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Abstract

Aging is associated with progressive skin fragility and a tendency to tear, which can lead to severe clinical
complications. The transcription factor NRF2 is a key regulator of the cellular antioxidant response, and phar-
macological NRF2 activation is a promising strategy for the prevention of age-related diseases. Using a com-
bination of molecular and cellular biology, histology, imaging and biomechanical studies we show, however,
that constitutive genetic activation of Nrf2 in fibroblasts of mice suppresses collagen and elastin expression,
resulting in reduced skin strength as seen in aged mice. Mechanistically, the “aging matrisome” results in part
from direct Nrf2-mediated overexpression of a network of microRNAs that target mRNAs of major skin colla-
gens and other matrix components. Bioinformatics and functional studies revealed high NRF2 activity in aged
human fibroblasts in 3D skin equivalents and human skin biopsies, highlighting the translational relevance of
the functional mouse data. Together, these results identify activated NRF2 as a promoter of age-related

molecular and biomechanical skin features.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)

Introduction

Nuclear factor erythroid 2-related factor 2 (NRF2)
is a transcription factor best known for its crucial role
in mediating the cellular antioxidant response
through activation of various cytoprotective target
genes [1—4]. During homeostasis, NRF2 activity is
inhibited by binding to the KEAP1 protein, which
facilitates its proteasomal degradation in the cyto-
plasm. When cells become challenged or stressed,
the accumulation of electrophiles and/or reactive
oxygen species (ROS) disrupts the KEAP1-NRF2
interaction, allowing newly synthesized NRF2 to
enter the nucleus and facilitate the transcription of
its target genes by binding to antioxidant-response
elements (AREs) in their promoter/enhancer regions
[3,5]. The NRF2 pathway has therefore generated
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intense interest as a potential therapeutic target
whose activation may help to prevent diseases
where ROS play a pathological role [6].

Oxidative stress is generally thought to increase
with age and to contribute to multiple age-related
diseases [7,8]. In the skin, aging is typically associ-
ated with reduced synthesis and enhanced degrada-
tion of dermal ECM. This particularly affects the
main ECM components of the skin, such as the col-
lagens type | and Il and elastin, resulting in weaken-
ing of the dermis and overall skin fragility [7,9].
Current dogma suggests that NRF2 activity declines
with age, which may contribute to the corresponding
increase in persistent oxidative stress in many tis-
sues [10]. Therefore, pharmacological activation of
NRF2 is considered as a potential anti-aging strat-
egy [11]. However, the uniformity with which NRF2
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activity changes with age in different tissues or cell
types is unclear, and the consequences of NRF2
activation for skin aging are unknown.

Research on the role of NRF2 in aging and dis-
ease often involves the use of NRF2 activating com-
pounds. These can provide useful insights and also
have therapeutic potential, but their impact on multi-
ple signaling pathways often make the exact contri-
bution of NRF2 difficult to determine. Furthermore,
they lack the ability to distinguish the consequences
of NRF2 activation in specific cell types. Previously,
mice were generated, which allow expression of a
constitutively active form of Nrf2 (caNrf2) in a cell
type- and tissue-specific manner [12,13]. The caNrf2
mutant lacks the binding site for Keap1, but retains
the other functional domains of the protein. This
mutant has been extensively characterized, and
activates Nrf2 to a similar level as in wild-type cells
that are treated with Nrf2 activating compounds
[183—15]. This has also been shown in fibroblasts,
where caNrf2 expression or pharmacological activa-
tion of endogenous Nrf2 leads to suppression of cell
proliferation and induction of cellular senescence
due in part to Nrf2-mediated transcription of matri-
some genes, such as the gene encoding plasmino-
gen activator inhibitor 1 [16]. However, the
mechanisms behind the regulation of other ECM
genes, particularly genes that are negatively regu-
lated by Nrf2, including different collagens [16], are
unknown. In addition, the consequences of these
alterations for skin function remain to be deter-
mined.

Here, we identified over 100 significantly upregu-
lated miRs in skin fibroblasts in response to constitu-
tive Nrf2 activation, with top hits serving to regulate
ECM structure and function by suppressing collagen
and elastin expression. As a consequence, the
mechanical properties of mouse skin were severely
affected, with consequences similar to the skin fra-
gility syndrome seen in aged human skin, which can
become extremely severe in some individuals [17].
Our data suggest that while Nrf2-mediated collagen
suppression may have benefits for scarring and
fibrosis [16], the altered matrix may also aggravate
weakening of the skin and susceptibility to skin tear-
ing, which are commonly associated with advanced
age.

Results

Constitutive activation of Nrf2 in fibroblasts
inhibits collagen deposition in mouse skin

To investigate the impact of constitutive Nrf2 acti-
vation on the production and organization of ECM in
the skin, we made use of mice expressing caNrf2 in
fibroblasts in a Cre-dependent manner (see

experimental procedures) [16]. The expression lev-
els of classical Nrf2 target genes in cultured fibro-
blasts of these mice and the resulting functional
alterations are comparable to those of wild-type cells
that are treated with Nrf2-activating compounds [16].
Therefore, these mice are an ideal model to study
the consequences of Nrf2 activation.

A proteomics analysis of the matrisome from cul-
tured primary fibroblasts from caNrf2 mice had
revealed a strong down-regulation of various colla-
gens compared to control cells [16]. Since collagen
is the most abundant ECM protein, we examined the
impact of caNrf2 on collagen production in vivo
using skin from 10-week-old mice. Total collagen
content was significantly reduced in the skin of
caNrf2 mice, which correlated with a reduction in
skin weight (Fig. 1A). There was also a small differ-
ence in collagen per wet weight (Fig. 1A). Next, we
determined if and how reduced collagen levels in
caNrf2 mice affect histological properties of the skin
from shortly after birth to adulthood. Picrosirius Red
staining of skin sections from control mice at postna-
tal day 2.5 (P2.5) showed very little collagen relative
to adult skin (Fig. S1A). A further reduction of total
collagen fibers was observed in P2.5 caNrf2 mice in
comparison to ColCre-wt (ctrl) mice (Fig. 1B).
Reduced collagen type | deposition in newborn skin
of caNrf2 mice was confirmed by immunofluores-
cence staining (Fig. S1B). Picrosirius Red staining
looked more similar in ctrl and caNrf2 mouse skin by
the time mice reached adulthood (10 weeks), with
caNrf2 mice showing only a small, but non-signifi-
cant reduction in the amount of red/thick collagen
fibers (Fig. 1B). When we examined the pattern of
collagen fibers using Picrosirius Red-stained skin
sections in more detail [18,19], we again found dif-
ferences between ctrl and caNrf2 mouse skin shortly
after birth, particularly in curvature and high-density
matrix parameters, as well as in the overall orienta-
tion of collagen fibers (Figs. S1C and 1C). However,
these differences were no longer detected when
mice reached adulthood (Fig. S1D,E).

For a more thorough investigation of collagen in
the skin of adult caNrf2 and ctrl mice, we examined
fresh, unfixed skin sections using multi-photon
microscopy and second harmonic generation
(SHG). Both forward and backward SHG signals
were obtained (Fig. S1F). The ratio of forward (F-
SHQG) to backward (B-SHG) signals can be used to
gain insight into the relative size and orientation of
collagen fibrils [20,21]. It was significantly lower in
the caNrf2 mouse skin (Fig. 1D), suggesting thinner
fibrils compared to ctrl skin [20,21]. A lower F-SHG/
B-SHG ratio may also indicate that collagen fibers in
caNrf2 skin are oriented more in the lateral direction,
as opposed to the more axially oriented fibers in the
ctrl skin [20,21]. SHG images were also used to
investigate the ECM pattern in adult mouse skin
[18,19]. Unlike Picrosirius Red-stained sections,
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Fig. 1. Constitutive Nrf2 activation in fibroblasts alters collagen deposition and arrangement. (A) Total collagen content,
skin weight and collagen per wet weight measured from two 5 mm diameter back skin biopsies from 10-week-old male
mice. N =5—8 pairs of skin biopsies from different mice. (B) Picrosirius Red staining of back skin from newborn (P2.5) and
adult (10 weeks) mice and quantification of differently sized fibers based on their color: R=red, Y=yellow, G=green.
N = 5-7 skin samples from different mice. (C) Images depicting the orientation of fibers set to color (newborn mice, P2.5).
(D) Representative SHG images of skin sections from ctrl and caNrf2 mice taken in either the forward (F-SHG) or back-
ward (B-SHG) direction. Intensities were used to calculate the F-SHG/B-SHG ratio. N = 4—7 skin samples from different
mice. (E) Images corresponding to those in (D) of the generated mask used to calculate the measurements pertaining to
ECM pattern, and the generated image used to quantify high density fibers. Images were obtained using the TWOMBLI
plugin for Imaged [18]. (F) Analysis of collagen structure and pattern based on images collected using F-SHG. N = 4—7
skin samples from different mice. Values were obtained using the TWOMBLI plugin for Imaged [18]. Bar graphs show
mean + s.e.m. Numbers above bars show exact p-values (Welch'’s t-test (A, D, F) and two-way ANOVA with Sidak’s mul-
tiple comparisons test (B)). Significant differences are indicated in bold. Scale bars = 25 pm.
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fresh/unfixed SHG images showed significantly
more lacunarity in caNrf2 mouse skin (Fig. 1E
and F).

Overall, these results suggest that caNrf2 mice
have reduced collagen deposition, which is associ-
ated with an altered ECM content, organization and
structure in newborn and also adult skin.

mRNA levels of major ECM proteins are reduced
in fibroblasts with activated Nrf2

To see if the reduced ECM deposition in caNrf2
mouse skin results from alterations in the mRNA lev-
els, we re-analysed RNA-seq data from cultured
fibroblasts of these mice [16]. The most strongly
expressed collagen genes in newborn mouse skin
are Col3a1, Col1a2 and Col1a1, followed by genes
coding for collagen VI (Col6a1, Col6a2 and Col6a3)
and collagen V (Col5a1, Col5a2) (Fig. S2A) [22].
Expression of the vast majority of these genes was
reduced in P2.5 caNrf2 mouse skin compared to ctrl
mice, and similar observations were made in whole
skin of adult mutant mice (Figs. 2A and S2B). The
differences were even more pronounced when
examining cultured primary fibroblasts isolated from
newborn mouse skin (Figs. 2A and S2B). By con-
trast, analysis of matrix metalloproteinase (MMP)
mRNA levels showed mixed results, with some
slightly up-regulated, others down-regulated, and
many showing no significant difference (Fig. S2C).
Together, this suggests that the differences in Picro-
sirius Red staining observed in newborn mouse
skin and the reduced collagen deposition by caNrf2
fibroblasts are likely a result of reduced collagen
synthesis by these cells. A significantly reduced
expression of the major skin collagens (Col7aft,
Col1a2, Col3al) was also observed when fibro-
blasts from wild-type mice were treated with different
Nrf2-activating compounds for 24 h (Fig. 2B). This
result further confirms the appropriate activity of the
caNrf2 transgene and shows that regulation of colla-
gen by activated Nrf2 occurs within a short period of
time.

Fibroblasts with constitutively activated Nrf2
express an “aging matrisome”

Reduced collagen levels are a hallmark of aged
skin [17,23,24]. Therefore, we determined if
changes in mRNA levels that occur upon Nrf2 acti-
vation also occur in fibroblasts from wild-type mice
upon aging. Gene set enrichment analysis (GSEA)
of RNA sequencing (RNA-seq) data from caNrf2
fibroblasts [16] identified both up- and down-regu-
lated genes as mildly enriched in published datasets
of fibroblasts isolated from old mice (18 months of
age) (Fig. 2C) [25]. Further analysis of genes making
up the leading-edge subset revealed an enrichment
for upregulated genes involved in cell

morphogenesis, platelet-derived growth factor
receptor (PDGFR) signaling and chemotaxis (Fig.
S3A). In contrast, downregulated "leading edge
genes" encode proteins involved in collagen fibril
organization and organization of the ECM in general,
suggesting that changes in ECM represent one of
the major age-related consequences of constitutive
Nrf2 activation in skin fibroblasts (Fig. S3A). Exami-
nation of gene ontologies associated with upregu-
lated genes in caNrf2 fibroblasts identified immune
system processes and inflammatory response as
the most frequently occurring terms (Fig. S3B). This
is consistent with the chronic low-grade inflamma-
tion often documented in aged skin [26]. It also
matches our previous observations that showed
increased CD45" immune cells in the skin of caNrf2
mice, and reduced CD45" cells in mice with Nrf2-
deficient fibroblasts [16]. Together, these results
strongly suggest that Nrf2 activates a number of
genes in fibroblasts that can affect age-related phe-
notypes.

To examine how caNrf2-induced changes in the
production of ECM compare to that of fibroblasts
from aged mouse skin, GSEA was performed using
a filtered dataset from old skin fibroblasts of wild-
type mice [25] that included only matrisome genes
[27]. Both up- and downregulated genes in caNrf2
fibroblasts were strongly and significantly enriched,
and to a much greater extent than when all genes
were included (Fig. 2C). This suggests that constitu-
tive Nrf2 activation mainly affects expression of
ECM genes associated with aging.

Closer examination of leading-edge genes
showed collagens and proteoglycans to be generally
reduced, while upregulated genes were more often
those encoding ECM regulators and other secreted
factors (Fig. 2C). This was confirmed at the protein
level by re-analyzing data generated from proteomic
analysis of ECM deposited by caNrf2 fibroblasts
[16], which showed the major skin collagens were
reduced in the matrisome of caNrf2 fibroblasts
(Fig. 2D), while MMP and TIMP levels in the depos-
ited matrix were not or only mildly altered (Fig. S2D).
The reduced expression of Col1al, Col1a2 and
Col1a3 in aged skin was confirmed by quantitative
real-time PCR (gRT-PCR) using RNA isolated from
the skin of old mice (20 months), which showed sig-
nificantly reduced expression of these genes com-
pared to young (10 weeks) controls (Fig. 2E).

Age-related changes in skin collagen mimic
those seen in young caNrf2 mouse skin

To see how the ECM in aged skin of wild-type
mice compares to caNrf2 mouse skin at the protein
level, we performed a similar biochemical and imag-
ing analysis of ECM/collagen content as was done
on caNrf2 mouse skin. Similar to caNrf2 mouse skin,
total collagen content was significantly lower in the
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Fig. 2. caNrf2 fibroblasts express a matrisome with similarities to aged skin. (A,B) gRT-PCR for different collagens
using RNA from whole skin of adult mice (ctrl vs. caNrf2), newborn mouse dermis (ctrl vs. caNrf2), primary skin fibroblasts
(ctrl vs. caNrf2) and wild-type primary fibroblasts treated with the Nrf2 activating compounds tBHQ (50 wM) or CDDO-Im
(5 nM) for 24 h. N = 4—8 skin samples or cell cultures from different mice. (B) Genes regulated in caNrf2 vs. ctrl fibroblasts
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skin of old (20 months) compared to young (10
weeks) wild-type mice, and also corresponded to
reduced skin weight and a reduction in collagen per
wet weight (Fig. 3A). However, no difference was
observed in the thickness of the dermis between
aged and young mouse skin (Fig. S4A). This is simi-
lar to what we have shown previously for 10-week-
old caNrf2 mice, which show similar skin thickness
compared to ctrl mice of the same age [16]. Analysis
of Picrosirius Red-stained skin sections also
revealed similar dermal matrix patterns in old and
young mice (Fig. S4B). When aged skin was exam-
ined using SHG, we observed a similar decrease in
the F-SHG/B-SHG ratio as seen in young caNrf2
mice, which may also point toward more laterally ori-
ented fibers and thinner fibrils in aged skin (Figs. 3B
and S4C) [20,21]. Like caNrf2 mice, detailed analy-
sis of the ECM pattern showed a significant increase
in collagen lacunarity (Figs. 3C and S4D). In sum-
mary, age-related changes in skin collagen of aged
wild-type mice strongly mimic those seen in the skin
of young caNrf2 mice.

Prolonged Nrf2 activation reduces skin strength
and stiffness reminiscent of aged skin

Collagens make up the majority of ECM protein in
the skin, and collagen organization at different
length scales largely determines the mechanical
properties of the tissue [28—30]. Therefore, we
investigated the functional consequences of age-
related changes in skin collagen by examining the
biomechanical properties of skin from old vs. young
wild-type mice and from young caNrf2 vs. ctrl mice.
Strips of freshly excised murine back skin were
stretched along the head-tail axis in a saline bath
while measuring the applied force (Fig. 3D). Skin
was first stretched to a predefined physiological
force level and then held for 10 min to measure its
relaxation (Fig. 3D, Movie S1). With the same force
level applied, skin from old mice stretched to a simi-
lar distance as skin from young adult mice, and ten-
sion after 10 min of relaxation was similar (Fig. 3E).
The results were similar when comparing 10-week-
old caNrf2 mice to ctrl mice of the same age
(Figs. 3E and S4E). To examine the response of the
skin to changes in osmolarity, the saline bath was

changed from an isotonic saline to a hyper- or hypo-
tonic solution 2 min after the start of relaxation, and
the specimens further relaxed in the respective solu-
tion until the end of the relaxation experiment. Skin
from old mice responded to changes in osmolarity to
a lesser extent compared to skin from young mice;
however, this difference did not reach statistical sig-
nificance (Fig. 3F and G). The difference was more
pronounced in skin from caNrf2 vs. ctrl mice, and
the change in relative tension in response to a
hyper- or hypotonic bath was significantly different
to the control group (Figs. 3F,G and S4F, Movie S2).
This suggests a lower fixed charge density in the
skin of old wild-type mice and young caNrf2 mice,
possibly due to the amount and composition of gly-
cosaminoglycans, and/or proteoglycans [31—33].
Indeed, several proteoglycans were down-regulated
at the RNA and protein levels in caNrf2 fibroblasts
(Fig. 2C,D).

After relaxation, the skin samples were unloaded,
then loaded again to the point of rupture, to charac-
terize the whole tension-stretch curve up to rupture
(Movie S3). Both caNrf2 skin and skin from old mice
failed with significantly less force than their respec-
tive controls (Figs. 3H and S4G). This is despite the
fact that the stretch at rupture was similar in all cases
(Figs. 3l and S4H), indicating a similar skin disten-
sibility. The tension-stretch curves during loading to
rupture show that young adult mice - both wild-type
mice and the ctrl mice of the caNrf2 colony - have
the typical “J” shape, due to stiffening associated
with progressive collagen fiber recruitment and elon-
gation. By contrast, old wild-type mice and young
caNrf2 mice showed a flatter curve (Figs. 3J and
S4l). In summary, the changes of the biomechanical
properties of young skin in response to constitutive
Nrf2 activation in fibroblasts display characteristics
that are strikingly similar to those that occur during
aging in wild-type mice.

Nrf2 regulates microRNA expression in skin
fibroblasts

While there are a few examples of Nrf2 acting as a
repressor of transcription [34], Nrf2 primarily acti-
vates gene expression [3]. Therefore, we hypothe-
sized that Nrf2 induces the expression of

subjected to GSEA against gene sets from skin fibroblasts of old (18 months) vs. young (2 months) mice [25]. Analyzes
are included for all differentially regulated genes and specifically for matrisome genes. Normalized enrichment score
(NES) is shown along with p value (P) and FDR g-value (FDR). The distribution of the different matrisome categories
within each leading-edge subset, as well as the top 25 leading edge genes, are shown for both GSEA performed using
matrisome genes. (C) Distribution of different categories of matrisome proteins that are differentially abundant in the matri-
some of cultured caNrf2 vs. ctrl fibroblasts (both up and down). (D) qRT-PCR for different collagens using RNA samples
from the skin of young (10 weeks) vs. old (20 months) mice. N = 5 samples from different mice. Bar graphs show mean +
s.e.m. Numbers above bars show exact p-values (Welch’s t-test (A,E), Two-way ANOVA with Sidak’s multiple compari-

sons test (B)). Significant differences are indicated in bold.
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Fig. 3. Skin biochemical and biomechanical properties of caNrf2 mice mimic those of aged mice. (A) Total collagen
content and weights measured from two 5 mm diameter back skin biopsies from young (10 weeks) or old (20 months)
male mice. N = 6 pairs of skin biopsies each taken from different mice. (B) Representative SHG images of skin sections
from young and old mice taken in either the forward (F-SHG) or backward (B-SHG) direction. Intensities were used to
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microRNAs (miRNAs, miRs), which may target colla-
gens. miR-sequencing (miR-seq) identified 117 sig-
nificantly upregulated and 103 significantly
downregulated miRs in early passage caNrf2 fibro-
blasts compared to controls (Figs. 4A and S5A,
Table S1). Interestingly, the most strongly upregu-
lated miRs are predicted to target the mRNAs of a
number of matrisome proteins that are down-regu-
lated in caNrf2 fibroblasts at both the RNA and pro-
tein levels (Fig. 4B). The members of the miR-29
family, which have previously been identified as Nrf2
targets in keratinocytes [35], and which are known
to target ECM genes in fibroblasts [36], were only
slightly elevated in caNrf2 fibroblasts (miR-seq) and
showed no significant difference when examined
using gqRT-PCR (Table S1, Fig. S5B). This suggests
cell type-specific differences in the regulation of
miRs by Nrf2. However, other miRs were strongly
regulated by caNrf2 in fibroblasts. Of these, miR-
138-5p and miR-129-5p were selected for further
study, since they were the most upregulated miRs
that also have human orthologues. Strong overex-
pression of both miR-138-5p and miR-129-5p in
caNrf2 fibroblasts was confirmed using gRT-PCR
(Fig. 4C). Expression of these miRs was also upre-
gulated in wild-type fibroblasts after a 24 h treatment
with the Nrf2-activaging compound tert-butylhydro-
quinone (tBHQ) (Fig. 4D). To investigate whether
the genes encoding these miRs are direct transcrip-
tional targets of Nrf2, genomic DNA upstream of the
miR coding regions was examined for Nrf2 binding
sites (AREs). For both miR-138-5p and miR-129-5p,
stem-loops coding for their corresponding mature
miR exist on two separate locations in the genome.
miR sequencing results suggested that the bulk of
miR-138-5p originated from the miR-138-1 stem-
loop on chromosome 9, and miR-129-5p from the
miR-129-2 stem-loop on chromosome 2 (Fig. S5C).
Multiple AREs were identified upstream of the stem-
loop sequences of all of the most strongly upregu-
lated miRs, including miR-138-1 and miR-129-2,
indicating that the genes encoding these miRs could
be direct Nrf2 targets (Figs. 4E,F and S5D). Chro-
matin immunoprecipitation (ChIP) confirmed that
Nrf2/caNrf2 indeed bind to these ARE sequences to
a similar extent as to the ARE of the classical Nrf2
target gene NADP(H) quinone dehydrogenase 1
(Nqo1), and this was more pronounced in caNrf2 vs.

ctrl fibroblasts (Fig. 4G). Expression of miR-129-5p
was also significantly elevated in the dermis of
caNrf2 mice, while miR-138-5p showed little differ-
ence to control mice (Fig. 4H). This may be
explained by the expression of miR-138-5p in other
cell types of the dermis. Indeed, expression of Nqo1
also showed little difference between genotypes, as
its expression in other cells likely dilutes the
expected increase in fibroblasts (Fig. 4H). To test
this hypothesis, we mated caNrf2 mice with mice
expressing green fluorescent protein (GFP) in fibro-
blasts and sorted the GFP-positive cells from new-
born dermis. Expression of both miRs and of Nqo1
was indeed significantly upregulated in GFP-positive
cells of caNrf2 mice (Fig. 4H). In situ hybridization
confirmed the in vivo expression of miR-138-5p and
miR-129-5p in the vast majority of caNrf2 mouse
dermal fibroblasts (Figs. 41 and S5E), but not in fibro-
blasts of ctrl mice (Fig. S5E). Taken together, these
results show that Nrf2 regulates the expression of a
multitude of miRs in skin fibroblasts in vitro and in
vivo, and suggest that many of them are direct Nrf2
targets.

Nrf2-regulated miRs suppress collagen and
elastin expression

To determine whether Nrf2-regulated miRs indeed
suppress the expression of certain matrisome pro-
teins, caNrf2 fibroblasts were treated with inhibitors
(anti-miRs) against miR-138-5p and miR-129-5p.
This caused a strong downregulation of these miR-
NAs (Fig. S6A), but the mRNA levels of the major
skin collagens (Col1a1, Col1a2 and Col1a3) failed
to show significant increases (Fig. 5A). A likely
explanation is that the large number of miRs upregu-
lated upon activation of Nrf2 act collectively to sup-
press collagen expression, with a number of miRs
able to compensate for the inhibition of a single miR.
Indeed, analysis of all significantly upregulated miRs
in caNrf2 fibroblasts showed that most of them are
predicted to target one or more of the collagen
mRNAs that are downregulated in caNrf2 fibroblasts
(Fig. 5B). The potency of these miRs to suppress
collagen expression was demonstrated when wild-
type fibroblasts were transfected with individual
mimics for miR-138-5p and miR-129-5p. Both miR
mimics strongly reduced the mRNA levels for the

calculate the F-SHG/B-SHG ratio. N = 6 skin samples from different mice. Scale bars = 25 pum. (C) Analysis of collagen
structure and pattern based on images collected using F-SHG. N = 6 skin samples from different mice. Values were
obtained using the TWOMBLI plugin for Imaged [18]. (D) Example image of back skin attached to the stretching appara-
tus. The part of the skin locally being examined is included in the red circle. (E—I) Quantification of the local stretch at
peak tension before relaxation (0.1 N mm~") (E), tension change over time following initial stretch to peak tension (F), rel-
ative change in tension in response to changes in osmolarity (G), nominal tension at rupture (H), and local stretch at rup-
ture (l). N = 12—25 skin samples from 3-5 mice per group. (J) “J-shaped” curves of nominal tension to stretch up to
rupture. N = 12—25 skin samples from 3 to 5 mice per group. “J” curves represent the change in tension relative to the
amount of stretch up to the point of rupture. N = 12—25 skin samples from 3 to 5 mice per group. Bar graphs show mean
+ s.e.m. Numbers above bars show exact p-values (Welch'’s t-test). Significant differences are indicated in bold.
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Fig. 4. Nrf2 regulates collagen-targeting miRs in fibroblasts. (A) Top upregulated miRs in caNrf2 vs. ctrl fibroblasts
identified by miR-seq, not including star sequences or miRs with LogCPM < 1.2. Full list is shown in Table S1. (B) Top 10
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Fig. 5. Nrf2-regulated miRs collectively control ECM gene expression in fibroblasts. (A) qRT-PCR for Col1a1, Col1a2
and Col3a1 using RNA from ctrl and caNrf2 fibroblasts treated with miR inhibitors. N = 5—8 cell cultures from different
mice. (B) Map of all significantly upregulated miRs in caNrf2 fibroblasts connected to collagen mRNAs that are predicted
targets (TargetScan mouse). (C) gRT-PCR for major collagens using RNA from wild-type fibroblasts treated with miR
mimics. N = 4—7 cell cultures from different mice. Bar graphs show mean + s.e.m. Numbers above bars show exact p-val-
ues (One-way ANOVA with Dunnett’s multiple comparisons test, scr vs 138 mimic/inhibitor vs 129-5p mimic/inhibitor).
Significant differences are indicated in bold.

major skin collagens (Fig. 5C). miR-138-5p and miR-
129-5p mimics also suppressed the mRNA levels of
the proteoglycans asporin (Aspn) and fibulin 5
(Fbinb5), while expression of biglycan (Bgn) and
Sparc was not affected (Fig. S6B). Interestingly,
these miR mimics also strongly suppressed elastin
(Eln) expression (Fig. S6C), which is consistent with

fibroblasts (Fig. S6C). Nrf2-regulated miRs may
therefore additionally impact ECM structure and
function in the skin by regulating the levels of certain
proteoglycans and of elastin. Together, these data
suggest that Nrf2 regulates a large network of miRs
in fibroblasts that work collectively to suppress the
expression of ECM proteins, particularly collagens

the strong down-regulation of elastin in caNrf2  and elastin, in the skin.

miRs pointing to predicted mRNAs targets. These miRs are also significantly downregulated in caNrf2 fibroblasts. Black
and grey arrows point to predicted targets for each miR. Black arrows correspond to miR-138-5p and miR-129-5p. (C, D)
gRT-PCR for miR-138-5p and miR-129-5p using RNA from caNrf2 (c) and wild-type fibroblasts treated with tBHQ (50 wM)
for 24 h (D). N = 4—8 cell cultures from different mice. (E, F) Sequences and locations of AREs identified upstream of the
miR-138-1 and miR-129-2 coding sequences. (G) ChIP showing Nrf2 binding to identified AREs in miR genes. Nqo7 was
used as a positive control. N = 4—9 immunoprecipitations. (H) gRT-PCR for miR-138-5p and miR-129-5p using RNA from
newborn mouse dermis and isolated GFP-positive dermal fibroblasts. N=4-6 tissue samples or cell cultures from different
mice. (I) In situ hybridization for miR-138-5p and miR-129-5p using sections from newborn mouse skin. Positive signals
appear brown. Sections were counterstained with hematoxylin (blue). Scale bars = 50 pm (left) or 25 pm (right). Bar
graphs show mean + s.e.m. Numbers above bars show exact p-values (Welch’s t-test). Significant differences are indi-
cated in bold.
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Nrf2-regulated miRs target collagen mRNAs

The production of collagen is heavily regulated by
the differentiation of fibroblasts into myofibroblasts,
which occurs for example during wound healing and
when fibroblasts are isolated and cultured on a stiff
surface [37]. We therefore examined whether the
suppression of collagen via Nrf2-regulated miRs is a
direct effect, or a result of inhibited myofibroblast dif-
ferentiation. The morphology of cultured primary
mouse skin fibroblasts was not affected by treatment
with mimics of miR-138-5p or miR-129-5p, and in all
cases, alpha smooth muscle actin (a-SMA) localized
to stress fibers as is typical for differentiating fibro-
blasts in culture (Fig. 6A). The contractile ability of
these cells, a characteristic trait of myofibroblasts,
was not reduced upon treatment with mimics. In the
case of miR-138-5p, collagen gel contraction was
even mildly, but significantly promoted (Fig. 6B).
Expression of the Acta2 gene (encoding «-SMA)
was also not reduced following treatment with miR
mimics (Fig. 6C). Together, these results strongly
suggest that miR-138-5p and miR-129-5p do not
suppress ECM/collagen expression by inhibiting
myofibroblast differentiation, but rather act by
directly targeting collagen mRNAs.

To test this possibility, we examined the mRNAs
of two major skin collagens that were most strongly
downregulated following treatment with miR mimics:
Col1a1 and Col3a1. Multiple miR binding sites were
predicted in the 3-UTR of the Col1a1 and Col3«x1
mRNAs (DNA sequence shown in Fig. 6D,E and
Table S2). We therefore transfected HEK 293T cells
with a luciferase reporter plasmid encoding the full-
length 3'-UTR of either Colla1 or Col3a1. Cells
transfected with any of these plasmids showed sig-
nificantly lower luciferase activity upon co-transfec-
tion with miR-138-5p or miR-129-5p mimics
compared to cells co-transfected with scrambled
control (Fig. 6D—G). The effect of the miR mimics
was abolished upon mutation of at least one of the
predicted binding sites within the Collal and
Col3a1 3-UTRs (Fig. 6D—G). These results confirm
that both Nrf2-regulated miRs bind to the 3’-UTRs of
collagen mRNAs, demonstrating that they directly
regulate the expression of these collagens.

Aged human skin fibroblasts possess a
matrisome similar to caNrf2 fibroblasts

To investigate the translational relevance of our
findings, we determined how the aging matrisome in
caNrf2 fibroblasts relates to what is observed in
aged skin fibroblasts in humans. Therefore, we per-
formed GSEA using published fibroblast datasets
generated from different fibroblast subpopulations
that were identified in aged human skin using single
cell RNA-seq (Fig. 7A) [38]. Enrichment was
observed for up- and downregulated genes in

certain fibroblast subpopulations, however the stron-
gest enrichment was observed in 3 out of 4 fibroblast
subpopulations when gene sets were filtered to
include only matrisome genes (Fig. 7A). Examina-
tion of leading-edge genes again shows the downre-
gulation of genes encoding skin collagens (e.g.
COL1A2, COL3A1, COL5AT) as a primary feature of
the matrisome in aged fibroblasts (Fig. 7A). There-
fore, NRF2-mediated expression of the aging matri-
some may further promote age-related changes in
the majority of human fibroblasts, in particular when
NRF2 gets activated by intrinsic or extrinsic cues,
such as UVA irradiation [39].

To see if NRF2-regulated targeting of collagens by
miRs is conserved in humans, we treated human
fibroblasts with mimics for both miR-138-5p and miR-
129-5p. Indeed, the mRNA levels of many of the major
skin collagens were significantly reduced by this treat-
ment (Fig. 7B). Furthermore, analysis of upregulated
miRNAs in caNrf2 fibroblasts, most of which are con-
served in humans, showed that many of these miRs
are also predicted to target mMRNAs for the major skin
collagensin humans (Figs. 7C and S7).

NRF2 is activated in human skin fibroblasts
upon aging

To more closely examine how aging affects NRF2
activity in fibroblasts in the context of the skin, we
modelled human skin in vitro by generating skin
equivalents with normal human dermal fibroblasts
(NHDF) isolated from skin of old and young individu-
als together with normal human epidermal keratino-
cytes (NHEK). Staining of these skin equivalents
with an antibody against phosphorylated NRF2,
which detects activated NRF2 in the nucleus,
showed a tendency towards stronger staining in
nuclei of aged fibroblasts (Fig. 7D). To quantify the
activity of NRF2 in these skin equivalents, we iso-
lated RNA and analyzed the expression of four clas-
sical NRF2 target genes. The mRNA levels of
NQO1 and of glutamate cysteine ligase catalytic
and modifier subunit (GCLC and GCLM) were
indeed significantly higher in skin equivalents con-
taining fibroblasts isolated from aged vs. young indi-
viduals, and expression of sulfiredoxin 1 (SRXNT)
was also mildly elevated (Fig. 7E).

Finally, we examined sections from healthy
human skin taken from individuals of different ages
(sun-exposed head/neck area) for evidence of
NRF2 activation. Immunohistochemical analysis of
pNRF2 showed nuclear staining in dermal cells (i.e.
mainly fibroblasts, excluding epidermis, hair follicles,
vessels) in all samples with obvious interindividual
differences. Importantly, however, the highest num-
ber of pNRF2-positive cells in the dermis was
observed in skin from individuals 70 years of age
and older, independent of the gender (Fig. 7F,G).
These results challenge the view that NRF2 activity
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Fig. 6. Nrf2-regulated miRs directly suppress collagen expression. (A) Immunofluorescence staining of fibroblasts
transfected with 138-5p and 129-5p miR mimics or scrambled (scr) control for «SMA (green), combined with phalloidin
staining of the actin cytoskeleton (red) and Hoechst staining of nuclei (blue). (B) Collagen gel contraction by wild-type
fibroblasts treated with miR mimics or scr control. N = 3 cell cultures from different mice. (C) qRT-PCR for Acta2 using
RNA from wild-type fibroblasts treated with miR mimics or scr control. N = 4-5 cell cultures from different mice. (D, E)
3’'UTR of Col1at and Col3a1 with the miR binding sites in the corresponding mRNA and mutated sequences for (D) miR-
138-5p and (E) miR-129-5p binding sites. Red bases indicate the mutated sequence in the 3’'UTR and corresponding
position within the miR seed sequence. (F,G) Results from dual luciferase assay using lysates of fibroblasts transfected
with reporter constructs harboring the wild-type 3'UTR of Col7a7 and Col3a7 and mutated versions, following transfection
with mimics of (F) miR-138-5p or (G) miR-129-5p or scr control. N = 4—6 transfections. Bar graphs show mean + s.e.m.
Numbers above bars show exact p-values vs. scr (B, C: One-way ANOVA with Dunnett’s multiple comparisons test, F, G:
Two-way ANOVA with Sidak’s multiple comparisons test). Significant differences are indicated in bold. Scale
bars =50 pm.
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increased NRF2 activity in aged dermal fibroblasts. . o )
Therefore, NRF2 activation in skin, either through We discovered that Nrf2, which is mainly known
endogenous stimuli or via UVA-induced or pharma-  for its role in the cellular redox homeostasis, regu-
cological activation, may exacerbate age-related !ates ECM synthesis in fibroblasts by - direct

phenotypes in ECM production, organization and transc!'iptional regu_lation of miR genes and corre-
overall skin function. sponding upregulation of miRs. Nrf2-regulated miRs
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Fig. 7. Activation of NRF2 in fibroblasts of aged human skin. (A) Genes regulated in cultured caNrf2 vs. ctrl fibroblasts
subjected to GSEA against gene sets from fibroblasts of different human fibroblast sub-populations in aged human skin in
vivo [38]. Analyses are included for all differentially regulated genes and also for differentially regulated matrisome genes.
Normalized enrichment score (NES) is shown along with nominal p value (P) and FDR g-value (FDR). (B) qRT-PCR for
major skin collagens using RNA from human fibroblasts from 3 donors following treatment with miR mimics. (C) Lists of
Nrf2-regulated miRs that are predicted to target human collagen mRNAs (TargetScan human). (D) Representative immu-
nofluorescence images of pNRF2 on skin equivalents with fibroblasts from a young and an old human subject stained for
pNRF2 using immunofluorescence (red). Nuclei were counterstained with Hoechst (blue). The area indicated with a white
rectangle is shown at higher magnification on the right-hand side. (E) gRT-PCR for NQO1, GCLC, GCLM, SRXN1 using
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immunofluorescence images of pNRF2 on sections from healthy human skin of male and female subjects of different
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directly suppressed the expression of the major skin
collagens as well as certain proteoglycans and elas-
tin in fibroblasts. This correlated with significant
alterations in the biomechanical properties of the
skin, and mimicked age-related skin phenotypes.

Many collagen-related factors have been shown
to influence skin biomechanics, such as the total
amount of collagen, the relative amounts of different
collagens, the organization of collagen fibers, their
re-organization under mechanical loading, and the
degree of collagen cross-linking [40—42]. This is
highlighted in hypertrophic scars, which display dif-
ferent stiffness and strength associated with altered
collagen content, a different proportion of various
collagens, and altered collagen organization when
compared to healthy skin [43,44]. In the present
work, we show that the total amount and microstruc-
ture of collagen is altered in caNrf2 skin and interpret
this as the main cause of biomechanical differences
between the two types of skin, since it is in line with
the existing understanding of collagenous tissue bio-
mechanics [43,44].

Recent results have unraveled a role for Nrf2 in
regulating the ECM [45]. This effect can be indirect
through suppression of ROS levels, but direct tran-
scriptional activation of certain matrisome genes by
Nrf2 has also been demonstrated [16]. While early
experiments using Keap1 knockout mice showed
that Nrf2 can regulate the expression of genes in
keratinocytes that code for proteins of the cornified
envelope [46], which is considered as a special type
of ECM [47], our findings show that Nrf2 regulates
major ECM genes that are characteristic for dermal/
connective tissue, in particular collagens. Tradition-
ally, the connection between Nrf2 and ECM synthe-
sis has largely been viewed in the context of fibrosis
and ROS-mediated transforming growth factor-p
signaling [48]. Indeed, reduced Nrf2 activity and the
resulting redox imbalance have been observed in
fibrosis of multiple organs, and restoration of redox
balance is considered a priority for prevention or res-
olution of this pathology [48,49]. This has been dem-
onstrated, for example, for the autoimmune disease
systemic sclerosis (SSc), which results in fibrosis of
skin and internal organs. Reduced expression and
activity of NRF2 was detected in skin fibroblasts
from SSc patients and from an SSc mouse model
[50]. Furthermore, the fibrotic phenotype in this
model aggravated in an Nrf2 knockout background
[50]. While we did not observe obvious macroscopic
differences in internal organs from caNrf2 mice, the
expression of caNrf2 in mesenchymal cells may

have important consequences for these organs as
well, particularly under pro-fibrotic conditions. This
important aspect should be addressed in future stud-
ies. While the loss of Nrf2 promotes fibrosis, our pre-
vious work has shown that Nrf2 activation in
fibroblasts reduces scarring following skin wounding
[16]. This is likely the consequence of the miRNA-
dependent down-regulation of collagens identified in
the present study.

While the anti-fibrotic effect of Nrf2 activation is
beneficial, our results show that Nrf2 regulation of
the ECM impairs the biomechanical properties of the
skin. Skin tearing in the elderly is a significant clinical
problem, and can even lead to chronic wounds [51].
When compared to ctrl mice, caNrf2 mouse skin
toughness was reduced, with no progressive resis-
tance to deformation associated with over-physio-
logical stretch. Therefore, much less force was
required for tissue rupture, a finding that was closely
mimicked in old wild-type mice. Interestingly, skin
stiffness in the physiological deformation range was
not impaired. This indicates that, despite the impact
on tissue microstructure demonstrated by loading to
over-physiological stretch, there are compensating
mechanisms ensuring fulfiiment of biomechanical
function for physiological deformations. The reduced
response of skin from young caNrf2 mice and aged
wild-type mice to altered osmolarity may be indica-
tive of lower fixed charge density, since the negative
charges of glycosaminoglycans play a key role in
water retention. The latter is obviously important for
skin hydration, and lower skin hydration is a clinical
characteristic of skin aging [9].

Our results suggest that altered collagen deposi-
tion and ECM organization during pro- and postnatal
development in caNrf2 mice likely have important
functional consequences later in life. Therefore, pro-
longed activation of Nrf2 in fibroblasts can acceler-
ate certain aspects of the aging process. This is not
restricted to the reduction in collagen and elastin
expression, but also includes the induction of cellu-
lar senescence, which we observed in caNrf2 fibro-
blasts in vitro and in vivo [16] and which is a
hallmark of aged skin [52,53]. Senescent cells pro-
duce a senescence-associated secretome, which
includes a variety of pro-inflammatory cytokines,
and can result in enhanced or chronic inflammation
[54]. Indeed, caNrf2 mice have more immune cells
in normal skin already at 10 weeks of age [16]. Aged
skin is also more prone to malignant transformation
as seen by the strong skin cancer incidence in aged
individuals [55]. While multiple factors are likely to

ages (F) and quantification of the percentage of stained area within the dermis — excluding cells within hair follicles and
large vessels. (G). Bar graphs show mean + s.e.m. Numbers above bars show exact p-values (Two-way ANOVA with
Sidak’s multiple comparisons test (B) and Welch’s t-test (E)). Numbers (B) next to 138-5p mimic and 129-5p mimic show
p-values for specific mimic vs. scr for all collagen genes grouped. Significant differences are indicated in bold. Scale

bars =50 pm.
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contribute to this effect, Nrf2 expression/activity in
aged skin may well play a role, since constitutive
Nrf2 activation in skin fibroblasts promoted a can-
cer-associated fibroblast phenotype [16]. Finally,
wounds in aged individuals frequently heal with less
scarring compared to wounds in young patients [56],
a phenomenon also observed in old wild-type mice
[57] and in caNrf2 mice [16]. Consistent with these
findings, our new results suggest that NRF2 activity
in human skin fibroblasts frequently increases with
advanced age, which likely contributes to these age-
related alterations. The increased NRF2 activation
in aged human skin may be a consequence of fre-
quent UV exposure, because UVA is known to acti-
vate NRF2 in fibroblasts [39]. Consistent with this
assumption, most human skin samples that we
obtained were from sun-exposed skin.

Overall, the results presented here challenge
the dogma that Nrf2 acts exclusively as an anti-
aging factor in mammals. While it is well estab-
lished that even the basal activity of Nrf2 plays a
central role in controlling the accumulation of
excessive ROS that may occur over time [10] and
thereby limits UV-induced photoaging [58], our
data suggest that chronic activation of Nrf2 in
fibroblasts via the resulting matrix alterations may
have adverse effects in skin worth considering as
it pertains to skin aging.

While the phenotype observed in the caNrf2
transgenic mice is a consequence of long-term
activation of Nrf2-mediated gene expression
already during development, the rapid down-regu-
lation of collagen expression in cultured fibroblasts
by NRF2-activating compounds suggests that
short-term activation of NRF2 may already affect
the ECM. This has direct consequences for the use
of NRF2 activating compounds in vivo. Such com-
pounds have shown promise in different diseases
[6], but there are also important downsides to
NRF2 activation in skin and other organs [59—61].
Therefore, it is important to understand the mecha-
nisms and cell types involved in order to best dis-
cern under what circumstances NRF2 activation
might be beneficial or detrimental. Our study pro-
vides an important example for the double-edged
sword of NRF2 activation by uncovering previously
unknown mechanisms of ECM regulation in fibro-
blasts. These effects may be beneficial in some
cases (e.g. fibrosis prevention), but may also have
detrimental effects on skin biomechanics and
aging. Therefore, pharmacological activation of
NRF2 in the skin should be performed with these
findings in mind. Finally, our results identify an
unexpected role of long-term NRF2 activation in
exacerbating certain aspects of skin aging and
raise the interesting question if a moderate reduc-
tion of NRF2 activity in the skin, e.g. using chemical
inhibitors [62], may slow down the aging process in
this organ or even revert it in aged patients.

Experimental procedures

Additional details regarding antibodies, primer
sequences and reagents used in this study are listed
in Table S8.

In vivo mouse experiments

Mice were housed and fed according to Swiss fed-
eral guidelines. Male Col1a2Cre mice in C57BL/6
background [63] were mated with CMVcaNrf2 mice
(FVB/N background) [13] to generate mice express-
ing caNrf2 in mesenchymal cells [16]. Only progeny
of the F1 generation were used for experiments. To
generate triple transgenic mice containing the
PDGFRa-eGFP transgene (mice that express a
H2B-eGFP fusion gene from the endogenous
Pdgfra locus [64]), Col1a2Cre hemizygous mice
were first bred with PDGFRa-eGFP hemizygous
mice to generate double transgenic progeny, which
were then used for breeding with CMVcaNrf2 mice.
Old mice (20 months) and young control mice (10
weeks) in (C57BL/6JRj) genetic background were
purchased from Janvier Labs (Le Genest Saint Isle,
France). Male/female comparison of Col1a2Cre-
CMVcaNrf2 mice was performed previously [16] and
in this study, male mice were used to generate suffi-
cient sample sizes due to a slight increase in weight.
To genotype the mice, DNA from ear biopsies was
amplified by PCR using the KAPA2G FAST Geno-
typing Mix (Roche, Rotkreuz, Switzerland). All ani-
mal experiments were performed in the morning.
Mouse maintenance and animal experiments had
been approved by the local veterinary authorities
(Kantonales Veterinaramt Zirich).

Human skin samples

Human skin, which was removed upon surgery,
e.g. of an adjacent benign or malignant skin lesion,
was obtained anonymously from the Department of
Dermatology, University Hospital Zurich, in the con-
text of the biobank project. Use of the samples was
approved by the local and cantonal Research Ethics
Committees. Informed consent for research was
obtained before routine diagnostic services. Most
samples were from sun-exposed areas of the skin.

Isolation and culture of primary dermal
fibroblasts

Fibroblasts were isolated from skin of P1.5 mice.
The sex of these newborn mice is unknown. Dermis
was separated from epidermis by incubation in tryp-
sin/EDTA (5%) for 1 h at 37 °C, followed by peeling
off the epidermis. The dermis was minced into small
pieces and incubated with a collagenase type Il
solution (2.5 ml, 500 U ml~"; Worthington Biochemi-
cal Corporation, Lakewood, NJ) for 1 h at 37 °C with
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manual agitation every 15 min. The cell suspension
was poured through a 100 um cell strainer and cen-
trifuged at 1200 rpm for 5 min. The resulting pellet
was re-suspended in DMEM (8 ml, Sigma, Munich,
Germany; D6429)/10% fetal bovine serum (FBS)/
penicillin/streptomycin) and the cells were seeded
into two 6 cm dishes. Medium was changed the
following day and cells were passaged prior to con-
fluency.

Immunofluorescence analysis of cultured
fibroblasts

Ctrl and caNrf2 fibroblasts at passage 2 were
fixed for 10 min in paraformaldehyde (4%) and
treated with bovine serum albumin (BSA, 1%,
Sigma) for 10 min. Fixed cells were incubated with
an antibody against «SMA (Sigma; A2547) and an
Alexa Fluor 488-coupled secondary antibody (Jack-
son ImmunoResearch, Waltham, MA; 715-545-
150). The actin cytoskeleton was stained with rhoda-
mine-coupled phalloidin, and nuclei were counter-
stained with Hoechst 33342.

Histology, immunohistochemistry and
immunofluorescence staining

Skin samples were fixed in phosphate buffered
formaldehyde (4%) solution for 24 h at room temper-
ature (RT), processed, and embedded in paraffin
(mouse and human) or directly frozen in tissue freez-
ing medium® (mouse) (Leica Biosystems, Nussloch,
Germany). Sections (7 pum) were stained using
hematoxylin & eosin or Sirius Red. Analysis of Picro-
sirius Red stained sections was performed using
ImagePro Plus (Media Cybernetics Inc., Rockville,
MD) for color segmentation, and the TWOMBLI
plugin for Imaged to examine the ECM pattern [18].
Analysis of fiber orientation was done using Orienta-
tiond [19]. For pNRF2 immunofluorescence analysis,
paraffin sections were dewaxed and rehydrated
using a xylene/ethanol gradient followed by antigen
retrieval using citrate buffer (pH 6.0) at 95 °C for 1 h.
Sections were incubated with antibodies against
pNRF2 (Abcam, Cambridge, UK; ab76026) at a dilu-
tion of 1:500 in BSA (12%) overnight at 4 °C. For col-
lagen | immunofluorescence analysis, fresh frozen
sections were fixed with ice-cold acetone for 10 min
and treated with antibodies against collagen |
(Southern Biotech, Birmingham, AL; 1310-01) at a
1:400 dilution in BSA (1%) overnight at 4 °C. pNRF2
immunofluorescence was visualized using anti-rab-
bit Cy3 (Jackson ImmunoResearch; 111-165-003)
at a 1:400 dilution in BSA (12%), and collagen |
immunofluorescence was visualized using anti-goat
AlexaFluor 488 (Jackson ImmunoResearch; 705-
545-003) at a 1:500 dilution in BSA (1%).

In situ hybridization

Formalin-fixed, paraffin-embedded skin sections
were de-waxed and rehydrated using RNase-free
water. Sections were then treated with proteinase K
(100 pg/ml) for 15 min at 37 °C and then washed
twice in RNase-free water. For hybridization, digoxi-
genin (DIG)-labelled probe (6 pmol, miRCURY LNA
miRNA Detection Probe, Qiagen, Hilden, Germany;
339111) was incubated at 55 °C for 3 h. Sections
were then washed in decreasing concentrations of
saline-sodium citrate (SSC) followed by RNase-free
PBS. They were then treated with blocking solution
(1% BSA), followed by immunohistochemistry/
immunofluorescence staining using a goat anti-DIG
antibody (Abcam; ab76907 at 1:500 dilution in BSA
(1%) overnight at 4 °C), followed by a biotinylated
anti-goat secondary antibody (Jackson ImmunoRe-
search; 705-065-003, 1:500 dilution in 1% BSA). For
histochemical visualization, we used the Vectastain
ABC kit (Vector Laboratories, Burlingame, CA; PK-
6100) and the DAB peroxidase substrate kit (Vector
Laboratories; SK-4100). Alternatively, fluorescence
was visualized using Alexa Fluor™ 594 Tyramide
SuperBoost™ Kit (Thermo Fisher Scientific, Wal-
tham, MA; B40935).

RNA isolation and gRT-PCR

RNA was isolated from cultured fibroblasts using
Trizol® according to the manufacturer’s instructions
(Life Technologies, Carlsbad, CA; # 15596,) and
reverse transcribed using the iScript™ cDNA syn-
thesis kit (BioRad, Hercules, CA; # 1708890). Quan-
titative PCR was performed using a LightCycler®
480 SYBR Green | Master reaction mix (Roche,
Rotkreuz, Switzerland). Data was quantified using
second derivative maximum analysis and gene
expression represented as relative to the house-
keeping genes Rps29 (for mouse genes) or RPL27
(for human genes).

RNA isolation from skin equivalents

Frozen skin equivalents were homogenized by
adding zirconium beads and shaking in a tissue
homogenizer (Precellys24, Bertin Instruments, Mon-
tigny-le-Bretonneux, France) twice for 15 s at
5000 rpm. RNA was isolated using the InnuPrep
DNA/RNA Mini Kit (Jena Analytik, Jena, Germany)
according to the manufacturer's instructions.

Fluorescence-activated cell sorting for RNA
isolation

Mice expressing the H2B-eGFP fusion protein
(with or without the caNrf2 transgene) were sacri-
ficed. Skin was removed from the back of newborn
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(P2.5) mice, minced into small pieces, followed by
incubation in 2 ml of medium containing Liberase TL
(0.25 mg ml~', Roche), DNase | (0.25 mg ml™",
Sigma), and MgCl, (7.5 mM) for 1 h at 37 °C while
shaking at 100 rpm. The cell suspension was
passed through a 70 pm cell strainer and washed
with PBS containing DNase | (0.25 mg/ml) and
MgCl, (7.5 mM). Cells were centrifuged for 10 min at
1200 rpm and resuspended in FACS buffer (0.5%
BSA, 5 mM EDTA in 1 x PBS). To exclude non—vi-
able cells, Sytox Red (1:1000; Invitrogen, Carlsbad,
CA) was used according to the manufacturer’s
instructions. Cells were sorted using the BD FACSA-
ria Illu equipped with FACSDiva software version 6
(BD Pharmingen, San Diego, CA). eGFP" cells
were sorted into RNase-free 1.5 ml tubes with
FACS buffer (100 wl) supplemented with RiboLock
RNase Inhibitor (Thermo Fisher Scientific) at 10 U
per sample.

miRNA real-time PCR and miR-sequencing

Analysis of miRNAs was done using total RNA
isolated as described above. Total RNA was
diluted and miRNAs were reverse transcribed into
cDNA using the TagMan™ Advanced miRNA
cDNA Synthesis Kit (Thermo Fisher Scientific;
A28007) according to the manufacturer’s instruc-
tions. Real-time PCR was performed using
TagMan® Universal Master Mix Il (no UNG)
(Thermo Fisher Scientific; 4440040) and
TagMan™ Advanced miRNA Assays (Thermo
Fisher Scientific; A25576) for miR-138-5p
(477905_mir) and miR-129-5p (480913_mir). miR-
191-5p (477952_mir) was used as a housekeep-
ing miR for normalization. For miR sequencing,
primary fibroblasts from three different mice per
genotype (ctrl and caNrf2) were used. Fibroblasts
were allowed to proliferate in culture for 6 d to
allow for sufficient numbers for miRNA sequenc-
ing at passage 1. Total RNA was isolated from
cells followed by miRNA-seq analysis. RNA qual-
ity was determined with a Qubit® (1.0) Fluorome-
ter (Life Technologies, Carlsbad, CA) and a
Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA). Only samples with a 260 nm/280 nm
ratio between 1.8 and 2.1 and a 28S/18S ratio
within 1.5—2 were further processed. Small RNA
libraries were prepared for sequencing using
standard lIllumina protocols, and sequencing was
performed on the lllumina HiSeq 2500. Base call-
ing was performed with CASAVA v.1.8, and fur-
ther data processing including differential
expression analysis was performed using the
miARma-seq tool and accompanying software
[65]. The miR-seq data have been deposited
at NCBI's Gene Expression Omnibus [66]
(GSE180484) and are publicly available as of the
date of publication.

Transfection of fibroblasts with anti-miRs or miR
mimics

Fibroblasts were ~50% confluent at the time of
transfection with mimics or anti-miRs (final concen-
tration 3.75 nM). Lipofectamine RNAIMAX Transfec-
tion Reagent (13778150, Thermo Fisher Scientific)
was diluted in reduced serum medium (7.5 pl per
125 pl of OptiMEM), mixed with diluted miR mimic or
miR inhibitor and incubated at room temperature for
10 min. The mixture was then added dropwise to
individual wells of a 6-well plate containing 2 ml of
media (250 wl per well). Cells were maintained for
72 h and homogenized using Trizol.

Luciferase reporter assays

miRNA 3-UTR dual luciferase plasmids were
from GeneCopoeia Rockville, MA (Col3a1 3’-UTR:
MmiT067266-MT06 and Coltat 3-UTR:
MmiT091572-MT06). 3’-UTR sequences are shown
in Table S2. Human embryonic kidney (HEK) 293T
cells were grown to ~50% confluency and trans-
fected with miR mimics (50 nM final concentration)
and luciferase plasmids (0.5 pg/ml). Lipofectamine
2000 Transfection Reagent (11,668, Thermo Fisher
Scientific) was diluted in reduced serum medium
(OptiMEM, 0.6 pl per 16 pl of OptiMEM), mixed with
diluted miR mimics/plasmids and incubated at room
temperature for 10 min. The mixture was then added
dropwise to individual wells of a 48-well plate con-
taining 250 pl of medium (32 pl per well). Cells were
maintained for 24 h, and firefly/renilla luciferase
activities were measured using the Dual Glo Lucifer-
ase Assay System (Promega, Madison, WI; E2920).

Human skin equivalents

Normal human dermal fibroblasts (NHDF) and
normal human epidermal keratinocytes (NHEK)
were isolated from human skin samples as previ-
ously described [67]. Keratinocytes were propa-
gated in FAD/10% FBS/penicillin/streptomycin at
37 °C, 5% CO,, and 20% O, and fibroblasts in
DMEM/10% FBS/penicillin/streptomycin at 37 °C,
5% CO,, 10% O,. All cells in culture were regularly
checked for mycoplasma contamination using the
Venor®GeM OneStep Mycoplasma Detection Kit
(Minerva Biolabs, Berlin, Germany).

Skin equivalents were generated using methods
previously described [68]. Briefly, NHDF derived
from either young (22 y and 23 y) or old (66 y and 74
y) donors were seeded onto filter inserts with 0.4 um
pore size in 12-well deep-well plates (ThinCert®,
Greiner Bio-One, St. Gallen, Switzerland) in three
successive steps. During a five-week submersed
cultivation period, NHDF produce all components of
the dermal ECM and build the dermal equivalent.
NHEK were seeded on top of the dermal equivalent
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and were subsequently cultured at the air-liquid
interphase to initiate the generation of a stratified,
well differentiated epidermis.

Biomechanical analysis of mouse skin

Experiments were based on methods described
previously [69]. After sacrifice, the back skin of adult
mice (10 weeks of age) was shaved, marked to iden-
tify the cranial end, and removed to obtain a piece of
skin of approximately 6 x 3 cm (adult) or 3 x 2 cm
(newborn) suitable for biomechanical analysis. Any
visible loose fat tissue was dissected. Skin was kept
flat in cold DMEM on ice, and mechanical experi-
ments were performed on the same day.

Skin samples, 40 mm x 5 mm (10-week-old and
20-month-old mice) and 20 mm x 2.5 mm (1-week-
old mice), were cut parallel to the cranial-caudal
direction using parallel razor blades. Samples were
then clamped at either end using custom-made
clamps, leaving 20 mm (10-week-old and 20-month-
old mice) or 10 mm (1-week-old mice) free length,
and loaded into a custom-built mechanical testing
system (MTS Systems, Eden Prairie, MN) equipped
with hydraulically actuated axes and force sensors
(capacity of up to 20 N). During mechanical testing,
each sample was imaged top-down with a CCD
camera (Pike F-100B, Allied Vision Technologies
GmbH, Stadtroda, Germany) with a 0.25x telecentric
lens (NT55-349, Edmund Optics Ltd., York, UK) at a
rate of 4 Hz, while force and displacement data
was recorded at 10 Hz. All samples were tested
immersed in a 0.9% NaCl solution (Sigma) at room
temperature.

Each sample was stretched longitudinally at a
strain rate of 0.025/s™ until a predetermined peak
force level was reached (0.5 N, leading in both
cases to a nominal membrane tension — i.e. force
divided by the nominal sample width — of 0.1 N/
mm), after which the displacement was held con-
stant for 10 min and force was measured as the
sample relaxed (Movie S1). For experiments involv-
ing effects of hyper-/hypotonicity, the saline solution
was drained after 1 min of relaxation and replaced
with distilled water or NaCl (3.6%) to obtain a hypo-
tonic or hypertonic solution, respectively. At least
one sample per animal was tested for each tonicity
condition and at least 3 samples per animal in total.
After the relaxation period, the sample was unloaded
and immediately loaded again at a strain rate of
0.025/s until rupture.

For analysis purposes, a reference configuration
was defined when the measured force reached
0.02 N to ensure there was no slack in the sample.
A custom optical flow tracking algorithm was used to
extract strain information from the center of each
sample during the whole experiment, as previously
described [69,70]. For hyper-/hypotonic conditions,
the relative change in tension AT at the end of the

relaxation phase was calculated relative to the aver-
age tension in the isotonic (0.9% NaCl) condition for
each group as follows:

AT = Thyper or hypotonic — — Taverage,isotonic

Taverage‘isotonic

Gene ontology (GO) and gene set enrichment
analysis (GSEA)

Examination of GO for leading edge genes was
performed using Enrichr [71] or Revigo [72] to sum-
marize GO terms that were enriched in the caNrf2
fibroblast dataset. For GSEA, sets of significantly
up- or down-regulated genes were generated by re-
analysing published sequencing data of skin fibro-
blasts from old and young subjects [25,38]. Original
gene sets were uploaded to the WEB-based GEne
SeT Analysis Toolkit (WebGestalt) and used for
GSEA [73]. The datasets and samples analysed as
well as methods for obtaining the gene sets are
listed in Table S4 (mouse) and Table S5 (human).
Original and filtered gene sets, ranked gene lists,
and original GSEA output data for all experiments
are also provided.

Chromatin immunoprecipitation (ChiIP)

ChlP was performed exactly as previously
described [16]. The following antibodies were used
for IP: anti-histone H3 (Abcam; ab1791), anti-Nrf2
(Santa Cruz, Santa Cruz, CA; sc-722X), anti-Nrf2
(Thermo Fisher Scientific; PA5-27882), and anti-rab-
bit IgG (Merck Millipore, Burlington, MA; 12-370).

Multiphoton microscopy

Multiphoton microscopy and SHG imaging were
performed on 30 wm thick skin sections using a
Leica TCS SP8 microscope equipped with a
40 x 1.1 numerical aperture L Water HC PL IRAPO
objective and a Mai Tai XF (Spectra-Physics, Milpi-
tas, CA) MP laser tunable from 710 to 950 nm. F-
SHG images were collected through an aligned con-
denser (0.55NA), SHG filter (435—455 nm) and
PMT, while B-SHG signal was collected with internal
HyD1 detector via open PH in the same spectral
range as F-SHG as well as with an external non-
descanned detector (HyD7) right after the objective
(also 435—455 nm). Laser power was kept constant
throughout each experiment, as were photomulti-
plier tube (PMT) voltage and gain. Leica SP8 LAS X
v.3.5.5 software was used to control the instrument
and for image acquisition. Image analysis was per-
formed using ImagedJ (National Institutes of Health,
Bethesda, MD).
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Determination of skin collagen content

Skin collagen content was determined using the
QuickZyme Total collagen Assay Kit (QuickZyme
Biosciences, Leiden, NL; QZBtotcol). Measure-
ments were done using two 5 mm diameter skin
biopsies taken from the back of the same mouse.
Skin was first weighed and hydrolyzed using 6 M
HCI for 20 h at 90 °C (50 mg/ml) and then analyzed
according to the manufacturer’s instructions.

Quantification and statistical analysis

Appropriate statistical testing was performed
using GraphPad Prism software (GraphPad, San
Diego, CA). Details of sample size and specific sta-
tistical test used are found in the figure legends. All
p-values below 0.05 are considered significant and
are labelled in bold within the figures. Numerical p-
values for all statistical tests are shown.
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