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Quantitative Proteomics Identifies Reduced L)
NRF2 Activity and Mitochondrial Dysfunction

in Atopic Dermatitis

”DOpen
Michael Koch', Tobias Kockmann?’, Elke Rodriguez’’, Ulrike Wehkamp”, Paul Hiebert',
Maya Ben-Yehuda Greenwald', Dora StélzI”, Hans-Dietmar Beer®, Erwin Tschachler’,
Stephan Weidinger’®, Sabine Werner'"® and Ulrich auf dem Keller®®

Atopic dermatitis is the most common inflammatory skin disease and is characterized by a deficient epidermal
barrier and cutaneous inflammation. Genetic studies suggest a key role of keratinocytes in atopic dermatitis
pathogenesis, but the alterations in the proteome that occur in the full epidermis have not been defined. Using
a pressure-cycling technology and data-independent acquisition approach, we performed quantitative prote-
omics of epidermis from healthy volunteers and lesional and nonlesional patient skin. Results were validated
by targeted proteomics using parallel reaction monitoring mass spectrometry and immunofluorescence
staining. Proteins that were differentially abundant in the epidermis of patients with atopic dermatitis versus in
healthy control reflect the strong inflammation in lesional skin and the defect in keratinocyte differentiation
and epidermal stratification that already characterizes nonlesional skin. Most importantly, they reveal impaired
activation of the NRF2-antioxidant pathway and reduced abundance of mitochondrial proteins involved in key
metabolic pathways in the affected epidermis. Analysis of primary human keratinocytes with small interfering
RNA-mediated NRF2 knockdown revealed that the impaired NRF2 activation and mitochondrial abnormalities
are partially interlinked. These results provide insight into the molecular alterations in the epidermis of patients

with atopic dermatitis and identify potential targets for pharmaceutical intervention.
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INTRODUCTION

Atopic dermatitis (AD) affects at least 230 million people
worldwide (Weidinger et al., 2018). It strongly reduces the
QOL through recurrent eczematous skin lesions, itch, and
frequent comorbidities such as asthma, allergic rhinitis, and
food allergies. AD is driven by epidermal barrier defects and
immunological alterations, promoting heightened type 2 re-
sponses and IgE-mediated sensitization to various allergens
(Deckers et al., 2012; Weidinger et al., 2018). The impaired
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keratinocyte (KC) function might be causative, for example,
because of inherited loss-of-function mutations in the gene
encoding FLG (FLG), a structural protein with a crucial role in
epidermal barrier function, or variations in other genes, such
as genes encoding tight junction components (Brown et al.,
2020; Weidinger et al., 2018). It can also be the conse-
quence of the inflammatory milieu, as shown by the regula-
tion of genes involved in KC differentiation by type 2
cytokines (Honzke et al., 2016; Lou et al., 2017; Mitamura
et al.,, 2018). Together, these features cause strong alter-
ations in the gene expression program of different skin cell
types, which are further promoted by pathogenic microor-
ganisms and environmental factors. This has been supported
by large-scale transcriptomic studies (Esaki et al., 2015;
Guttman-Yassky et al., 2007; Nomura et al., 2003; Suarez-
Farinas et al., 2015; Tsoi et al., 2019). However, most of
them used bulk skin tissue, and thus it was unclear whether
the altered expression occurs in the epidermis and/or the
dermis. Therefore, RNA profiling of epidermis and dermis
isolated through laser capture microdissection or from sam-
ples of the upper epidermis obtained by tape stripping or
single-cell RNA sequencing of total AD skin were performed,
which revealed, for example, downregulation of different
claudins in the epidermis and upregulation of various in-
flammatory markers (Esaki et al., 2015; Leung et al., 2019).
To determine the AD proteome, isolated stratum corneum of
adult patients with AD and control (Ctrl) individuals was used
for mass spectrometry (MS)-based proteomics, which
revealed a differential abundance of proteins involved in
epidermal barrier function, inflammation, and antimicrobial
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Figure 1. Quantitative proteomics of epidermis from patients with AD and healthy individuals and validation of selected hits. (a) Workflow of the proteomics
experiment, including biopsy (n = 10 L, NL, and Ctrl samples), isolation of epidermis, label-free MS-based quantitative proteomics, and validation. (b) The
numbers of proteins detected and mapped in all the three comparisons and the number of proteins with significantly differential abundances (Log2FC > 0.58 or
< =0.58; FDR = 0.05) between conditions. (c) Volcano plots showing protein ratios between conditions. Proteins with significantly differential abundance (adj.
g < 0.05, Log2FC > 0.58 or < —0.58; FDR = 0.05) are shown in red (increased in abundance) or green (decreased in abundance). (d) Volcano plots showing the
protein ratios between conditions, determined by PRM analysis in samples from an independent cohort. Significantly (adj. P-values [BH] are shown)
differentially abundant proteins are shown. AD, atopic dermatitis; adj., adjusted; BH, Benjamini—Hochberg; Ctrl, control; FDR, false discovery rate; L, lesional;

Log2FC, log, fold change; MS, mass spectrometry; NL, nonlesional; PRM, parallel reaction monitoring.
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Table 1. Data from Patients and Healthy Volunteers Used for Proteomics (Patients and Healthy Volunteers Used

for Large-Scale Quantitative Proteomics)

Patient Number ID Age Sex Location SCORAD FLG Status
AD 1 ZETH_01 NL/L 23 f Upper arm left 52 WT

AD 2 ZETH_02 NL/L 38 f Shoulder left 27 HE

AD 3 ZETH_03 NL/L 20 m Thigh left 33 WT

AD 4 ZETH_04 NL/L 23 m Upper arm right 44 HO/compound HE
AD 5 ZETH_05 NL/L 47 m Lower back 41 WT

AD 6 ZETH_21 NL/L 63 m Thigh left 65 HO/compound HE
AD 7 ZETH_22 NL/L 20 f Arm right 45 HE

AD 8 ZETH_23 NL/L 20 f Axillary right 37 HE

AD 9 ZETH_26 NL/L 54 m Lower back 53 WT

AD 10 ZETH_27 NL/L 77 m Upper arm left 46 WT
CTRL 1 ZETH_09 44 f Back WT
CTRL 2 ZETH_13 23 f Upper arm left HE
CTRL 3 ZETH_14 40 m Lower back WT
CTRL 4 ZETH_17 27 m Upper arm right WT
CTRL 5 ZETH_20 22 m Thigh right WT
CTRL 6 ZETH_24 26 f Axillary right WT
CTRL 7 ZETH_25 28 m Thigh left WT
CTRL 8 ZETH_28 28 m Upper arm left WT
CTRL 9 ZETH_29 50 m Lower back WT
CTRL 10 ZETH_30 24 f Upper arm right WT

Abbreviations: AD, atopic dermatitis; CTRL, control; f, female; HE, heterozygous; HO, homozygous; ID, identification; L, lesional; m, male; NL, nonlesional;

SCORAD, SCORing Atopic Dermatitis; WT, wild-type.

defense (Goleva et al., 2020; He et al., 2020a; Morelli et al.,
2021; Sakabe et al., 2014; Winget et al., 2016). Proteomics of
skin organoids, using KCs with FLG knockdown, showed a
reduced abundance of proteins involved in terminal differ-
entiation and alterations in innate and adaptive immunity
compared with that of Ctrl organoids (Elias et al., 2019).
However, the proteome of the full epidermis of patients with
AD in vivo has not been analyzed so far. In addition, it is
unclear how the epidermal proteome of nonlesional (NL) AD
skin differs from the proteome of healthy individuals.

In this study, we performed quantitative proteomics of the
full epidermis from lesional and NL skin of adult patients with
AD and healthy volunteers, which revealed a deficiency in the
NRF2-mediated oxidative stress response as well as a reduced
abundance of various mitochondrial proteins in AD skin.

RESULTS

Quantitative proteomics uncovers major molecular
alterations in AD skin

To characterize the epidermal proteome of AD skin, we
collected 5-mm punch biopsies from 10 healthy volunteers
(Ctrl) and from the lesional and NL skin of 10 adult patients
with chronic AD (Figure 1a and Tables 1 and 2). Epidermal
lysates were subjected to data-independent acquisition label-
free quantitative MS-based proteomics (Bachofner et al.,
2017) (Figure 1a). We identified 3,516 protein groups with
data completeness of ~70% and library recovery >99%, of
which 3,458 could be relatively quantified in samples from
NL versus Ctrl skin, 3,483 could be relatively quantified in
lesional versus NL skin, and 3.464 could be relatively
quantified in lesional versus Ctrl skin (Figure 1b and
Supplementary Table S1). The purity of the epidermis was
reflected by the strong enrichment of epidermal proteins. The
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abundance of proteins specifically expressed in basal KCs
(e.g., integrins a6 and P4) excluded an epidermal split. A
large number of proteins was significantly differentially
abundant between Ctrl or NL versus lesional AD skin
(Figure Tb and c). Interestingly, 232 proteins were already
significantly higher in NL than in Ctrl skin, and 121 proteins
were significantly lower in abundance. The top hits among

Table 2. Data from Patients and Healthy Volunteers
Used for PRM Validation

Patient FLG
Number ID Age Sex Location SCORAD Status
AD 11 ZETH_101 49 m Popliteal fossa 44.5 HE
NL/L left
AD 12 ZETH_102 23 f Lower back left 32 WT
NL/L
AD 13 ZETH_103 49 m Popliteal fossa 63 WT
NL/L left
AD 14 ZETH_104 51 m Lower abdomen 42 HE
NL/L right
AD 15 ZETH_105 19 f Elbow right 62 HE
NL/L
CTRL 11 ZETH_106 23 f Lower back left WT
CTRL 12 ZETH_107 50 m Popliteal fossa WT
left
CTRL 13 ZETH_108 44 m Lower abdomen WT
right
CTRL 14 ZETH_109 49 m Popliteal fossa WT
left
CTRL 15 ZETH_110 27 f Flank right WT

Abbreviations: AD, atopic dermatitis; CTRL, control; f, female; HE,
heterozygous; HO, homozygous; ID, identification; L, lesional; m, male;
NL, nonlesional; PRM, parallel reaction monitoring; SCORAD, SCORing
Atopic Dermatitis; WT, wild-type.



the proteins that were more abundant in NL than in Ctrl skin
include various proteins that reflect the impaired KC differ-
entiation and epidermal barrier function (ST00A7, keratin [K]
16) as well as proteinases and their inhibitors (Figure Tc, left
panel, with the five top hits in the gray box). These results
highlight that differentiation/barrier function abnormalities
and low-grade inflammation are already present in NL skin.

The differences were even more pronounced in lesional
skin, reflecting the phenotype progression from NL to lesional
skin. This was also shown by the strong clustering of the
lesional, NL, and Ctrl data by principal component analysis,
whereas the results were independent of the body site
(Supplementary Figure S1a).

Although the data clustered remarkably well among the
analyzed patients, we validated the results with epidermal
samples from five additional patients with AD and five healthy
individuals (Tables 1 and 2) by targeted proteomics using
parallel reaction monitoring-MS. We reliably comparatively
quantified 39 proteins in lesional versus in NL skin, 43 in NL
versus in Ctrl skin, and 44 in lesional versus in Ctrl skin.
Because of lower sample sizes (n = 5), the results did not
reach the same statistical power as in the discovery experi-
ment, but a differential abundance of known critical disease
markers as well as effect sizes were confirmed for all the three
comparisons (Figure 1d and Supplementary Tables ST and S2).

Decreased abundance of proteins involved in epidermal
barrier function and high abundance of inflammatory
mediators in AD epidermis

Various members of the S100 protein family were strongly
increased in abundance in lesional skin, including STO0A7
and ST00A8, which are overexpressed in several inflam-
matory skin diseases (Eckert et al., 2004) (Figure 1c and
Supplementary Table S1). Additional proteins that were
significantly more abundant in lesional skin include pro-
teinases and their inhibitors (e.g., KLK9 and SERPINB4)
(Figure Tc and d), which contribute to barrier disruption in
AD (Morizane, 2019; Sivaprasad et al., 2015), as well as
K6A, K16, and K17, which are characteristic for activated
interfollicular KCs (Supplementary Figure S1b and
Supplementary Tables ST and S3). K8, which is usually
restricted to simple epithelia, was increased in abundance
as well as K24, which is associated with KCs senescence
(Min et al., 2017).

Among the proteins that were significantly less abundant in
lesional skin were the cornified envelope proteins FLG and
loricrin, which is consistent with the impaired epidermal
barrier and abnormal KCs proliferation (Figure Tc and
Supplementary Figure S1b). As expected, FLG levels were
further decreased in the epidermis of patients with AD car-
rying heterozygous sequence variants for FLG and even more
in patients with homozygous or compound heterozygous
sequence variants, further confirming the validity of our
proteomics data (Supplementary Figure S1c). Other cornified
envelope proteins were increased in abundance, including
some small proline-rich protein family members (Figure 1c
and Supplementary Figure S1b). Further marker proteins for
epidermal differentiation, including involucrin and trans-
glutaminases (TGM1, TGM3, TGM5), were also dysregulated
in the AD epidermis (Supplementary Figure S1b). The levels
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of K6A or SPRR1B were not affected by FLG sequence vari-
ants (Supplementary Figure Slc and Supplementary
Table S4).

A comparison of the proteomics data with published bulk
RNA-sequencing data from AD epidermis isolated by laser
capture microdissection (Esaki et al., 2015) showed that only
7.37% (£1.52%) of the differentially abundant proteins were
also differentially regulated at the RNA level (Supplementary
Table S5).

Reduced activity of the cytoprotective NRF2 pathway in AD
epidermis
Pathway enrichment analysis revealed that proteins, which
were already more abundant in NL than in Ctrl skin and even
further increased in lesional skin, play a role in acute-phase
response signaling or blood coagulation (Figure 2a and
Supplementary Table S6). There was also a strongly increased
abundance of complement proteins but only in the lesional
skin (Supplementary Table S7). Overall, the pathways that
were activated reflect the well-documented immunological
alterations and inflammation in AD skin. By contrast, some of
the pathways that showed reduced activation in AD skin had
previously not been associated with this disease. In partic-
ular, proteins involved in xenobiotic metabolism or signaling
through the NRF2 transcription factor showed lower abun-
dance already in NL AD epidermis and particularly in
lesional AD epidermis (Figure 2a). Because NRF2 is a key
regulator of the cellular antioxidant defense system (Baird
and Yamamoto, 2020; Sykiotis and Bohmann, 2010), down-
regulation of this pathway indicates a deficiency of KCs in the
detoxification of xenobiotic compounds and of ROS.
Concomitantly, pathways involved in the production of ROS
or reactive nitrogen species were activated (Figure 2a and
Supplementary Table S6). Several NRF2 targets were signifi-
cantly less abundant in lesional epidermis than in NL
epidermis, including glutathione reductase, GSTM2, and
SOD3 (Figure 2b). Analysis of publicly available single-cell
RNA-sequencing data (He et al., 2020b) revealed that ma-
jor NRF2-target genes were expressed at lower levels in basal
and suprabasal KCs of AD versus in Ctrl epidermis
(Supplementary Figure S2a and Supplementary Table S8). In
particular, the classical NRF2 target gene NQOT, which is
mainly regulated by NRF2 (Dinkova-Kostova and Talalay,
2010), was strongly downregulated, whereas expression of
the genes encoding the negative regulators of NRF2 activity,
valosin-containing protein and BACH1, was mildly upregu-
lated. Downregulation in AD skin was confirmed for GSTM3
and SOD3 when we analyzed bulk RNA-sequencing data
from laser-capture—-isolated epidermis or total skin of patients
with AD (Esaki et al., 2015; Suarez-Farinas et al., 2015),
whereas information about other major NRF2 targets could
not be obtained from these data. Together, these findings
provide strong evidence for impaired activation of the NRF2
pathway in AD epidermis and may explain the previously
described oxidative stress in AD skin (Bertino et al., 2020).
Because of the unexpected impairment of NRF2 activation,
we focused further validation experiments on NRF2 targets or
inhibitors. According to Ingenuity Pathway Analysis and
literature search, 13 proteins, which had been described as
general or cell type-specific NRF2 targets and which are
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Figure 2. Reduced NRF2 pathway activation in AD skin. (a) Volcano plots showing the differentially regulated pathways in the epidermis of NL versus Ctrl, L versus
NL, and L versus Ctrl skin. The top five pathways of proteins with increased or decreased abundance are shown below. (b) Heatmap showing reduced (green) or
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involved in the cellular antioxidant defense and/or phase I
detoxification, were significantly lower in abundance in
lesional skin, and some of them were already reduced in NL
skin (Figure 2b and Supplementary Table S9). The only NRF2
target that was more abundant in AD skin was HMOX1
(Figure 2b). HMOXT1 expression is also regulated by
increased ROS levels through other ROS-sensitive transcrip-
tion factors, for example, activator protein 1 (Keyse and
Tyrrell, 1989; Medina et al., 2020). Therefore, the oxidative
stress in AD epidermis is likely to activate these transcription
factors,  resulting in  NRF2-independent =~ HMOX1
upregulation.

The levels of the NRF2 antagonist KEAP1 and of valosin-
containing protein (Figure 2b), which is required for effi-
cient proteasomal degradation of NRF2 (Tao et al., 2017),
were increased in lesional epidermis, which provides a
possible explanation for the reduced NRF2 activity.
Notably, glutathione reductase was lower in abundance in
10 of 10 patients with AD in all the three comparisons, and
KEAP1 protein levels were higher in NL than in Ctrl skin of
8 of 10 patients with AD, in lesional than in NL skin of 7 of
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10 patients, and in lesional than in Ctrl skin of 10 of 10
patients (Supplementary Figure S2b and c). The regulation
of glutathione reductase, SOD3, and KEAP1 was indepen-
dent of the status of FLG sequence variation (Supplementary
Figure S3a).

The reduced activation of NRF2 in AD skin was veri-
fied by staining the skin sections from independent pa-
tients with an antibody against Ser40 phosphorylated
NRF2. This antibody was chosen because the weakening
of the NRF2-KEAP1 interaction and subsequent nuclear
accumulation of NRF2 require Ser40 phosphorylation
(Bloom and Jaiswal, 2003) and because the levels of
NRF2 in the nucleus are relevant for its function in
transcriptional regulation (Baird and Yamamoto, 2020).
We observed a reduction in the number of KCs with
nuclear phosphorylated NRF2 in lesional skin (Figure 3a
and b), which was already visible but less pronounced in
NL skin (Supplementary Figure S3b). Reduced staining in
acute and chronic AD lesions was also observed for
NQOT, whereas BACH1, a transcriptional repressor that
antagonizes NRF2 activity (Oyake et al., 1996), was
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Figure 3. Reduced levels of pNRF2 and NQOT1 but not of BACHT1 in the epidermis of patients with AD. (a) Photomicrographs showing representative
immunofluorescence staining of Ctrl and L skin for pNRF2 (red) and counterstaining of nuclei with Hoechst (blue). Bars = 50 pm. (b) Quantification of the
percentage of pNRF2-positive nuclei per area of the epidermis. P=0.057 (Mann—Whitney U test). Each dot represents one patient or a healthy volunteer. A total
of 5-10 fields of view were counted per patient/volunteer. n = 3-4. (c, d) Photomicrographs showing a representative immunofluorescence staining of Ctrl and
L skin (acute and chronic lesions as indicated) for (c) NQOT1 (red) or (d) BACH1 (red) and counterstaining of nuclei with Hoechst (blue). n = 3 AD and 4 Ctrl
samples each. Bars = 50 pm. AD, atopic dermatitis; Ctrl, control; L, lesional; pNRF2, phosphorylated NRF2.

expressed at similar levels in the epidermis of AD and
Ctrl skin (Figure 3c and d).

Reduced abundance of mitochondrial proteins in AD
epidermis

Another remarkable feature of lesional epidermis was the
strongly reduced abundance of various mitochondrial

proteins (Figures 2a and 4a and b and Supplementary
Table S10). Many of them were also downregulated at
the RNA level (He et al.,, 2020b). However, the reduction
at the protein level was more robust (Supplementary
Figure S4a).

Important examples of mitochondrial proteins that were
less abundant in AD epidermis are the NRF2 targets PRDX3
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and PRDX5, which are involved in ROS detoxification, as
well as proteins involved in the tricarboxylic acid cycle,
oxidative phosphorylation, or B-oxidation. These include,
among others, SDHB and COX7A2L, which are components
of the respiratory chain, as well as ECHDC3 and HSD17B8,
which are involved in fatty acid metabolism. Their levels
were independent of the status of FLG sequence variation
(Supplementary Figure S4b).

The reduced abundance of SDHB in AD epidermis was
confirmed by immunofluorescence staining of sections from
independent patients (Figure 4c). Staining for the mitochon-
drial marker and housekeeping protein HSP60 was also
strongly reduced in all tested samples of the lesional skin
(Figure 4d).

NRF2 regulates a subset of mitochondrial proteins in human
KCs

To determine whether the reduced NRF2 activation and the
lower abundance of mitochondrial proteins are interlinked,
we reanalyzed our published data obtained by chromatin
immunoprecipitation and sequencing, which had been ob-
tained with primary human KCs treated with the NRF2-
activating compound sulforaphane or vehicle (Kurinna
et al.,, 2021). Of the 29 differentially abundant mitochon-
drial proteins, eight showed binding of NRF2 in the regula-
tory regions of their genes (Figure 4e). Those eight proteins
are encoded by the nuclear genome, and their abundance
was particularly low in AD skin (Figure 4f).

To further determine the potential effect of NRF2 on
mitochondrial proteins in KCs, we performed small inter-
fering RNA-mediated knockdown of NRF2 in human pri-
mary KCs. After 72 hours, expression of NRF2, expression of
two classical NRF2 target genes (NQOT and GCLC), and
expression of the putative NRF2 target CYB5A (Kurinna et al.,
2021) were significantly downregulated with both small
interfering RNAs (Figure 5a). Among other mitochondrial
proteins that were reduced in abundance in AD epidermis,
only the mRNA levels of COX7A2L were mildly down-
regulated with both small interfering RNAs (Figure 5a).
Western blot analysis confirmed the downregulation of
phosphorylated NRF2 and NQOT1 by both NRF2 small
interfering RNAs, whereas expression levels of HSP60 and
SDHB were not affected (Figure 5b). This finding suggests that
NRF2 knockdown does not directly affect the levels of most
mitochondrial proteins. This is supported by the lack of
obvious differences in Mitotracker staining between immor-
talized human HaCaT KCs with or without NRF2 knockdown
(Figure 5¢). As expected, NRF2 knockdown mildly increased
the levels of total intracellular ROS under homeostatic con-
ditions, whereas the levels of mitochondrial ROS and cellular
adenosine triphosphate were mildly reduced (Figure 5d-f).

Together, these results show that NRF2 directly regulates a
subset of mitochondrial proteins at the transcriptional level,
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whereas the global downregulation of other mitochondrial
proteins in AD epidermis likely involves indirect mecha-
nisms, which may be related to chronic inflammation.

DISCUSSION

We present a comprehensive proteomics dataset of the full
epidermis from lesional and NL AD skin and from the skin of
healthy individuals. Using data-independent acquisition, we
generated digital proteome maps, which can be queried for
specific proteins using alternative peptide libraries or provide
assays for targeted analyses of proteins in normal or diseased
skin.

The surprisingly small overlap between differentially
abundant mRNAs and proteins in AD versus in Ctrl epidermis
points to a key relevance of post-transcriptional regulation of
gene/protein expression in AD skin. However, it should be
considered that various lowly abundant proteins could not be
detected in our MS-based proteomics analysis owing to the
high tissue complexity. Furthermore, RNAs/proteins that are
differentially abundant in one dataset might be below the
threshold limits of significance in the other and thus not
included in the analysis, although their regulation still shows
a similar trend. Therefore, our study nicely complements
previous transcriptomics results.

An unexpected finding was the impaired NRF2 activity in
AD epidermis. We chose this pathway for further analysis
because of (i) its consistent downregulation in AD skin, (ii)
the lack of previous data on NRF2 activity in this disease, and
(i) the possibility to activate NRF2 by well-characterized
compounds (Hayes et al., 2010). The reduced abundance
of NRF2-target proteins was already observed in the NL
epidermis, suggesting that it is not the consequence of strong
inflammation. Therefore, reduced NRF2 activation is obvi-
ously not sufficient to induce an AD phenotype. Rather, it is
likely to promote oxidative stress and inflammation in
response to a proinflammatory stimulus. Consistent with this
assumption, Nrf2-knockout mice do not have obvious skin
abnormalities under homeostatic conditions. However,
knockout of Nrf2 enhanced UV-induced KC apoptosis in
mouse epidermis (Schifer and Ditsch, 2010) and further
delayed the wound healing process in mice with diabetes
(Long et al., 2016). Most importantly, Nrf2-knockout mice
showed increased numbers of neutrophils in the skin on in-
duction of contact dermatitis, which was a consequence of
oxidative stress and enhanced chemokine production (Helou
et al., 2019). They were also more sensitive to radiation-
induced dermatitis (Schmidlin et al., 2020). NRF2 is also a
key regulator of the epidermal barrier, which activates a
rescue pathway in loricrin-deficient mice. The combined loss
of loricrin and NRF2 signaling in KCs caused perinatal death
of mice because of an impaired epidermal barrier and
consequent desiccation (Huebner et al., 2012; Ishitsuka and

mitochondrial proteins shown in a that were differentially abundant in the epidermis of L versus Ctrl skin. (c, d) Representative immunofluorescence staining of
Ctrl and L skin (acute and chronic lesions as indicated) for (c) SDHB (red) or (d) HSP60 (green) (n = 4 each). The area indicated by the white rectangle is shown
at higher magnification below. Bars = 50 pm. (e) Stacked bar chart showing mitochondrial proteins that are less abundant in AD epidermis. Eight of them (see
Supplementary Table S10) showed NRF2 binding in their regulatory region in cultured keratinocytes (Kurinna et al., 2021). (f) Graph showing the Log2FC
abundance differences between epidermis of AD and Ctrl skin for mitochondrial proteins with detected NRF2-binding sites in the regulatory region of their
genes in cultured keratinocytes (n = 8) versus those without detectable NRF2-binding sites (n = 21) (Kurinna et al., 2021). **P= 0.0039 (Mann-Whitney U test).
AD, atopic dermatitis; Ctrl, control; L, lesional; Log2FC, log, fold change; NL, nonlesional.
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Figure 5. A subset of mitochondrial genes/proteins is directly regulated by NRF2. (a) qRT-PCR using RNA from primary human keratinocytes transfected with
Scr or NRF2 siRNAs (siRNAT, siRNA2) for expression of NRF2, NQO1, GCLC, CYB5A, COXA2L, HSD17B8, HSP60, ECHDC3, and SDHB. (b) Western
blot of human primary keratinocytes with or without NRF2 knockdown for pNRF2, HSP60, NQOT1, SDHB, and B-actin (loading control). (c) Representative
photomicrographs of HaCaT keratinocytes with or without NRF2 knockdown stained with MT (red) and Hoechst (blue), analyzed by confocal microscopy.
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Roop, 2021). However, overactivation of NRF2 in KCs of
transgenic mice also resulted in a defective barrier. This was
caused by corneocyte fragility as a result of an imbalance of
different cornified envelope proteins (Schifer et al., 2012).
Together, these findings show that the amount and activity of
NRF2 in KCs has to be tightly regulated to maintain an effi-
cient barrier. The reduced NRF2 activation in AD skin may
therefore contribute to the barrier deficiency and also
enhance the susceptibility to skin inflammation.

Although we were not able to detect NRF2 by MS-based
proteomics, the normal NRF2 mRNA levels in AD
epidermis (He et al., 2020b) show that activation rather than
the expression of NRF2 is affected, possibly because of a
higher abundance of NRF2 inhibitors. Therefore, NRF2-
activating compounds appear promising for the treatment of
AD as exemplified by their beneficial effects in experimen-
tally induced AD in mice (Wu et al., 2019; Yoo et al., 2020).
Furthermore, agonists of the aryl hydrocarbon receptor,
which also activate NRF2, for example, coal tar and tapi-
narof, showed efficacy for AD in clinical trials (Furue, 2020;
Peppers et al., 2019; van den Bogaard et al., 2013).

Another unexpected finding was the reduced abundance of
various mitochondrial proteins in AD epidermis. This may
result in part from a reduction in the number of mitochondria
but also from reduced expression of specific mitochondrial
proteins. It is also possible that the mitochondria are defec-
tive in AD epidermis, for example, as a consequence of long-
term oxidative stress. This hypothesis is in line with the
abnormal perinuclear clustering of mitochondria observed in
AD skin (Huck et al., 2016). Defective mitochondria likely
cause impairments in the tricarboxylic acid cycle, B-oxida-
tion, and oxidative phosphorylation in AD, and the down-
regulation of proteins involved in these pathways was indeed
observed in our study. This may result in a switch from
oxidative phosphorylation to glycolysis. In line with this hy-
pothesis, reduced levels of B-oxidation metabolites and
enhanced levels of lactate were detected in the serum of
patients with AD (Ottas et al., 2017).

The impaired NRF2 activation and reduced abundance of
mitochondrial proteins may be partially interlinked because
NRF2 deficiency impacted cellular bioenergetics in murine
neurons and fibroblasts by controlling substrate availability
for mitochondrial respiration (Holmstrom et al., 2013) and
affected the efficiency of mitochondrial fatty acid oxidation
(Ludtmann et al., 2014). Consistent with these findings,
mitochondrial ROS and cellular adenosine triphosphate
levels were mildly reduced in NRF2-knockdown KCs (this
study). Together, these results point to the role of NRF2 in
mitochondrial respiration and energy production. We also
showed that a subset of mitochondrial proteins that are less
abundant in AD skin is encoded by direct NRF2-target genes.
These genes are present in the nuclear genome, which is
consistent with the nuclear localization of NRF2. Further-
more, nuclear respiratory factor 1, a key regulator of mito-
chondrial biogenesis, was shown to be controlled by NRF2,
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and Nrf2-knockout mice failed to elevate nuclear respiratory
factor 1 levels and mitochondrial biogenesis during Staphy-
lococcus aureus—induced pneumonia (Athale et al., 2012).
Although we were not able to detect nuclear respiratory
factor 1 in our proteomics study, these findings point to the
possible impairment of mitochondrial biogenesis on reduc-
tion of NRF2 activity. Together, the results presented in this
study suggest that NRF2 activity regulates mitochondria at
different levels, which is consistent with its previously shown
activities in mitochondrial biogenesis, respiration, and qual-
ity control (Ryoo and Kwak, 2018). They also identify mito-
chondria as a possible pharmacological target in the
treatment and/or prevention of AD.

MATERIALS AND METHODS

Patient selection

All patients were white Caucasians who had chronic disease without
flares at the time of sampling. Biopsies were obtained from body
sites with little sun exposure. Detailed information about the patients
is provided in Tables 1 and 2. Skin from healthy volunteers was used
as a Ctrl. Samples were obtained as part of an investigator-initiated
clinical study to determine the molecular signatures of AD. Pro-
cedures were conducted according to the Declaration of Helsinki
principles. Informed written consent was obtained from all partici-
pants under a protocol approved by the local ethics board at the
University Hospital Schleswig-Holstein, Campus Kiel (Kiel, Ger-
many) (reference number A100/12). Inclusion criteria for patients
were a dermatologist-confirmed diagnosis of active AD according to
standard criteria (Weidinger and Novak, 2016). Exclusion criteria
were the presence of another chronic skin disease, previous or
current systemic treatment with immune modulatory medication, or
topical treatment within 1 week before the biopsy. Patients were
screened for the four most common FLG sequence variants in the
European population and categorized into either wild-type, hetero-
zygous, or homozygous/compound heterozygous (Tables 1 and 2).
Biopsies were analyzed by large-scale quantitative proteomics or
targeted proteomics (Supplementary Materials and Methods).

Statistical analysis

Statistical analysis was performed using GraphPad Prism, version 8
(GraphPad Software, La Jolla, CA). Mean and SD are shown.
Mann—Whitney U test was used for comparison between two
groups. For comparison between three or more groups, one-way
ANOVA test was used. *P > 0.05, **P > 0.01, ***P > 0.001, and
***%p > 0.0001. For the data-independent acquisition proteomics
data, differential protein abundances between sample groups were
determined by unpaired Student’s t-test and g-values generated using
Storey’s multiple testing correction method (Storey, 2002) imple-
mented in Spectronaut. Statistical significance for parallel reaction
monitoring data was determined by Student’s t-test and Benjamini-
Hochberg multiple testing correction (implemented in Skyline).

Data availability statement
The proteomics data are summarized in Supplementary Tables S1
and S2. Discovery proteomics data have been deposited to

the  ProteomeXchange  Consortium  (http:/proteomecentral.

Bars = 10 um. (d, e) Relative levels of (c) intracellular ROS or (d) mitochondrial superoxide in HaCaT cells transfected with Scr or NRF2 siRNAs. (f)
Relative ATP levels in human primary keratinocytes transfected with Scr or NRF2 siRNAs. Bar graphs indicate mean £ SD. *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001 (one-way ANOVA). ATP, adenosine triphosphate; ns, not significant; MT, Mitotracker; pNRF2, phosphorylated NRF2; Scr,

scrambled; siRNA, small interfering RNA.
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proteomexchange.org) by the PRIDE (Proteomics Identification
Database) (Perez-Riverol et al., 2019) partner repository with the
dataset identifier PXD025431. Targeted proteomics data are avail-
able at https://panoramaweb.org/13dyJP.url with the dataset identi-
fier PXD025379.
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SUPPLEMENTARY MATERIALS AND METHODS
Patient samples used for proteomics experiments
Patients with AD used for large-scale quantitative proteomics
(n = 10) included four female and six male individuals with a
median age of 31 years. Healthy volunteers (n = 10) included
four female and six male individuals with a median age of 28
years. For parallel reaction monitoring (PRM) validation, we
used five additional patients with AD, including two female
and three male individuals with a median age of 49 years.
Healthy volunteers (n = 5) included two female and three
male individuals with a median age of 44 years (Table 1).
For validation of results by immunofluorescence, we used
additional patients with chronic or acute AD and additional
healthy individuals.

Sample processing

A total of 5 mm skin punch biopsies were obtained under
local anesthesia from lesional skin of patients with chronic
AD. Nonlesional skin was taken from an adjacent area at
least 5 cm away from the active lesion. Biopsies were incu-
bated for 1T minute in 60 °C PBS under swirling and cooled
down for 1 minute in 4 °C PBS, allowing separation of
epidermis and dermis without the use of enzymatic digestion.
The epidermis was peeled off from the dermis using forceps
and snap frozen in liquid nitrogen. For pressure-cycling
technology, 2 mg of epidermal tissue was placed into
pressure-cycling technology MicroTubes (catalog number:
MT-96, Pressure BioSciences, Easton, MA). After adding 30 pl
of freshly prepared lysis buffer (8 M urea, 100 mM ammo-
nium bicarbonate, 1x complete protease inhibitors, EDTA-
free), tubes were sealed using a pressure-cycling technology
microPestle (C/N: MTWS-MP96-B, Pressure BioSciences).
Pressure-assisted protein extraction and tandem digestion
were performed as originally described (Guo et al., 2015)
with the exception that Lys-C was used at 1:50, and trypsin
was used at 1:40 w/w enzyme to substrate ratio. The resulting
C18-cleaned peptides were diluted to 0.3 A280 U/ml using
3% acetonitrile/0.1% formic acid and mixed with iRT (stock
keeping unit: Ki-3002, Biognosys, Schlieren, Switzerland) at
a ratio of 1/20 (v/v). iRT peptides were used as standard in
data-independent acquisition (DIA) experiments for indexed
retention time normalization and significantly improved
identification and quantitation (Bruderer et al., 2016).

DIA proteomics

Peptide samples were analyzed in DIA mode on a hybrid
quadrupole-orbitrap mass spectrometer (Q Exactive HF,
Thermo Fisher Scientific, Waltham, MA) equipped with a
Digital PicoView source (New Objective, Woburn, MA) and
operated in line with a nano ultraperformance liquid chro-
matography system (nanoACQUITY, Waters, Milford, MA).
For each sample, 2 pl of purified peptide mixture were
trapped on a nanoEase M/Z Symmetry C18 trap column (5
pum, 180 um x 20 mm, Waters) and separated on a nanoEase
M/Z HSS T3 C18 Column (100 &, 1.8 um, 75 x 150 mm,
Waters) at a flow rate of 300 nl/min using a gradient from 1%
solvent B (0.1% formic acid in acetonitrile, Romil, Cam-
bridge, United Kingdom)/99% solvent A (0.1 % formic acid
in water, Romil) to 35% solvent B/65% solvent A within 90
minutes. Mass spectra were recorded at a resolution of
30,000 (at 200 m/z) in profile mode using positive polarity.
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Mass spectrometry (MS) 1 scans covering 350-1,500 m/z
were acquired using an automatic gain control target of 3e6
and a maximum IT of 41 ms. Each MS1 scan was followed by
32 multiplexed fragment ion scans (MS2) tiling the m/z range
of 350-1,500 in 25-Da windows. The maximum injection
time per MS2 scan was selected automatically by the in-
strument software to assure acquisition at a fixed scan rate of
12 Hz. Accordingly, the instrument cycle time was around
2.4 seconds at a chromatographic peak width of 20-30
seconds. The automatic gain control target for MS2 scans was
set to 3e6, and isolated precursors were fragmented using
higher-energy collisional dissociation at a normalized colli-
sion energy of 28.

Data analysis of DIA proteomics experiments

Raw MS data were analyzed with Spectronaut
14.10.201222.47784 (Biognosys) (Bruderer et al., 2015) us-
ing a hybrid spectral library compiled from recorded DIA
runs and shotgun MS from pooled lesional, NL, and control
samples searched against the Biognosys human Uniprot-
Reference database uniprot_sprot 2020-01-01_HUMAN
(20,367 entries) with default parameters. For analysis,
default BGS Factory Settings were applied, quantitative data
were exported from Post Analysis and Volcano plots, and
principal component analysis was generated in GraphPad
Prism, versions 8 and 9, respectively (GraphPad Software, La
Jolla, CA).

PRM validation

PRM measurements were performed on a Q Exactive HF
(Thermo Fisher Scientific) instrument equipped with a Digital
PicoView source (New Objective) and operated in line with a
nano ultraperformance liquid chromatography system
(ACQUITY UPLC M-CLASS, Waters). Peptides were trapped
on an M-CLASS Symmetry C18 trap column (5 pm, 180 pm x
20 mm, Waters) and separated on an M-CLASS HSS T3 C18
Column (100 4, 1.8 um, 75 x 250 mm, Waters) at a flow rate
of 300 nl/min using a gradient from 5% solvent B (0.1%
formic acid in acetonitrile, Romil)/95% solvent A (0.1% for-
mic acid in water, Romil) to 35% solvent B/65% solvent A
within 60 minutes. The mass spectrometer was set to perform
MS1 scans (150—2,000 m/z) with an automatic gain control
target of 3e6, at a 120,000 resolution and with a maximum
injection time of 200 ms followed by MS/MS acquisition in
time-scheduled PRM mode with an automatic gain control
target of 2e5, at a 30,000 resolution, an isolation window of
1.4 m/z, and a maximum injection time of 55 ms. Higher-
energy collisional dissociation fragmentation was conducted
at a normalized collision energy of 35%. The isolation lists
for each performed assay are provided in Supplementary
Table S2.

Data analysis for PRM proteomics experiments

Raw PRM data were analyzed using Skyline 3.7 (11371,
MacCoss Lab, Seattle, WA) with a spectral library generated
from the same shotgun MS analyses of a pooled sample as for
the DIA analysis and selecting the top five b or y ions (>3
ranks of series). All peaks were manually inspected for cor-
rect detection and boundaries, and peak areas were deter-
mined by the software. The Skyline group comparison
algorithm was employed to calculate the ratios between



conditions using median equalization for normalization, a
protein confidence interval of 95%, and Tukey’s Median
Polish as the summary method.

Immunofluorescence staining

Skin samples were stored in PAXgene tissue stabilizer reagent
for 1-7 days at room temperature and embedded in paraffin.
Sections (7 pm) were dewaxed and rehydrated using a
xylene/ethanol gradient, followed by antigen retrieval using
citrate buffer (100 mmol/I citric acid for NQO1 and BACH1,
pH 6.0, and 10 mmol/l for all other antibodies) at 95 °C for 1
hour and three washes with PBS. Staining was performed
using the following antibodies: mouse anti-HSP60 (number
ab59457, Abcam, Cambridge, United Kingdom), rabbit anti—
pSer40-NRF2 (number EP1809Y, Abcam), rabbit anti-NQO1
(number ab34173, Abcam), rabbit anti-BACH1 (number
HPA034949, Sigma-Aldrich, St. Louis, MO), and rabbit anti-
SDHB (number HPA002868, Sigma-Aldrich) and goat anti-
mouse 1gG—Cy2 (number 115 225 003, Jackson ImmunoR-
esearch Laboratories, Westgrove, PA) and goat anti-rabbit
IgG—Cy3 (number 111-165-003, Jackson ImmunoResearch
Laboratories). Stained sections were analyzed using a Zeiss
Imager.A1 microscope equipped with enhanced-contrast
Plan-Neofluar objectives (40x/1.3 numeric aperture and
20x/0.5 numeric aperture) and photographed with an Axio-
Cam MRm camera (all from Carl Zeiss, Oberkochen, Ger-
many). ZEN blue software (version 2.6, Carl Zeiss) was used
for data acquisition.

Small interfering RNA-mediated knockdown

Primary human keratinocytes were isolated from the foreskin
of three independent donors without signs of skin disease as
described previously (Sollberger et al., 2012). The human
foreskin was obtained anonymously from healthy boys with
written consent from the parents in the context of the Uni-
versity of Zurich biobank project approved by the local and
cantonal Research Ethics Committees and according to the
Declaration of Helsinki Principles. Knockdown of NRF2 was
performed by transfection of cells with two different small
interfering RNAs (siRNAs) (GAGAAAGAAUUGCCUGUAA
[deoxythymidine dinucleotide] for siRNAT and CCUUAUU-
CUCCUAGUGAAU  [deoxythymidine dinucleotide] for
siRNA2) using the INTERFERin siRNA transfection reagent
(Polyplus, Illkirch-Graffenstaden, France). HaCaT cells (hu-
man immortalized keratinocytes [Boukamp et al., 1988])
were transfected with the same siRNAs using Lipofectamine
RNAIMAX (Thermo Fisher Scientific). Scrambled siRNA was
used as control (MISSION siRNA Universal Negative Control
number1, number SIC001, Sigma-Aldrich). siRNA was added
on days 1 and 3 after seeding. Cells were analyzed 24 hours
after the second transfection.

RNA isolation and qRT-PCR

RNA isolation and gRT-PCR were performed as previously
described (Hiebert et al., 2018, Rauschendorfer et al., 2021).
Gene expression was normalized to RPL27. Primer se-
quences are listed in Supplementary Table S11.

Preparation of protein lysates and western blot

Keratinocytes were lysed in lysis buffer containing 50 mM
Tris-hydrogen chloride, pH 8.0, 1% NP-40, and 150 mM
sodium chloride and analyzed by western blot
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(Rauschendorfer et al., 2021) using the following primary
antibodies: mouse anti-HSP60 (number ab59457, Abcam),
rabbit antiphosphorylated Ser40 NRF2 (number EP1809Y,
Abcam), rabbit anti-NQO1 (number ab34173, Abcam), rab-
bit anti-SDHB (number HPA002868, Sigma-Aldrich), mouse
anti—-B-actin (number A5441, Sigma-Aldrich), goat anti-
mouse or anti-rabbit 1gG, and horseradish peroxidase con-
jugate (number W402B or number W401B, respectively,
Promega, Madison, WI).

Determination of cellular adenosine triphosphate levels
Adenosine triphosphate levels were measured using the
CellTiter-Glo 2.0 Cell Viability Assay (number G9241,
Promega) according to the manufacturer’s instructions.
Luminescence was recorded using the Cytation 3 Imaging
Reader (BioTek, Winooski, VT) and analyzed using Gen5 All-
In-One Microplate Reader Software (version 2.07, BioTek).

Determination of intracellular and mitochondrial ROS levels
Total cellular ROS were analyzed using H2DCFDA (D399,
Thermo Fisher Scientific) as previously described (Hiebert
et al., 2018). Mitochondrial ROS were analyzed using
MitoSOX Red (Invitrogen, Waltham, MA) according to the
manufacturer’s instructions. Fluorescence was measured us-
ing a GloMax Microplate Reader (Promega).

Mitotracker staining of keratinocytes

HaCaT cells were stained with MitoTracker Orange
CMTMRos (number M7510, Thermo Fisher Scientific) diluted
1:1,000 in a complete medium for 45 minutes at 37 °C) and
costained with Hoechst 33342 (Sigma-Aldrich) diluted in PBS
with 1% BSA for 30 minutes at room temperature. Confocal
imaging was performed using a Leica TCS SP8 microscope
equipped with a 40x 1.1 numerical aperture Water HC PL
IRAPO objective. Laser power was kept constant throughout
each experiment, as were photomultiplier tube voltage and
gain. Leica SP8 LAS X software, version 3.5.5, was used to
control the instrument and for image acquisition.

Pathway analysis

Proteomics datasets were analyzed using Ingenuity Pathway
Analysis software (version 60467501, Qiagen, Hilden, Ger-
many). Proteins with a g-value < 0.05 and a log, fold change
< 0.58 or >0.58 were included for analysis.

Image analysis

Immunofluorescence stainings were analyzed using Image]
software (version 1.53e, National Institutes of Health,
Bethesda, MD). To quantify the staining for phosphorylated
NRF2, 10 images per stained section were acquired, and the
number of phosphorylated NRF2* nuclei in the epidermis
was counted using the built-in cell counter tool and
normalized to the total number of epidermal nuclei.
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Supplementary Figure S1. Impaired

¢ keratinocyte differentiation and
K6A epidermal stratification in AD skin.
8+ (@) PCA score plot on the effect of
6+ conditions (Ctrl, NL, and L) shows a
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Supplementary Figure S2. NRF2-target genes are consistently downregulated at the RNA and protein level in AD epidermis, independent of the status of FLG
sequence variation. (a) Heatmap showing reduced (green) or increased (red) abundance of proteins involved in NRF2 signaling in the epidermis of L versus Ctrl
skin (left column) compared with the expression levels in basal, suprabasal, and total keratinocytes on the basis of published scRNA-seq data of L and Ctrl skin
(He et al., 2020) (see also Supplementary Table S8). Proteins with significantly differential abundance (g-value < 0.05 and Log2FC < 0.58 or > 0.58) are
indicated with a black box. Proteins/genes that were not detected are indicated in gray. (b) Bar graphs showing reduced abundance (green) of GSR in the
epidermis of NL vs Ctrl, L vs NL, and L vs Ctrl skin of individual patients. (c) Bar graphs showing increased (red) or reduced abundance (green) of KEAP1 in the
epidermis of NL vs Ctrl, L vs NL, and L vs Ctrl skin of individual patients. AD, atopic dermatitis; Ctrl, control; L, lesional; Log2FC, log, fold change; neg.,
negative; NL, nonlesional; scRNA-seq, single-cell RNA sequencing.
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Supplementary Figure S3. Impaired NRF2 activation is independent of the status of FLG sequence variation and already detectable in non-lesional skin. (a) Bar
graphs showing increased or reduced abundance of GSR, SOD3, and KEAP1 in the epidermis of patients with AD with WT alleles for FLG, HE sequence variants
for FLG, and HO/compound HE sequence variants for FLG. Bars indicate mean + SD. (b) Photomicrographs showing the representative immunofluorescence
stainings of NL and L skin for pNRF2 (red) and counterstaining of nuclei with Hoechst (blue). Bars = 50 pm. AD, atopic dermatitis; GSR, glutathione reductase;
HE, heterozygous; HO, homozygous; L, lesional; NL, nonlesional; pNRF2, phosphorylated NRF2; WT, wild-type.
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Supplementary Table S11. Primer Sequences Used in this Study
Gene Forward Primer Sequence Reverse Primer Sequence
COX7A2L CACCAACTAAACTGACCTCCG GGGCACACCATCAGCTTTCT
CYB5A CACCACAAGGTGTACGATTTGA CATCTGTAGAGTGCCCGACAT
ECHDC3 CTGGACGGCATAAGGAACATC GACTTTCAGATCGTTGCTGTCA
GCLC GGAAGGAAGGTGTGTTTCCTGG ACTCCCTCATCCATCTGGCAA
HSD17B8 AGTAGCATCGTAGGAAAGGTGG TGAGGTCCCTGTGATGTATCC
HSP60 ATGCTTCGGTTACCCACAGTC AGCCCGAGTGAGATGAGGAG
NQOI1 GTGATATTCCAGTTCCCCCTGC AAGCACTGCCTTCTTACTCCGG
NRF2 AGGTTGCCCACATTCCCAAA AATGTCTGCGCCAAAAGCTG
RPL27 TCA CCTAATGCCCACAAGGTA CCACTTGTTCTTGCCTGTCTT
SDHB CACTCTAGCTTGCACCCGAA CGTAGAGCCCGTCCAGTTTC
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