized keratinocytes (70-80%
at the 24 h time point) (Fig. 4b). The reduced apoptosis of
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Nrf3-deficient keratinocytes was observed as early as 1h
following irradiation and lasted for at least 30 h (Fig. 4b). It
was confirmed by flow cytometry for annexin V and
determination of cell viability using MTT assay (Fig. 4c, d).
Similar to the situation in vivo, loss-of-Nrf3 did not affect
the number of YH2AX or p53 positive cells within 6-24 h
after UVB irradiation (Fig. 4e, f). This finding suggests that
DNA damage and/or repair are not affected by Nrf3 defi-
ciency and this was confirmed when DNA double strands
were induced by the DNA damage-inducing compounds
camptothecin (CPT) or hydroxyurea (HU) (Fig. 4g).

To determine the human relevance of our findings, we
performed siRNA-mediated knockdown experiments using
primary human foreskin keratinocytes. Although the
knockdown efficiency was only 70-80% at the RNA level
(Fig. 4h), Nrf3 knockdown cells showed reduced UVB-
induced apoptosis compared to cells transfected with siRNA
against the unrelated protein caspase-5, which does not
affect keratinocyte apoptosis [19] (Fig. 4i). UVB irradiation
did not obviously affect the ER localization of NRF3
(Fig. 4j), and we did not even detect nuclear staining in the
presence of the proteasome inhibitor MG132, which stabi-
lizes NRF3 and promoted its nuclear translocation in colon
cancer cells [14].

Nrf3 deficiency does not affect intracellular ROS
levels in keratinocytes and expression of
cytoprotective Nrf2 target genes

Since Nrf2 protects keratinocytes from UV-induced
apoptosis through its effect on ROS detoxification [18],
we determined whether loss-of-Nrf3 affects the levels of
intracellular ROS prior to and after UVB irradiation.
Upon incubation of cells with 2’,7’-dichlorodihydro-
fluorescein diacetate (H,DCFDA) and analysis of 2,7-
dichlorofluorescein (DCF) fluorescence, we found similar
ROS levels in cultured keratinocytes from mice of both
genotypes under basal conditions, as well as upon UVB
irradiation (Fig. 5a). Together with the finding that UV-
induced DNA damage was not affected by Nrf3 defi-
ciency (Figs. 3e, 4e), these data suggest that Nrf3 does
not enhance UVB-induced apoptosis via Nrf2 antagonism
and thus through suppression of cytoprotective Nrf2 tar-
get genes. Indeed, expression levels of Nrf2 and of its
target genes Nqgol, glutathione S-transferase A3 (Gsta3),
and sulfiredoxin 1 (Srxnl) were similar in UVB-irradiated
skin of Nrf3-ko and wt mice. As expected, expression of
these genes was reduced in Nrf2-ko mice (Fig. 5b). Most
importantly, the expression levels of Nrf2 target genes
were similar in Nrf2 single and in Nrf2/Nrf3 double
knockout mice (Fig. 5b), further indicating that Nrf3 does
not antagonize the activity of Nrf2 under these
conditions.
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The anti-apoptotic effect of Nrf3 deficiency is
dependent on cell-matrix adhesion

Nrf3-deficient keratinocytes were also protected from
apoptosis induced by tert-butylhydroquinone, which indu-
ces apoptosis through an increase in mitochondrial ROS, or
by sorbitol, which induces hyperosmotic stress (Fig. 6a).

Official journal of the Cell Death Differentiation Association

However, when apoptosis (anoikis) was induced by treat-
ment with EDTA or EGTA, which chelate divalent cations
or selectively Ca®", respectively, and thus affect cell
adhesion, the percentage of apoptotic cells was similar for
both genotypes. Similar results were obtained with accutase,
which detaches cells through its proteolytic/collagenolytic
activity (Fig. 6b). This finding suggests that Nrf3 deficiency

SPRINGER NATURE
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<« Fig. 4 The effect of Nrf3 on UV-induced apoptosis is cell autono-

mous and independent of DNA damage. Primary (a) or sponta-
neously immortalized keratinocytes from Nrf3-ko mice or their wt
littermates (b—d) were irradiated with 10 mJ/cm? (a—c) or 20 mJ/cm?
(d) UVB. The percentage of cleaved caspase-3 or annexin V positive
cells among all cells was determined by immunofluorescence staining
and counting of 3-6 independent microscopic fields in three different
dishes (a) or by flow cytometry (b, ¢). d Cell viability was deter-
mined using MTT assay 24 h post irradiation. Values were normal-
ized to the signal obtained prior to UV irradiation and are shown as
arbitrary units. e—g Immortalized keratinocytes from Nrf3-ko or wt
mice were irradiated with 10 mJ/cm? UVB (e, f, g) or treated with 0.1
uM camptothecin (CPT) or 3 mM hydroxyurea (HU) (g) and ana-
lyzed at different time points after irradiation or addition of the
compound by flow cytometry for YH2AX (e, g) or by immuno-
fluorescence staining for p53 (f). Scatter plots show mean and SD.
Data points represent results from individual immortalized cell lines
derived from different mice. h, i Primary human keratinocytes were
transfected with siRNAs against NRF3 or caspase-5 (control) and
irradiated with 10 mJ/cm®> UVB. The knockdown was verified by
gqRT-PCR for NRF3 relative to RPL27 (h). Apoptotic cells were
identified by flow cytometry for cleaved caspase 3 (i). j HaCaT
keratinocytes were irradiated with 20 mJ/cm? UVB and cultured in
the presence of absence of MG132 as indicated. Prior to and at
different time points following irradiation they were co-stained with
an NRF3 antibody, Hoechst and Alexa Fluor 488-coupled phalloidin.
All results shown are representatives of at least two independent
experiments

promotes cell adhesion and thereby protects from apoptosis/
anoikis. This was also suggested by the reduced detachment
of the Nrf3-deficient keratinocytes in vivo upon UV irra-
diation that we observed by electron microscopy (Fig. 3d).
Adhesion assays with immortalized keratinocytes indeed
showed strongly enhanced adhesion of cells from Nrf3-ko
mice to collagen I, collagen IV and fibronectin (Fig. 6c¢).
Vice versa, detachment of the cells upon incubation with
trypsin was significantly delayed in the absence of Nrf3
(Fig. 6d). Enhanced adhesion was also seen in human pri-
mary keratinocytes upon NRF3 knockdown (Fig. 6e),
indicating that this is not a secondary effect that results from
long-term Nrf3 deficiency. To determine whether the
adhesion phenotype results from a difference in the matrix
that is deposited by wt versus Nrf3-ko keratinocytes, we
performed adhesion assays using wt murine keratinocytes
plated on matrix deposited by either wt or Nrf3-ko kerati-
nocytes. However, the enhanced adhesion was not or only
mildly affected by the matrix (Fig. 6f), suggesting that Nrf3
controls cell adhesion molecules rather than components of
the matrix.

Since the ultrastructural data also suggested a role of
Nrf3 in cell-cell adhesion, we tested this possibility by
detaching the cells from the dish using dispase, followed by
exposure of the cell sheets to mechanical stress. Fragmen-
tation of the sheets was much less pronounced in the
absence of Nrf3 (Fig. 6g), demonstrating that Nrf3 defi-
ciency indeed promotes cell-cell adhesion.

SPRINGER NATURE

Nrf3 deficiency promotes focal adhesion formation
and cell migration

Consistent with the enhanced cell-matrix adhesion, the
number of focal adhesions (FA) was strongly increased in
Nrf3-deficient keratinocytes as determined by staining for
F-actin using phalloidin or by vinculin or zyxin immuno-
fluorescence staining. FAs were clearly visible already 1 h
after seeding in Nrf3-ko, but not in wt cells (Supplementary
Fig. S5a), indicating that their formation is accelerated. At
24 h after seeding, FA numbers were still increased in Nrf3-
ko keratinocytes, and these cells exhibited particularly large
FAs (Fig. 7a, b). The effect of NRF3 on FA formation is
unlikely to result from direct binding of NRF3 to FA
components, since NRF3 did not localize to FAs in human
keratinocytes (Fig. 7¢).

Since FA size predicts the migratory capability of cells
[20], we performed scratch wounding assays with different
lines of spontaneously immortalized keratinocytes from
wild-type and Nrf3-ko mice, followed by live cell imaging.
Interestingly, velocity, displacement, and perpendicular
movement were strongly increased in Nrf3-deficient cells,
resulting in a higher persistence coefficient (Fig. 7d, e).

Loss-of-Nrf3 affects adhesion signaling in UV-
irradiated keratinocytes

To determine whether the enhanced adhesion of Nrf3-
deficient keratinocytes results from upregulation of integ-
rins, we used flow cytometry to determine the total and cell
surface levels of several integrin subunits, which are highly
expressed by keratinocytes [21]. While surface levels of 1,
a6, and oV integrin were not affected by the loss-of-Nrf3 in
untreated cells, P1 integrin surface levels were mildly
increased after UVB irradiation in Nrf3-ko versus wt cells
and this correlated with enhanced activation of p1 integrin
(Fig. 8a; Supplementary Fig. S5b, c). However, RT-PCR
analysis for p1 integrin and flow cytometry analysis of total
cellular Bl integrin did not reveal obvious differences
between cells of both genotypes (Supplementary Fig. S5d,
Fig. 8a), suggesting that loss-of-Nrf3 does not affect pl
integrin expression, but its internalization, recycling, and/or
activation in UV-irradiated keratinocytes.

To further test this possibility, we determined whether
adhesion signaling is enhanced in the absence of Nrf3 by
analysis of focal adhesion kinase (FAK), a major player in
integrin signaling, which also promotes adhesion-dependent
cell survival [22]. Expression of FAK was mildly reduced in
non-treated keratinocytes of Nrf3-ko compared to wt mice
at the mRNA and protein level (Fig. 8b—d), while the levels
of phosphorylated FAK (Tyr397) were not affected. Con-
sistent with the caspase-mediated cleavage of FAK in
apoptotic cells [23, 24,], levels of total and phosphorylated
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Fig. 5 The effect of Nrf3 on UV-induced apoptosis is independent of
ROS and Nrf2. a Flow cytometry analysis of DCF in non-irradiated
(-UV) immortalized murine keratinocytes from Nrf3-ko and wt mice
and 6 h after irradiation with 10 mJ/cm? UVB. Relative drift of peaks
was measured in two independent experiments with two immortalized
keratinocyte lines of each genotype. Results from a representative

FAK strongly declined upon UVB irradiation in wt kerati-
nocytes, while the reduction was much less pronounced in
Nrf3-deficient cells (Fig. 8b, c). This finding most likely
reflects the reduced UV-dependent apoptosis in the absence
of Nrf3. By contrast, FAK mRNA levels were still lower in
Nrf3-ko compared to wt cells upon UVB irradiation
(Fig. 8d), suggesting that FAK is mainly controlled at the
level of protein stability under these conditions. Impor-
tantly, the ratio of phosphorylated (activated) to total FAK
was enhanced in Nrf3-deficient keratinocytes prior to and in
particular following UVB irradiation.

To determine whether this is only a consequence of
reduced caspase-mediated cleavage of FAK or also of
enhanced adhesion signaling, we repeated the experiment in
the presence of the pan-caspase inhibitor zZVAD. The effi-
cacy of the inhibitor was verified by its capability to reduce
UV-induced apoptosis of wt keratinocytes (Supplementary
Fig. S5e). While total FAK levels were similar in cells of
both genotypes in the presence of zZVAD due to inhibition
of its caspase-mediated cleavage, phosphorylation of FAK
was still much higher in keratinocytes from Nrf3-ko mice
(Fig. 8e, ). Given the anti-apoptotic function of active FAK
[25], this finding may at least partially explain the reduced
apoptosis in Nrf3-deficient cells in response to various
apoptotic stimuli.

Discussion

We identified Nrf3 as an important player in the UV
response of keratinocytes and thus an entirely novel in vivo
function of this poorly described protein.

The biological function of Nrf3 had remained fairly
elusive, since no obvious abnormalities were observed in
unchallenged Nrf3-ko mice [9], and we confirmed this for
the skin in this study. In spite of the upregulation of Nrf3
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experiment are shown. b Nrf3-ko, Nrf2-ko, Nrf2-ko/Nrf3-ko, and wt
mice were irradiated with 100 mJ/cm?> UVB. Epidermal RNA from
skin 24h after UVB irradiation was analyzed by gqRT-PCR for
expression of Ngol, Srxnl, GstA3, and Nrf2 relative to Rps29. Scatter
plots show mean and SD. Each data point represents the result from an
individual mouse

mRNA levels in the wound epidermis [16] and the
enhanced migration of Nrf3-deficient cultured keratinocytes
(this study), wound healing was not affected by the loss-of-
Nrf3. However, preliminary immunofluorescence data of
human wounds suggest that NRF3 protein is downregulated
in migrating wound keratinocytes, possibly to allow faster
migration. Therefore, a further reduction may not have an
additional effect.

The most striking finding of our study was the strong
reduction in UVB-induced cell death in the absence of Nrf3,
indicating that endogenous Nrf3 enhances UVB-induced
keratinocyte apoptosis. Therefore, the downregulation of
Nrf3 expression that we observed in response to UVB
irradiation may prevent excessive UVB-induced apoptosis.

Our results suggest that Nrf3 does not exert its pro-
apoptotic function through Nrf2 antagonism, since neither
the levels of ROS nor DNA damage were affected by Nrf3
deficiency. In particular, the lack of Nrf3 did not affect the
expression of several cytoprotective Nrf2 target genes. This
discrepancy to previously published work, which had
described positive or negative regulation of Ngol by Nrf3
(refs. [11-13]), may result from cell type-specific differ-
ences or from differences in the experimental conditions. It
remains to be determined whether the expression of other
Nrf2 target genes is affected by the loss-of Nrf3.

Our data strongly suggest that the effect of Nrf3 on
apoptosis is mediated via Nrf3-dependent alterations in
cellular adhesion. This hypothesis is supported by (i) the
reduced detachment and enhanced adhesion of cultured
mouse and human keratinocytes with Nrf3 knockout or
knockdown, respectively, (ii) the strong cell-cell and cell-
matrix adhesion of Nrf3-deficient keratinocytes in vivo as
shown by ultrastructural analysis, and (iii) the protective
effect of Nrf3 deficiency from apoptosis by various insults,
provided that they do not affect cell adhesion. At the
molecular level, loss of Nrf3 resulted in enhanced levels of
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Fig. 6 Loss-of-Nrf3 in keratinocytes protects from apoptosis by
enhancing cell-matrix and cell-cell adhesion. a, b Immortalized ker-
atinocytes from wt and Nrf3-ko mice were treated with tBHQ, sorbitol,
accutase, EDTA, or EGTA or irradiated with 10 mJ/cm?> UVB. At
different time points post treatment they were analyzed by flow
cytometry for cleaved caspase-3. ¢ Immortalized mouse keratinocytes
were analyzed for adhesion on uncoated plastic or glass dishes or on
dishes coated with collagen type I (Col I), type IV (Col IV), or
fibronectin (FN) in triplicate wells. Adhesion of wt cells on uncoated
dishes was set to 1. d Immortalized keratinocytes were analyzed for
detachment from uncoated plastic dishes. Values obtained for non-
treated wt cells were set to 100. e Human primary keratinocytes were
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transfected with NRF3 or CASPS5 siRNAs. Cell adhesion was analyzed
24h after transfection and 24 h after seeding. Adhesion of cells
transfected with CASP5 siRNA was set to 1. f Immortalized kerati-
nocytes were analyzed for adhesion on dishes coated with matrix
deposited by either wt or Nrf3-ko cells. Adhesion of wt cells on dishes
coated with matrix of wt cells was set to 1. g Representative pictures of
sheets from wt and Nrf3-ko cells after dispase treatment and exposure
to mechanical stress (left) and quantification of fragments (right).
Scatter plots with mean and SD are shown. Data points represent
results from individual immortalized cell lines derived from different
mice or from different siRNA transfection experiments. All results
shown are representatives of at least three independent experiments
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pFAK in untreated and UV-irradiated keratinocytes and also
reduced the UV-induced cleavage of FAK. FAK is involved
in the early steps of adhesion-mediated integrin signaling
that is crucial for the attachment to the ECM and for cell
survival [25]. Furthermore, UV irradiation resulted in
caspase-dependent cleavage of FAK in Madin-Darby kid-
ney cells, and overexpression of FAK increased cell
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survival in response to UV irradiation [26]. Thus, the
enhanced levels of activated Bl integrin and the increased
levels of total and phosphorylated FAK that we observed in
Nrf3-deficient cells after UV irradiation in comparison to wt
cells may at least partially explain the attenuated cell death.
However, additional mechanisms, such as upregulation/
activation of adhesion molecules other than integrins may
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« Fig. 7 Loss-of-Nrf3 in keratinocytes promotes focal adhesion forma-

tion and migration. Immortalized murine keratinocytes were allowed
to attach for 24 h on uncoated plates and stained with Alexa Fluor 488-
coupled phalloidin and vinculin (a) or zyxin (b) antibodies. Repre-
sentative cells of the different genotypes are shown. Large FAs in
Nrf3-ko cells are indicated by arrowheads (a). Quantification of FAs is
shown in the bar graph. All results shown are representatives of at least
two independent experiments. ¢ HaCaT keratinocytes were analyzed
by NRF3 immunofluorescence. The actin cytoskeleton was stained
with Alexa Fluor 488-coupled phalloidin and nuclei were counter-
stained with Hoechst. Magnification bars: 20 um (a—c). All results
shown are representatives of at least two independent experiments. d—e
Immortalized murine keratinocytes were subjected to scratch wound-
ing and analyzed by live cell imaging for 20 h. Five cells from the front
row from a minimum of five movies were analyzed for each genotype.
All results were reproduced with three independent wt and two Nrf3-
ko cell lines in four independent experiments. d Schematic illustration
of parameters analyzed for the quantification of cell migration.
Migrating immortalized murine keratinocytes were analyzed for
velocity (a/time), (b) displacement, (¢) perpendicular movement and
(d) and persistence coefficient (“b”/’a” in e; [35]. Scatter plots with
mean and S.D. are shown. Statistical analysis was performed using 1-
way ANOVA with Tukey’s multiple comparison test

well contribute to this effect. This seems likely, since the
total and surface levels of different keratinocyte integrins, as
well as activation of pl integrin were not altered in non-
irradiated Nrf3-deficient cells, although cell-cell and cell-
matrix adhesion were enhanced.

In the future, it will be important to identify the targets of
Nrf3, which control adhesion signaling and concomitant
cell survival. The latter are likely to be transcriptional tar-
gets of Nrf3, but non-transcriptional functions of Nrf3 in the
control of cell-cell and cell-matrix adhesion cannot be
excluded. Consistent with such a possibility, we found that
NRF3 mainly or exclusively localizes to the ER in human
keratinocytes. Furthermore, both mouse and human NRF3
localize to the ER in other cell types, and nuclear translo-
cation requires proteolytic cleavage [14, 27, 28,]. While our
stainings argue for a role of ER-bound NRF3 in its anti-
apoptotic effect, we cannot rule out that small amounts of
NRF3, which are undetectable by immunostaining, are
cleaved and transported to the nucleus, resulting in tran-
scriptional regulation of target genes. In addition, the
reactivity of the antibody with the nuclear form may be less
pronounced than with the ER form in immunofluorescence
experiments.

Independent of the responsible targets, the pro-
apoptotic function of Nrf3 described in this study is
likely to be of major biological relevance. Thus, we pre-
viously showed that expression of Nrf2 and its target genes
is low in basal, but much higher in suprabasal cells [3]. In
response to UVB irradiation, this distribution allows sur-
vival of suprabasal keratinocytes, thereby preserving skin
integrity. Concomitantly, basal cells are highly susceptible
to UVB-induced apoptosis. This is physiologically
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important, since it prevents the proliferation and accumu-
lation of mutated stem and transit amplifying cells, which
would strongly increase the risk of malignant transfor-
mation. This mechanism may be enforced by the high
abundance of Nrf3 in basal keratinocytes. Therefore, low
levels of Nrf2 combined with higher levels of Nrf3 in stem
and transit amplifying cells of the basal layer are likely to
confer high susceptibility of these cells to UVB-induced
death. This may be particularly important upon irradiation
with low doses of UV where the low levels of Nrf2 may be
sufficient to allow survival. Future studies will reveal if
Nrf3 deficiency affects UV-induced skin carcinogenesis
and if Nrf3 activation can be used for skin cancer
prevention.

Materials and methods
Genetically modified mice

Nrf2-ko and Nrf3-ko mice (both in C57BL/6 background)
were previously described [9, 29,]. Mice were housed and
fed according to federal guidelines, and all animal experi-
ments had been approved by the local veterinary authorities
of Zurich, Switzerland.

Wounding and preparation of wound tissue

Female mice at the age of 89 weeks or ~1 year were
anaesthetized, and two full-thickness excisional wounds, 5
mm in diameter, were made on each side of the dorsal
midline by excising skin and panniculus carnosus as pre-
viously described [30]. Mice were killed at different time
points after wounding. For histological analysis, the com-
plete wounds were excised and either fixed overnight in
95% ethanol/1% acetic acid or in 4% paraformaldehyde/
PBS followed by paraffin embedding, or directly frozen in
tissue freezing medium (Leica Microsystems, Heerbrugg,
Switzerland). Sections (7 um) from the middle of the
wounds were stained with hematoxylin/eosin (H/E) or used
for immunofluorescence/immunohistochemical analysis.
Morphometric analysis of different parameters of the wound
healing process was performed using H/E- or
immunofluorescence-stained sections.

UVB irradiation of mice and cultured cells

Eight- to nine-week-old mice were irradiated with 100 mJ/
cm? UVB as previously described [3] or with a combination
of 5J/cm® UVA and 1.5 J/cm® UVB and killed at different
time points after UV irradiation. Cultured cells were irra-
diated with 10-20 mJ/cm? UVB. Irradiation was monitored
with a UV dosimeter.

Official journal of the Cell Death Differentiation Association
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Fig. 8 Loss-of-Nrf3 enhances adhesion signaling prior to and fol-
lowing UVB irradiation. a Immortalized keratinocytes from wt and
Nrf3-ko mice were permeabilized (total) or not (extracellular) and
stained with antibodies against the integrin subunits 1 or active
integrin 1, either prior to or 24 h after irradiation with 10 m)/em?
UVB and analyzed by flow cytometry. b—d Immortalized keratino-
cytes from wt and Nrf3-ko mice were irradiated with 10 mJ/cm®> UVB
and analyzed by western blotting prior to and 24 h post irradiation for
phosphorylated and total FAK and for a-tubulin (loading control) (b).
The ratios of phosphorylated FAK, respectively total FAK to a-
tubulin, as well as phosphorylated to total FAK are depicted in the
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graphs (¢). The P-FAK positive control (P-FAK pos. ctrl) was obtained
by incubating keratinocytes in fresh EGF-containing culture medium
for 20 min immediately before sampling. Alternatively, cells were
analyzed by qRT-PCR for expression of Fak relative to Rps29 (d). e
Immortalized keratinocytes were treated with 20 uM zVAD before
irradiation with 10 mJ/cm® UVB and analyzed by western blotting 24 h
post irradiation for phosphorylated and total FAK and for a-tubulin.
The ratios of pFAK, respectively total FAK to a-tubulin, as well as
pFAK to total FAK are depicted in the graphs (f). All results shown are
representatives of at least two independent experiments
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Separation of basal and suprabasal keratinocytes

Separation of basal and suprabasal keratinocytes from
mouse tail skin was performed using a previously described
protocol based on chymotrypsin treatment of epidermal
sheets [3].

Immunofluorescence and immunohistochemistry

For immunofluorescence staining of cultured keratinocytes,
cells were fixed for 20 min with 4% PFA, washed twice
with PBS, and non-specific binding sites were blocked with
PBS/12% BSA/0.025% NP-40 for 1 h at room temperature.
Subsequently, cells were incubated overnight at 4 °C with
the primary antibody (Supplementary Table S1A) diluted in
the same blocking solution. After three washes with PBST
(1 x PBS/0.1% Tween 20), they were incubated for 1 h with
secondary antibodies, Alexa Fluor 488-coupled phalloidin
(1:000, Life Technologies, Carlsbad, CA) and Hoechst (1
pg/ml), washed with PBST again and mounted with Vec-
tashield mounting medium (from Vector Laboratories,
Burlingame, CA).

Tissue sections (7 pm) were deparaffinized and rehy-
drated, or fixed with cold methanol (in case of frozen sec-
tions). Non-specific binding sites were blocked with PBS/
12% BSA/0.025% NP-40 for 1 h at room temperature, and
sections were then incubated overnight at 4 °C with the
primary antibodies (Supplementary Table S1A) diluted in
the same buffer. If needed, antigen retrieval was performed
prior to the blocking procedure by cooking in citrate buffer
(1h at 95°C). For immunohistochemistry, endogenous
peroxidase activity was quenched with 3% H,0, for 10 min
prior to blocking. After three washes with PBST (1x PBS/
0.1% Tween 20), slides were incubated for 1h with sec-
ondary antibodies, washed with PBST again and mounted
with Mowiol (Hoechst, Frankfurt, Germany). All secondary
antibodies were from Jackson ImmunoResearch, West
Grove, PA. Sections were photographed using a Zeiss
Imager.A1 microscope equipped with an Axiocam MRm
camera and EC Plan-Neofluar objectives (x10/0.3, x20/0.5)
(Zeiss, Oberkochen, Germany) or a Leica SP8-AOBS
microscope (Leica, Wetzlar, Germany) equipped with a
sCMOS camera (Hamamatsu Orca Flash 4.0; Hamamatsu
Photonics, Hamamatsu, Japan). For data acquisition, we
used the Axiovision 4.6 software from Zeiss or the Leica
LAS X SP8 Version 1.0.

Analysis of cell proliferation by incorporation of 5-
bromo-2’-deoxyuridine (BrdU)

Mice were injected intraperitoneally (i.p.) with BrdU (250
mg/kg in 0.9% NaCl; Sigma) at different time points after

wounding and killed 2 h after injection. Skin samples were
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fixed in 95% ethanol/1% acetic acid. Sections were incu-
bated with a peroxidase-conjugated monoclonal antibody
directed against BrdU (Roche, Rotkreuz, Switzerland), and
BrdU-positive cells were visualized by staining with
diaminobenzidine.

Preparation of keratinocyte lysates and western
blot analysis

Murine keratinocytes were lysed in 400 ul (per 10 cm dish)
of cell lysis buffer (20 mM Tris-HCI, pH 8.0, 2 mM EDTA,
1% Triton X-100, 137 mM NaCl, 10% glycerol, protease
inhibitor (Complete, EDTA-free) and phosphatase inhibitor
(PhosSTOP) (both from Roche). Cells were scraped off the
dish and sonicated. After centrifugation, the protein con-
centration was determined using the bicinchoninic acid
(BCA) kit (Pierce, Rockford, IL). Proteins were then
separated by SDS-PAGE and transferred to a nitrocellulose
membrane. Antibody incubations were performed in 5%
non-fat dry milk in TBS-T (10 mM Tris-HCI, pH 8.0, 150
mM NaCl, 0.05% Tween 20). Membranes were probed with
the primary antibodies (Supplementary Table S1B). Sec-
ondary antibodies were from Jackson ImmunoResearch.
Equal loading and transfer efficiency were confirmed by
Ponceau S staining of the membrane before antibody
treatment.

Electron microscopy

UVB-irradiated mice were lethally anesthetized with
pentobarbital (700 mg/kg) and perfused with 4% PFA in
PBS. Skin samples were kept overnight in fixation solu-
tion, rinsed, and stored in PBS. After washing in 0.1 M
cacodylate buffer pH 7.2 at 4 °C, the specimens were
treated with 2% OsO, for 2 h. After washing, they were
stained in 1% uranyl acetate, dehydrated, and embedded in
araldite resin. Ultra-thin sections (30—60 nm) were pro-
cessed with a diamond knife and placed on copper grids.
Transmission electron microscopy was performed using an
EM109 electron microscope (Zeiss, Oberkochen,
Germany).

Separation of dermis from epidermis of mouse back
skin

Separation of epidermis from dermis was achieved either by
heat shock treatment (30 s at 55-60 °C followed by 1 min at
4 °C, both in PBS), or by incubation for 50-60 min at 37 °C
in 0.143% dispase/DMEM. For dispase treatment the sub-
cutaneous fat was gently scraped off with a scalpel prior to
incubation. Isolated epidermis was either directly snap
frozen and stored at —80 °C, or homogenized and further
processed.
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Staining of mast cells with toluidine blue

After deparaffinization and rehydration, skin sections were
stained with 0.5% toluidine blue, 0.5 N HCI, pH 2.3 for 30
min. After washing with distilled water, sections were
dehydrated and mounted with Eukitt mounting medium
(Sigma). Stained mast cells appear violet or purple.

TUNEL staining

TUNEL assays were performed on paraffin sections of 4%
PFA-fixed UVB-irradiated skin or cultured keratinocytes
using the in situ cell death detection kit (Roche).

Flow cytometry

Dermis and epidermis were separated as described above,
further processed into single-cell suspensions and stained as
described previously [31]. Immortalized keratinocytes were
trypsinized, stained with primary antibodies for 10 min on
ice, washed, and stained with secondary antibodies. Dyes
and antibodies used for flow cytometry are listed in Sup-
plementary Table Slc. Fluorescence was directly measured
by flow cytometry using the BD LSRFortessa or BD
ACCURI C6 PLUS (BD Biosciences, San Jose, CA).

Culture of murine primary keratinocytes

Isolation and cultivation of murine primary keratinocytes
was performed as previously described using 2- to 4-day-
old mice [16]. Cells were seeded at a density of 5 x 10* cells
per cm® on collagen IV (2.5 g/cm?) coated dishes and
incubated for 30min at 37°C/5% CO,. Thereafter the
medium was replaced, and cells were grown to 90% con-
fluency in defined keratinocyte serum-free medium (Invi-
trogen, Paisley, UK) supplemented with 10 ng/ml epidermal
growth factor (EGF) and 107'® M cholera toxin. Sponta-
neously immortalized mouse keratinocytes were obtained
by serial passaging of the primary cells. This resulted in
senescence of most of the cells, but a few foci of immor-
talized cells appeared, and these cells were further passaged.

Determination of intracellular ROS levels
Intracellular levels of ROS were determined in primary and
immortalized keratinocytes using H,DCF-DA (Invitrogen)
as previously described [32].

Cell adhesion assay

Immortalized mouse keratinocytes were seeded into 96-well

plates coated with bovine serum albumin (BSA) or different
concentrations of collagen type I (Roche), collagen type IV
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(Sigma), or fibronectin (Corning, Corning, NY). The assay
was performed as previously described [33].

Preparation of cell-free extracellular matrix from
keratinocytes

Immortalized mouse keratinocytes were seeded into 24-well
plates and grown to confluency. Forty-eight hours after
100% confluency was reached, cells were incubated with
trypsin gold (Promega) for 20 min. Cell-free extracellular
matrix-coated plates were washed with PBS and stored at 4
°C.

Cell detachment assay

Immortalized mouse keratinocytes were seeded into 24-well
plates and incubated with trypsin gold (Promega) for dif-
ferent time periods. After two washing steps with PBS, the
remaining attached cells were stained as described in the
cell adhesion assay.

Sheet formation assay

Immortalized keratinocytes were cultured in culture med-
ium enriched with Ca®* (1.8 mM) in 6-well plates until they
reached confluency. After washing cells twice with 1x PBS
(enriched with 1.8 mM Ca’"), they were incubated in dis-
pase solution (9 mg/ml dispase in 50 mM HEPES, 150 mM
CaCl,, pH 7.4) mixed 1:3 with culture medium. Detached
sheets were transferred into 15 ml tubes containing 4 ml of
1x PBS. Cell sheets were exposed to continuous shaking
using a shaking rotator (30 U/min for 30 s). Resulting sheet
fragments were counted and normalized to initial numbers
before rotating.

RNA isolation and qRT-PCR

RNA from tissue was isolated with Trizol followed by
purification with the RNeasy Mini Kit, including on-column
DNase treatment (Qiagen, Hilden, Germany). RNA from
cultured keratinocytes was extracted directly with the
RNeasy Mini Kit. cDNA was synthesized using the iScript
kit (Bio-Rad Laboratories, Hercules, CA). Relative gene
expression was determined using the Roche LightCycler
480 SYBR Green system (Roche). Primers used for qRT-
PCR are listed in Supplementary Table S2A.

Isolation, culture, and siRNA transfection of human
keratinocytes

Human primary keratinocytes were isolated from foreskin
and cultured up to passage 3 in Keratinocyte-SFM (Invi-

trogen) supplemented with epidermal growth factor and
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bovine pituitary extract. They were grown to 30% con-
fluence in 3.5 cm dishes and transfected with 50 nM 21-mer
siRNA duplexes using INTERFERin (Polyplus, Illkirch,
France). Transfection was repeated after 48 h, followed by a
24 h incubation period. The siRNA duplexes used (all from
Sigma-Aldrich) are listed in Supplementary Table S2B.

HaCaT keratinocytes [34] were cultured in DMEM
supplemented with 10% fetal calf serum and penicillin/
streptomycin.

Methylthiazolyldiphenyltetrazolium bromide (MTT)
assay

Immortalized keratinocytes were grown to 70-80% con-
fluency and treated with mitomycin C (2 ug/ml medium) for
2h. Subsequently, cells were irradiated with 20 mJ/cm?
UVB and 24 h later treated with MTT (2 uM) for 30 min at
37 °C. They were lysed with 150 pl of 0.04 M hydrochloric
acid in isopropanol. After 10 min at RT, 150 ul dH,O was
added and absorption at 590 nm was measured using a
SpectraMAX 190 (Molecular Devices, Sunnyvale, CA).

In vitro cell migration assay

Murine keratinocytes were grown to 100% confluency in
culture medium, and treated with 10 ug/ml mitomycin C for
2 h. One or several scratches were made into the cell layer
using a sterile 200 pl pipette tip. Dead cells and debris were
washed off with pre-warmed PBS, and fresh pre-warmed
culture medium was added. For live cell imaging, cells were
immediately transferred to a microscope equipped with a
Zeiss Axiovert 200 M incubator box. Pictures were acquired
for up to 20 h using Metamorph 7.53.

Finally, five cells from the front row were analyzed with
regard to velocity, displacement (linear distance from
starting to end point), persistence coefficient (as described
in [35]) and perpendicular movement into the scratch.

Statistical analysis

Statistical analyses were performed using Prism version
6.0 software (GraphPad Software, La Jolla, CA). All data
were analyzed using the non-parametric Mann—Whitney U-
test for non-Gaussian distributions. Scatter plots with mean
values and standard deviation are shown in most figures.
*P<0.05, ¥**P<0.005, ***P<0.001.
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