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Abstract

MCPIP1 (Regnase-1, encoded by the ZC3HI12A gene) regulates the mRNA stability of several
inflammatory cytokines. Due to the critical role of this RNA endonuclease in the suppression

of inflammation, Mcpipl deficiency in mice leads to the development of postnatal multiorgan
inflammation and premature death. Here, we generated mice with conditional deletion of Mcpipl
in the epidermis (Mcpip1EX0). Mcpip1 loss in keratinocytes resulted in the upregulated expression
of transcripts encoding factors related to inflammation and keratinocyte differentiation, such

as IL-36a/y cytokines, S100a8/a9 antibacterial peptides, and Sprr2d/2h proteins. Upon aging,
the Mcpip1EXC mice showed impaired skin integrity that led to the progressive development

of spontaneous skin pathology and systemic inflammation. Furthermore, we found that the

lack of epidermal Mcpipl expression impaired the balance of keratinocyte proliferation and
differentiation. Overall, we provide evidence that keratinocyte-specific Mcpipl activity is crucial
for the maintenance of skin integrity as well as for the prevention of excessive local and systemic
inflammation.
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MCPIP1; Regnase-1; ZC3H12A; Skin inflammation

Introduction

The skin is the main interface between the body and the environment. It is essential for
preventing water and electrolyte loss, as well as for protection against harmful substances
and pathogens [1]. The impairment of skin barrier function can cause or aggravate

skin disorders, including psoriasis, atopic dermatitis, and ichthyosis [2-5]. Although the
epidermis is a highly organized stratified epithelium consisting of four distinct layers:
stratum basale, stratum spinosum, stratum granulosum, and the uppermost stratum corneum,
its barrier function is provided mainly by a number of factors in the stratum corneum
(corneocytes), such as lipids, antibacterial peptides, proteases, transcription factors, and
many others [6-8]. The unique crosstalk between epidermal layers, immune cells, and
microbes is important for tissue repair and regeneration to maintain the skin barrier function

[9].

Monocyte chemotactic protein-1-induced protein 1 (MCPIP1), also known as Regnase-1, is
encoded by the ZC3H12A gene. MCPIP1 possesses a PIN domain that has RNase properties
and selectively promotes the destabilization of mMRNAs encoding certain inflammatory
cytokines, signal transducers, and transcription factors, such as IL-6 and 1L12p40 in
macrophages and c-Rel, Ox40, and IL-2 in T cells [10-15]. ZC3H12A expression is induced
by a number of proinflammatory factors, including IL-17A and IL-36 family members [16—
18], and MCPIP1 is an essential regulator of inflammatory signaling activation and immune
homeostasis [19-22].
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The systemic role of MCPIP1 has been demonstrated in Mcpipl-knockout mice. Mice
lacking functional Mcpipl develop postnatal systemic inflammation, which manifests as
splenomegaly, lymphadenopathy, abnormal responses of both innate and adaptive immune
cells, enhanced cytokine production, and premature death. The lack of Mcpiplin T cells
leads to a similar phenotype, suggesting a key role of Mcpipl in immune homeostasis [13,
21, 23, 24].

MCPIP1 RNase is upregulated at both the transcript and protein levels in the human
psoriatic epidermis [16, 17, 25]. Recent studies have shown that Mcpip1 deficiency

leads to exaggerated psoriasis-like skin inflammation in response to imiquimod in both
heterozygous Mcpipl™* mice [16] and in mice with keratinocytespecific Mcpip1 depletion
[17]. Importantly, Mcpip1~* mice do not show any signs of skin pathology at the basal
level. Takaishi et al. further pointed out that IL-36 signaling plays a role in driving

the development of psoriasiform inflammation in mice with ablated epidermal Mcpipl
function. The authors showed that the expression of some transcripts associated with skin
inflammation, such as //36a, S100a8, and Defb3, is upregulated specifically in Mcpipl-
depleted keratinocytes, suggesting that Mcpipl RNase may play a role in the regulation

of keratinocyte biology [18]. However, no description of the in vivo effect of the loss of
epidermal Mcpip1 function was provided; in particular, no baseline skin characteristics in
the mice were reported [18], which is important to fully understand an impact of Mcpipl on
cutaneous pathophysiology.

To deepen our knowledge on the role of epidermal Mcpip1l in skin homeostasis,

we generated keratinocyte-specific Mcpip1-knockout mice (Mcpip1EK©O). Based on
pathological, immunological, and transcriptional analyses, we found that loss of Mcpipl
function leads to an increase in epidermal thickness as a result of enhanced cell proliferation,
skin lesion formation as a result of skin barrier impairment, and spontaneous skin
inflammation development due to changes in the expression profile of some inflammatory
mediators. Moreover, we found that conditional Mcpip1-knockout mice develop systemic
inflammation.

Overall, we provide evidence that Mcpipl is a novel factor that controls the transcriptional
profile in keratinocytes, and is crucial for skin immunological functions and maintaining
epidermal homeostasis via the regulation of the equilibrium between keratinocyte
proliferation and differentiation. Moreover, we show that Mcpipl expression positively
correlates with the differentiation potential of keratinocytes and postulate that Mcpipl is a
novel factor in the squamous epidermis that is essential for the maintenance of skin integrity.

Materials and methods

Animals

The Cre-loxP system was used to generate Mcpip1EXC mice (C57BL/6NJ). The
Mcpip1!oxP/oxP (Mcpip1f/fy mice, herein control mice, have been described previously
[26]. To generate Krt14C™Mcpip1™/fl mice, male Krt14C™ mice [27] were bred with female
Mcpipl loxP-flanked mice. The mice used in this study were sex- and age-matched
littermates. All animal procedures were conducted in accordance with the Guide for the
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Care and Use of Laboratory Animals (Directive 2010/63/EU of the European Parliament)
and carried out under a license from the Ethical Committee of Jagiellonian University.

Human primary keratinocyte differentiation

Normal human epidermal keratinocytes were obtained from Lonza Group Ltd. (Basel,
Switzerland). The cells were cultured in a 75-cm? cell-culture flask at 37 °C in a 5% CO,
atmosphere in serum-free Keratinocytes Growth Medium KGM-Gold (Lonza Group Ltd.,
Basel, Switzerland) supplemented with bovine pituitary extract, human endothelial growth
factor, bovine insulin, hydrocortisone, gentamicinamphotericin B (GA-1000), epinephrine,
and transferrin. To promote differentiation, primary keratinocytes were cultured in 6-well
plates with serum-free keratinocyte growth medium KGM-Gold supplemented with 1.8 mM
calcium.

Primary keratinocyte isolation

Mouse primary keratinocytes were isolated from newborn (0— 1 days) control (Mcpip1/f
or Mcpip1-deficient (Krt14<eMcpip1f/f) pups. The newborn mice were killed by
decapitation and incubated for 1 min in PBS (Lonza, MD, USA), 1 min in 70% EtOH,

and 1 min in PBS with antibiotics (Lonza, MD, USA). To separate the epidermis from the
dermis, the skin was cut into small pieces and incubated with 2 mL of dispase (StemCell
Technologies, MA, USA) overnight at 4 °C. The next day, the skin was transferred into a
6-cm dish, and the epidermis was separated from the dermis with forceps. Epidermal sheets
were incubated in 1 mL of 0.25% trypsin with EDTA for 15 min at room temperature

(RT). Keratinocytes were washed out of the epidermal sheet using 5 mL of DMEM

(Lonza, MD, USA) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich). After
centrifugation, keratinocytes were seeded in cell-culture plates in 10% FBS/DMEM. After
24 h, the medium was replaced with keratinocyte growth medium (keratinocyte cell basal
medium supplemented with KGM-Gold™ SingleQuots™ (bovine pituitary extract, human
endothelial growth factor, insulin (bovine), hydrocortisone, gentamicin-amphotericin B
(GA-1000), epinephrine, and transferrin); Lonza, MD, USA). Keratinocytes were cultivated
at 37 °C with 5% CO,, and the medium was refreshed every 2 days.

RNA isolation and quantitative real-time PCR

Skin samples or spleens were collected, placed in Eppendorf tubes, frozen in liquid nitrogen,
and stored at — 80 °C. For RNA isolation, the samples were homogenized in Fenozol (A&A
Biotechnology, Gdynia, Poland) using a tissue homogenizer (Miccra D-1, Germany). The
quantity of ribosomal RNA and DNA contaminants was examined using electrophoresis

in a 1% denaturing formaldehyde gel. The purity and concentration of total RNA were
assessed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Reverse transcription was performed with 1 pg of total RNA, oligo(dT) primer,
and M-MLV reverse transcriptase (Promega, Madison, USA). The cDNA was diluted 5
times, and real-time PCR was performed using an Eco Real-Time PCR System (Illumina)
with SYBR Green gPCR master mix (A&A Biotechnology). The relative abundance of
transcripts was determined compared to the abundance of elongation factor-2 (EF2). The
sequences of the primers (Sigma-Aldrich) are listed in Supplementary Table S1
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RNA sequencing

RNA extraction—Total RNAwas extracted from mouse primary keratinocytes using

a mirVana™ PARIS™ kit (Ambion) according to the manufacturer’s instructions. The
concentration of each sample was measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). The total RNA quality was analyzed with a RNA 6000 Nano
Kit on an Agilent 2100 bioanalyzer (Agilent). Only samples with an RNA integrity number
(RIN) > 7 were considered for downstream analyses.

Mouse AmpliSeq transcriptome—An lon AmpliSeq Transcriptome Mouse Gene
Expression kit (Thermo Fisher Scientific) was used for library preparation from IMQ-treated
samples according to the manufacturer’s protocol. Briefly, 100 ng of total RNA was reverse
transcribed, and the cDNA was subjected to multiplex PCR to amplify fragments of the
target transcripts. The amplicons were then subjected to partial digestion at the primer
sequences followed by adaptor ligation to the amplicons and purification on magnetic beads.
The generated library was quantified on a 2100 Bioanalyzer using a DNA 1000 kit (Agilent).

Sequencing on an lon Proton System—~Each library was diluted to ~ 80 pM prior to
template preparation. Eight barcoded libraries were mixed at equal volumes and used for
automatic template preparation on an lon Chef (Thermo Fisher Scientific) instrument using
reagents from an lon P1 Hi-Q 200 Kit (Thermo Fisher Scientific) and lon P v3 Proton Chip.
The samples were sequenced on the lon Proton System (Thermo Fisher Scientific) according
to the manufacturer’s instructions.

Gene expression analysis—Gene abundance was quantified with htseg-count (HTSeq
framework version 0.6) [28] using Ensembl Gene gtf files from UCSC as a reference.
Differential gene expression was analyzed with the R package DESeq2, version 1.10.1. The
sequencing data (as mapped bam files) are available in the European Nucleotide Archive
under accession number PRIJEB31970.

Gene Ontology category analysis—Gene function annotation was performed using
the Database for Annotation, Visualization, and Integrated Discovery v.6.8 (DAVID v.6.8).
Gene Ontology Biological Processes (GO_BP) analyses were used to achieve functional
annotation-based clustering of genes with upregulated and downregulated expression [29,
30].

Protein isolation and Western blotting

For protein isolation, skin or spleen samples were homogenized in RIPA buffer
supplemented with a complete protease inhibitor cocktail (Roche, Basely, Switzerland) and
a PhosSTOP phosphatase inhibitor cocktail (Roche) using a tissue homogenizer (Miccra
D-1, Germany). Cultured keratinocytes were washed with PBS and lysed in RIPA buffer
supplemented with protease and phosphatase inhibitors. The protein concentrations in the
cell lysates were measured with the bicinchoninic acid assay. Tissue and cell lysates were
separated by SDS/PAGE on 10% polyacrylamide gels and electrotransferred to PVDF
membranes (Millipore, Billerica, MA, USA), which were blocked in 3% milk dissolved

in Trisbuffered saline containing 0.05% Tween 20 (BioShop, Burlington, Canada). The
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membranes were incubated with primary antibodies overnight at 4 °C. Then, the membranes
were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies. The
signal was detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore)
in a MicroChemi chemiluminescence detector (DNR Bio-Imaging Systems, Jerusalem,
Israel). The antibodies used in this study are listed in Supplementary Table S2.

Histology and immunofluorescence staining

Skin tissue specimens were fixed in 4% formaldehyde for 2 h and then incubated
overnight at 4 °C in 30% sucrose. The next day, the tissue samples were embedded

in Tissue-Tek O.C.T. Compound (Fisher Scientific, Pittsburgh, PA, USA). Subsequently,
6-8-um cryosections were cut and stained with hematoxylin and eosin (H&E). Antigen
retrieval was performed in 10 mM citrate buffer (pH 6.0) for 30 min at 95 °C. For
immunohistology, skin samples were stained using an EnVision G|2 System/AP, Rabbit/
Mouse (Permanent Red) kit (Dako, Glostrup, Denmark) according to the manufacturer’s
protocol. After staining, the skin samples were counterstained with Mayer’s hematoxylin,
mounted in glycerol mounting medium (Dako), and examined with a Leica CTR6 LED.
For immunofluorescence, nonspecific antibody binding was prevented by blocking with
5% horse/goat serum, 1% BSA, and 0.005% Tween (Sigma-Aldrich) in PBS for 1 h.
Primary antibodies were incubated overnight at 4 °C in blocking buffer. The sections
were rinsed in PBS and incubated with secondary antibodies for 1 h at room temperature.
Nuclei were stained with Hoechst 33258 (Sigma-Aldrich). Samples were mounted with
fluorescent mounting medium (Dako) and then examined with a Leica CTR6 LED (Leica
Microsystems, Wetzlar, Germany) equipped with Lecia Application Suite X software. The
antibodies utilized for staining are listed in Supplementary Table S2. Figures were prepared
using ImageJ and Adobe Illustrator CC.

Barrier function assay

An in situ skin permeability assay using toluidine blue was performed as previously
described [31]. Briefly, newborn mice were sacrificed and incubated in methanol/PBS

(25, 50, 75, and 100%) for 1 min and then thoroughly washed with PBS. Pups were
subsequently immersed in 0.0125% toluidine blue/PBS for 1 min. Destaining was performed
with PBS washing before photographs were captured. Transepidermal water loss (TEWL)
measurements were performed on adult mice (3 months old (mo)) using a Tewameter
TM300 (Courage + Khazaka Electronic) according to the manufacturer’s operating
instructions. Adult mice were dorsally shaved using a professional hair clipper. Twenty-four
hours later, mice were anesthetized and after 10 min the measurements were taken. Data
were expressed in g/mh.

Flow cytometry

Blood samples were collected by retro-orbital bleeding into tubes containing 10 mM EDTA.
Bone marrow cells were isolated from one femur by flushing with RPM11640 medium
(Biowest) supplemented with 2% FBS (Gibco). Then, 0.5cm? back skin samples were

cut into small pieces and incubated with 2.5 mg/mL Collagenase D (Roche Diagnostics)
solution at 37 °C with continuous shaking at 1400 rpm for 45 min. Single-cell suspensions
from the skin, spleen, and bone marrow were obtained by mashing the organs through
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40-um cell strainers in RPMI1640 medium (Biowest) supplemented with 2% FBS (Gibco).
After the removal of red blood cells by treatment with lysis buffer (155 mM NH4CI, 10
mM NaHCOg3, 0.1 mM EDTA), the cells were washed in PBS and then stained for viability
assessment (Zombie Aqua Fixable Viability Kit; BioLegend). After being washed, the cells
were blocked with anti-CD16/CD32 antibodies (Fc block; eBioscience) for 10 min on

ice. Then, the cells were stained with the appropriate directly conjugated antibodies listed
in Supplementary Table S2 and then washed with PBS containing 1% BSA. Data were
acquired on a BD LSRII (BD Biosciences). Singlets were selected based on FCS-A vs FCS-
H. Dead cells were routinely excluded from the analysis. “Fluorescence minus one” (FMO)
controls were routinely used to verify correct compensation and to set the thresholds for
positive/negative events. Analyses were performed with FCS Express (De Novo Software).

Quantification and statistics

Results

All analyses were performed with 3-11 independent biological replicates. GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA) was used for all analyses of numerical data and the
generation of graphs and statistical tests, including one-way analysis of variance (ANOVA)
and Student’s ftest. Error bars represent the standard error of the mean.

Mcpipl RNase regulates the transcript level of immune response and terminal
differentiation genes in keratinocytes

Epidermal keratinocytes undergo a multistep differentiation process that requires a tight
balance between their proliferation and differentiation. To investigate the involvement

of the MCPIP1 protein in this process, we characterized its expression in normal

human keratinocytes and found that its expression is upregulated during Ca2*-induced
differentiation in vitro, concurrently with that of keratin 10, a marker of epithelial
differentiation (Fig. 1a, b). This finding is consistent with the observation that MCPIP1
protein localizes predominantly in the differentiated suprabasal layers of the normal human
epidermis [17].

To determine the role of Mcpip1l in epidermal physiology in vivo, we generated
Krt14CeMcpip ™M (Mcpip1EKO) mice, in which Mcpip1 is specifically deleted in epidermal
keratinocytes (Fig. 1c). Cre-mediated recombination resulted in the complete elimination of
Mcpipl mRNA and protein expression in primary keratinocytes (Fig. 1d and Supplementary
Fig. S1). The Mcpip1EKO pups were born viable with a consistent body weight reduction

of approximately 10% (Fig. 1e, f) but did not exhibit any obvious phenotypic abnormalities,
including an intact outside-in stratum corneum barrier (Fig. 1g).

In the subsequent experiments, we performed a thorough biochemical and/or immunological
characterization of Mcpip1EKO mice at three developmental stages: newborn (P0), adult (3
mo), and old (6-8 mo; Fig. 1h). We began the analysis by comparing the transcriptomes

of keratinocytes isolated and cultured from the newborn control and Mcpip1EXO mice by
RNA sequencing (RNA-Seq). The pairwise gene comparison indicated that the expression
of 392 and 207 transcripts was significantly up- or downregulated (adj. P value < 0.05
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and fold change > 1.5), respectively, in Mcpip1EKO cells. Functional analysis by Gene
Ontology (GO) enrichment annotation revealed that the genes with upregulated expression
in Mcpip1EKO mice were mainly assigned to groups related to keratinocyte differentiation
and inflammatory responses (Fig. 2a, b). The expression of keratin (Krt6b, Krt16, and
Krt23) and small proline-rich protein 2 (Sprr2ad/e/h) family genes associated with epidermal
growth, inflammation, and differentiation was enhanced in Mcpipl-deficient cells. The
upregulated expression of interleukin-36a (IL-36a; //36a/1/1f6) and I1L-36 y (//369/1/119)
cytokines, S100a8/a9 antibacterial peptides, and lipocalin-2 (Lcn2) indicated persistent
proinflammatory signaling in Mcpip1EXO cells. Our RNASeq data are consistent with the
known functions of MCPIP1 RNase as a negative regulator of immune responses. However,
we also noticed the elevated expression of certain negative regulators of inflammation, such
as /l1rnand /136ra/Il175 transcripts that encode IL-1 and IL-36 receptor antagonists (Fig. 2a,
c). Other pathways found to be elevated in Mcpip1EK© keratinocytes were related to lipid
metabolism, oxidation-reduction processes, and apoptosis (Fig. 2a, b). Among the genes
with upregulated expression that are important regulators of lipid metabolism processes are
arachidonate 12-lipoxygenase, 12S type (Alox12), lipase, family member K (Lijpk4), and
fatty acid-binding protein 5 (Fabp5). Examples of transcripts encoding positive regulators
of cell death shortlisted in our RNA-Seq data include TNF receptor superfamily member 6
(Fas), bone morphogenetic protein (Bmp4), and hypoxia-inducible factor 3-alpha (Hif3a).

Newborn Mcpip1EKO mice exhibit disturbances in the distribution of the epidermal keratins
Krt10/Krt14, Krt6, and PCNA

We next investigated the in vivo effects caused by the loss of keratinocyte Mcpipl function.
Histological analyses showed that the epidermis of newborn Mcpip1EXO mice was 1.2-
fold thicker than those of control mice (Fig. 3a, b), suggesting alterations in epidermal
proliferation and/or differentiation. QRT-PCR analyses of keratinocyte differentiation-
associated markers indicated that the basal expression of involucrin (/v/) and keratin

10 (Krt10) in the Mcpip1EKO neonatal epidermis was unchanged (Fig. 3c). In contrast,
Mcpip1l loss resulted in the marked increase in Sprr2a, Krt6a, Krt6b, and Krt16transcripts
(Fig. 3d), suggesting an abnormal keratinocyte differentiation program in the Mcpip1EX©
mouse epidermis. Subsequently, we analyzed the expression of several differentiation-

and proliferation-specific markers by immunofluorescence. We found that there were
occasionally keratin 10/keratin 14 (Krt10/Krt14) double-positive cells in suprabasal layers
of Mcpipl-deficient epidermis, indicating the coexpression of basal and spinous keratins
(Fig. 3e). The suprabasal expansion of Krt14 may be the result of a mild increase in
inflammatory signaling within the Mcpip1EKC mouse epidermis. We further analyzed the
protein expression of keratin 6 (Krt6). Under homeostatic conditions, in normal neonatal
epidermis, Krt6 expression is restricted to the hair follicles. In response to biochemical or
mechanical stress, under hyperproliferative conditions or due to keratinocyte differentiation
defects, Krt6 expression is induced in the interfollicular epidermis [32-36]. Interestingly, we
observed intermittent expression of Krt6 in the interfollicular epidermis of the Mcpip1EKO
neonates, whereas in the control neonates, its expression was restricted to the hair follicles.
This observation is consistent with our QRT-PCR data, which indicated increased levels

of Krt6 mRNA in transgenic neonatal skin lysates. The induction of Krt6 expression in

the suprabasal epidermis is a further indication of altered epidermal differentiation in
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Mcpip1EKO mice. In addition to the abnormalities in keratin expression, we observed a
1.3-fold increase in the abundance of epidermal proliferating cell nuclear antigen (PCNA)-
positive cells, indicating the increased proliferation of Mcpip1EXO basal keratinocytes in
vivo (Fig. 3f, 9).

Increased expression of proinflammatory factors in newborn and young Mcpip1EKO mouse
skin coincides with an impairment of skin integrity and the development of signs of
systemic inflammation

We next carried out QRT-PCR expression analyses of the most significantly altered
inflammation-related genes detected preliminarily in the Mcpip1EXO keratinocytes in the
whole skin of both newborn (P0) and young mice (3 mo). We found that the levels of //36alg
and S100a8/a9 were significantly elevated within Mcpip1EXO skin (Fig. 4a), consistent with
our in vitro data (Fig. 2c). For instance, 1136a expression was increased in the PO and
3-month-old Mcpip1EKO skin by ~ 5- and ~ 10-fold, respectively (Fig. 4a). The lack of
epidermal Mcpipl led to increased levels of other proinflammatory mediators in the skin.
Notably, the mRNA expression of 7nfa, a cytokine associated with Thl response, was
increased in both newborn (P0) and young (3 mo) Mcpip1EKO skin (Fig. 4b). The expression
of //6was ~ 3-fold elevated in Mcpip1EXO compared to the control (PO) pups, but its levels
were not significantly altered in the skin of young (3 mo) mice (Fig. 4b). In contrast, the
expression of /78 mMRNA was unchanged in the newborn (P0) mice and increased slightly in
the young (3 mo) mice (Fig. 4b).

In newborn mice (P0), we also noticed the differential expression of transcripts encoding the
cytokine 1L-33 that exerts both pro- and anti-inflammatory effects [37]. In the Mcpip1EKC
skin (PO0), the 1133 mRNA levels were increased ~ 2.5-fold (Fig. 4b). We next assayed
whether elevated inflammatory signaling within the Mcpip1EXO mouse skin is reflected in
the phenotype of skin immune cells. Flow cytometry analyses of 3-month-old mouse back
skin homogenates indicated excessive presence of eosinophils in the Mcpip1EKO dermis
(Fig. 4c). There were no significant changes in the relative frequencies of other leukocytes,
including neutrophils, monocytes, macrophages, and T lymphocytes (Supplementary Fig.
S2a). Cutaneous B cells were barely detected in both the Mcpip1EXO and control mice (data
not shown).

To determine whether elevated levels of inflammatory mediators are associated with changes
in skin barrier integrity in Mcpip1EK© mice, we measured TEWL. The TEWL was

analyzed in the 3-month-old mice showing no macroscopic signs of skin inflammation.

The Mcpip1EXC mice demonstrated significantly (1.5-fold) higher TEWL rates than control
mice, suggesting reduced skin barrier function (Fig. 4d).

Despite molecular, immunological, and skin barrier function defects, the skin of 3-month-
old Mcpip1EKO mice did not show any phenotypic signs of skin pathology. We also did not
observe alterations in body weight (Supplementary Fig. S2b). However, young Mcpip1EKO
mice showed a mild systemic effect, as evidenced by the enlarged lymph nodes and spleens
(Fig. 4e), which were 1.4-fold heavier than those of the control (Fig. 4f). The flow cytometry
analysis of splenic and blood CD45+ cells did not yet show any significant differences
between the control and Mcpip1EKC mice (Fig. 4g and Supplementary Fig. 2c). However, in
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the bone marrow, statistically significant increase and decrease in population of eosinophils
and B cells, respectively, was observed (Fig. 4h).

Old Mcpip1EKC mice have aggravated skin and systemic inflammation

Although newborn and young (3 mo) Mcpip1EXO mice did not develop a skin inflammation
phenotype, aging Mcpip1EKC mice progressively developed skin inflammation. At
approximately 4 months of age, the mice started to develop chronic wounds around their
cheeks, ears, necks, and trunks, which were accompanied by hair loss within the affected
areas (Fig. 5a, b). Adult (6 mo) Mcpip1EXC mice exhibited 13% reduced body weight (Fig.
5¢), splenomegaly, and enlarged lymph nodes (Fig. 5d). The spleens of old Mcpip1EX©
mice were 2.2-fold heavier than those of control mice (Fig. 5e). Flow cytometric analyses
showed a significant increase in neutrophil (~ 4-fold), eosinophil (~ 8-fold), monocyte
(2.4-fold), and macrophage (2.1-fold) numbers in Mcpip1EK© old mice compared to control
mice, but a decreased presence of the B and T lymphocytes among splenocytes (Fig. 5f).
Together, these data indicate substantial systemic changes in immune compartment of the
adult Mcpip1EKO mice. At the histological level, the skin lesions exhibited hyperkeratosis
with dysplastic keratinocytes populating the invaginations, which led to a profound increase
in the epidermal thickness within the Mcpip1EXO skin lesions (Fig. 5g, h). In addition,
compared to the control mice, the aging (6 mo) Mcpip1EXC mice exhibited a profound
2.3-fold reduction in the thickness of the hypodermis within the unaffected skin (Fig. 5i),
possibly as a result of the elevated inflammation in Mcpip1EX0 mice.

We next characterized the skin pathologies that developed in old mice upon Mcpipl
deletion in detail and found that significant thickening of the Mcpip1EKO lesional epidermis
corresponded with altered Krt14/Krt10 expression. We noticed the suprabasal expansion of
basal Krt14 expression and reduction in the early differentiation marker Krt10 (Fig. 5j). The
hyperproliferative phenotype was further confirmed by staining for the proliferation markers
Krt6 and PCNA, which revealed an increase in the number of actively proliferating cells in
both basal and suprabasal compartments (Fig. 5k).

Cutaneous inflammatory phenotype of adult Mcpip1EXC mice also manifested in the
enhanced production of various proinflammatory factors. In particular, the transcript levels
of //36a/g, Tnfa, 111b, and //6 cytokines; Cxcl2 chemokine; S100a8/a9 antibacterial peptides;
and Sprr2dincreased profoundly within lesional Mcpip1EK© skin (Fig. 6a). We also noticed
a significant increase in the //33transcript level, as well as elevated matrix metallopeptidase
9 (Mmp9) and arginase-1 (Argl; Fig. 6a). The activation of proinflammatory factors within
the Mcpip1EXO skin lesion was positively correlated with the activation of Stat3 (Fig. 6b—d).
In addition, the infiltration of the Mcpip1EK© lesional dermis by macrophages (Fig. 6e),
mast cells (Fig. 6f), and neutrophils (Fig. 6g) was observed, suggestive of skin inflammatory
phenotype acquired by the Mcpip1EK© mice upon aging.

Discussion

In response to pathogens or other environmental factors, keratinocytes release
proinflammatory mediators that attract and stimulate immune cells, initiating an
inflammatory response. Therefore, keratinocytes serve as a physical barrier and provide

J Mol Med (Berl). Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Konieczny et al.

Page 11

tight control of inflammatory processes to avoid overreaction and tissue damage. MCPIP1
is an important regulator of inflammatory responses; however, there is also evidence that

it is a regulator of proliferation, differentiation, angiogenesis, and cell metabolism [38—41].
To explore the role of MCPIP1 in skin homeostasis, we generated keratinocyte - specific
Mcpip1-knockout mice (Mcpip1EKO).

Although newborn and young Mcpip1EKC mice did not exhibit any obvious macroscopic
abnormalities, histological analyses indicated epidermal thickening with the presence of
Krt14/Krt10 double-positive cells in the suprabasal layers that correlated with the increased
proliferation of basal and suprabasal keratinocytes. The perturbed Krt14/Krt10 distribution
was reflected in our Mcpipl-depleted keratinocyte RNA-Seq results, in which the levels

of transcripts associated with keratinocyte differentiation were increased compared to
those in control keratinocytes. For example, the expression of “stress keratins,” Krt6b and
Krt16, which are associated with hyperproliferation and inflammation of the epidermis
[42], was enhanced. This observation was confirmed by QRT-PCR analyses of whole

skin lysates of newborn Mcpip1EK© pups. Furthermore, immunostaining showed abnormal
Krt6 expression in the interfollicular epidermis of Mcpip1EXC pups, most likely due to

the elevated inflammatory signaling present in their skin. We also noticed a prominent
increase in the transcriptional expression of the terminal differentiation marker Sprr2d in
both isolated keratinocytes and newborn mouse skin. Together, these data strongly suggest
that there is an imbalance in keratin reprogramming within the Mcpip1EK© epidermis.
Significant differences in the profiles of transcripts encoding proinflammatory mediators,
such as the IL-36a/y cytokines, were observed in Mcpip1EKO keratinocytes or in the skin
of young mice. Nevertheless, this increase in the levels of inflammatory mediators did

not lead to macroscopically visible skin inflammation in young mice, possibly due to the
sufficient levels of negative regulators of inflammation, the transcript levels of which were
also elevated in Mcpip1EXO keratinocytes. These negative regulators include 1L-36/IL-1
receptor antagonists and interleukin-1 receptor-associated kinase (Irak3). The increase in the
MRNA levels of IL-36a and of the antimicrobial proteins S100a8, S100a9, and Lcn2 in
Mcpipl-depleted keratinocytes is consistent with the results of previous reports [17, 18, 43].

Our comprehensive QRT-PCR analysis of the transcriptional expression of several
inflammatory factors in the whole skin of newborn and young (3 mo) mice revealed that the
levels of //36a, 1/136g, S100a8, and S100a9 detected preliminarily in our RNA-Seq analysis
were also elevated in the whole skin of newborn and young Mcpip1EXO mice. In addition
to the elevated levels of these factors, we noticed elevated transcript levels of //6, Tnfa, and
/133 in the newborn mice and of 7nfaand 1118 in the young (3 mo) mice. The elevated
expression of a plethora of inflammatory mediators in the Mcpip1EK© skin that are released
into the circulation is likely responsible for triggering the development of mild systemic
inflammation in young (3 mo) mice, which manifests as the enlargement of the spleen and
lymph nodes. To ensure the specificity of our conditional knockout model, we validated
that the transcriptional and translational expression of Mcpip1l in the spleens of 3-month-old
mice was unaltered (Supplementary Fig. S3a and S3b).

Despite the disturbances observed at the molecular level (elevated expression of
inflammatory factors and abnormal epidermal proliferation/differentiation patterns), the skin
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of newborn and young (3 mo) Mcpip1EKC mice did not show any overall macroscopic
changes. The skin barrier of newborn Mcpip1EKO mice was intact (indicated by the
toluidine blue dye penetration assay), whereas the young (3 mo) mice showed impairment
of skin barrier function, as indicated by the significantly elevated TEWL level, which most
likely was the cause of the progressive development of local and possibly mild systemic
inflammatory responses. However, upon aging, Mcpip1EXC mice gradually developed
local skin pathologies. As a result of systemic inflammation and impairment of the skin
barrier function, 4-month-old mice began to exhibit chronic skin lesions, with noticeable
dermal presence of mast cells, neutrophils, and macrophages. The appearance of keratin
pearls, which are characteristic of squamous cell carcinoma but can also occur in benign
hyperproliferative tissue, indicates an abnormal keratinization pattern in the Mcpip1EK©
adult skin and is most likely the result of excessive proliferation. The abnormally high levels
of transcripts encoding Sprr2d protein as well as the altered expression of Krt14/ Krt10,
Krt6, and PCNA correlated with the perturbed differentiation and proliferation within the
Mcpip1EKO skin lesions. It was reported that enhanced levels of the cornified envelope
protein Sprr2d lead to corneocyte fragility, resulting in a barrier defect, mild inflammation,
and keratinocyte hyperproliferation [44]. The upregulation of Krt6 expression manifested
within Mcpip1EKO skin lesions in old mice was associated with the downregulation

of Krt10 expression and upregulation of the transcriptional expression of inflammatory
factors (e.g., Tnfa, IL-18, and IL-6) that are generally involved in the activation of

stress keratins [45-47]. In addition to their mechanical properties, these keratins have
specialized functions upon barrier breach and play important roles in various pathologies.
Generally, the induction of Krt6 and Krt16 expression occurs at the expense of the
Krt1/Krt10 pair in the postmitotic layers of the interfollicular epidermis under conditions
of environmental stress (e.g., tissue injury, UV exposure, and viral infection) and in

some diseases (e.g., psoriasis and carcinoma) [32-36]. In addition, the elevated mRNA
expression of a plethora of proinflammatory mediators and chemokines, such as IL-1p,
IL-6, IL-36a, S100a8/a9, and Cxcl2, within Mcpip1EKO skin lesion, and activation of
Stat3, is associated with the enhanced proliferation rate and the exaggeration of the
inflammatory response in the skin. The transcriptional expression of //18, which was
transiently activated in young Mcpip1EXC mice, was not altered in the old mouse skin
(Supplementary Fig. S4a). Similarly, no differences in the expression of //23awere found,
suggesting that the Th17 response is not involved in the development of Mcpip1EKO

skin lesions (Supplementary Fig. S4a). However, we noticed a prominent increase in the
1133 transcript level in skin lesions. This pleiotropic cytokine acts as an “alarmin” in
response to external stimuli or tissue damage. The 1L-33/ST2 pathway regulates the balance
between extensive inflammation and tissue remodeling [37, 48, 49]. In skin lesions of
Mcpip1EKO mice, we also noticed the transcriptional activation of Mmp9 metallopeptidase
expression, most likely enhanced by IL-33 [49, 50]; and of arginase-1, a marker of
alternatively activated macrophages, the expression of which increases upon tissue injury
and repair [51, 52]. The extracellular matrix proteins of the basement membrane zone
(BMZ) are important components of the intrafollicular epidermis (IFE) stem cell niche and
functionally connect the dermis and epidermis. Type XVII collagen is expressed in basal
keratinocytes and is involved in keratinocyte proliferation and migration [53, 54]. Here, we
did not observe significant differences in collagen XVII expression between skin lysates
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from old Mcpip1EK© and control mice healthy skin. However, a small reduction in the
ectodomain in the Mcpip1EXO skin lesions was observed (Supplementary Fig. S4b and S4c).
Collagen XVI1I undergoes posttranslational modifications, such as ectodomain shedding

and degradation, in physiological and pathological settings through the action of several
proteases, such as disintegrin and metalloproteinases ADAM9/10/17, MMP9, neutrophil
elastase, and other serine proteases [55, 56]. In the Mcpip1EKO mouse skin lesions, we
observed the upregulation of Mmp9expression and neutrophil infiltration. Our results
suggest that ectodomain shedding of collagen XVI1 may be involved in Mcpip1EK© skin
lesion development; however, this observation requires further analysis. In conclusion, we
identified the activation of both proand anti-inflammatory signaling pathways in Mcpip1EKO
mouse skin lesions; however, the levels of anti-inflammatory factors were not sufficient to
resolve the chronic inflammation and promote skin remodeling.

Systematically, as a result of the enhanced skin inflammation, a vast range of
proinflammatory factors that were increased in the old (6-8 mo) Mcpip1EKC mouse skin
were further released into the circulation and likely exacerbated the systemic inflammation,
which phenotypically manifested as enlarged spleens and reduced body weight. We
hypothesize that the transcriptional activation of 1L-33 observed within the skin lesions

of old Mcpip1EK© mice contributes to the activation of the immune system via the ST2
receptor and exaggerates neutrophil- and eosinophil-dominated systemic inflammation [37,
57, 58]. IL-33-overexpressing mice are born with reduced body weight and progressively
develop systemic inflammation with neutrophilia and increased myelopoiesis [58]. In a
recent study, Peng and co-authors showed that in mice Mcpip1 loss contributes to the
development of Th2-associated allergic airway inflammation. It was proposed that Mcpipl
is a negative regulator of Th2 function through the Notch/Gata3 pathway [59]. It would

be interesting to evaluate the mechanism that contributes to the inflammatory phenotype

of the Mcpip1EXO mice. The systemic, myeloid celldominated inflammatory phenotype
observed in old, 6-8 mo, Mcpip1EKC mice suggests that myelopoiesis may be enhanced in
Mcpip1EKO mice. This hypothesis is supported by the increased frequencies of myeloid cell
populations, including neutrophils, eosinophils, monocytes, and macrophages, and reduced
lymphocyte (B and T cells) populations in the spleens of Mcpip1EXO mice. In addition,
myeloid cells tend to be more prevalent, whereas lymphocytes less prevalent among
leukocytes in the bone marrow of young Mcpip1EK© mice, with significantly increased and
decreased frequencies of eosinophils and B cells, respectively, supporting our hypothesis.

The prevalent factor triggering “spontaneous” skin inflammation in Mcpip1EXC mice
remains elusive. It would be interesting to investigate whether these mice develop skin
lesions in germ-free conditions because it has been shown that antibiotic treatment can
improve inflammation and survival in completely Mcpipl-deficient mice [24]. Therefore,
Mcpip1EKO mice may respond to the otherwise harmless skin microbiota. Alternatively,
these skin lesions could be the consequence of elevated levels of proinflammatory factors
in the skin, mild allergic reactions, and progressive systemic inflammation that contribute
to itching and the development of mild scratching-induced wounds, the healing of which is
impaired by the absence of Mcpipl. The progressive loss of skin integrity can be caused
by several factors, including skin dehydration, thinning of the subcutaneous lipid layer, and
systemic inflammation.
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In conclusion, we postulate that epidermal Mcpipl is essential for proper keratinocyte
differentiation and epidermal functioning. Our study demonstrates a previously undescribed
function of Mcpipl, which is required in keratinocytes for their proper differentiation and
the maintenance of skin integrity. Our data also indicate that the normal functioning of
Mcpip1l in keratinocytes is essential for the maintenance of systemic homeostasis, as the
deficiency of this protein in aging mouse keratinocytes results in an inflammatory response
that impacts multiple tissues and organs, including adipose tissue and the spleen.
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Refer to Web version on PubMed Central for supplementary material.
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Key messages

. Loss of murine epidermal Mcpipl upregulates transcripts related to
inflammation and keratinocyte differentiation.

. Keratinocyte Mcpipl function is essential to maintain the integrity of skin in
adult mice.
. Ablation of Mcpipl in mouse epidermis leads to the development of local and

systemic inflammation.
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Fig. 1.

Cc?nditional targeting of Mcpipl in the epidermis. a Representative Western blot of

three independent experiments for MCPIP1, keratin 10, and a-tubulin in primary

human keratinocytes during Ca2*-induced differentiation. b Densitometric quantification
of MCPIP1 levels (7= 3). ¢ The generation of conditional Mcpip1EXC mice [26, 27].d
Left: QRT-PCR analysis of Mcpip1l Zc3h12atranscript levels (n=7); right: Western blot for
Mcpipl and S-actin in isolated mouse keratinocytes. e Macroscopic appearance of newborn
(PO) pups. f Body weights of newborn (PO) pups (n7=13). g Toluidine blue dye penetration
assay at PO. h Schematic diagram representing the time points for RNA-Seq, QRT-PCR,
H&E, immunofluorescence (IF), TEWL, and FC analyses. Data represent the mean + SEM.
**P<0.01, ***P< 0.001 by unpaired #test
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Epidermal Mcpipl regulates the expression of genes involved in keratinocyte differentiation
and the positive regulation of the immune response. RNA-Seq was performed on
keratinocytes isolated from newborn Mcpip1EK© or control mice (7= 3). a Heatmap
expression plot of select genes. b GO biological process terms enriched among genes

with upregulated expression in Mcpip1EXO (adj. Pvalue < 0.05 and fold change > 1.5). ¢
QRT-PCR analysis of //136a/11116, 1136g9/11119, 1136ra/ 11115, I11rn, S100a8, S100a9, Sprr2a,
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Sprr2e, and Sprr2h expression (1= 6). Data represent the mean £ SEM. *P< 0.05, **P<
0.01, ***P < 0.001 by unpaired t test
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Fig. 3.
Newborn Mcpip1EKO mice exhibit disturbances in the expression of epidermal proliferation

and differentiation markers. a H&E-stained back skin at PO. b Quantification of the
epidermal thickness at PO (7= 7). ¢ QRT-PCR analysis of /v/and Krt10expression at

PO (n=5). d QRT-PCR analysis of Sprr2d, Krt6a, Krt6b, and Krt16 expression at PO(n7=
5). e Keratin 10 (Krt10) and keratin 14 (Krt14); f PCNA and keratin 6 immunofluorescence
staining at PO. g Quantification of the epidermal PCNA-positive cells (7= 3). Arrowheads
indicate Krt10/Krt14 double-positive suprabasal cells. Data represent the mean £ SEM. epi,
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epidermis; der, dermis; hf, hair follicles; *, nonspecific signal. The dashed line indicates the
basal membrane. Scale bar, 100 pm. **P< 0.01, ***P < 0.001 by unpaired ftest
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Fig. 4.

Ngwborn and young Mcpip1EKO mice have elevated levels of inflammatory factors in their
skin and develop mild systemic inflammation. QRT-PCR analysis of selected transcript
levels in the control and Mcpip1EXO newborn (PO, 7= 5) and young (3 mo, 7= 3)

mice. a //136a/11116, 1/1369/1/119, 5100a8, S100a9transcript levels. b 7nfa, 116, 1118, and
/133 transcript levels. ¢ Flow cytometric analysis of 3-monthold skin eosinophils (/7= 8).

d Quantification of TEWL in 3-month-old mice (n7 = 3). e Spleenandlymph node images
of 3-month-old controland Mcpip1EXC mice. f Spleen weights of 3-month-old control and
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Mcpip1EKO mice (7= 10). g Flow cytometric analysis of 3-month-old mouse splenic CD45+
cells (n=8). h Flow cytometric analysis of 3-month-old mouse bone marrow CD45+ cells
(n=3-11). Data represent the mean £ SEM. *P< 0.05, **P< 0.01, ***P < 0.001 by
unpaired ftest
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Fig. 5.

ngelopment of skin lesions and systemic inflammation in old Mcpip1EKC mice. a
Macroscopic appearance of 6-month-old mice. b Kaplan-Meier plots for skin inflammation
incidences (7= 22). ¢ Body weights of 6- to 8-month-old mice (7= 12). d Spleen and lymph
node images of 6-month-old mice. e Spleen weights of 6- to 8-month-old mice (n=5). f
Flow cytometric analysis of 6- to 8-month-old mouse splenic CD45+ cells (n=4). g H&E
staining of control and unaffected Mcpip1EK© back skin and Mcpip1EKO skin lesions. h
Quantification of the epidermal thickness (/7= 6). Mcpip1EKO lesional skin was compared to
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control skin. i Quantification of hypodermis in 6-month-old mice (7= 4). j Keratin 14 and
keratin 10; k PCNA and keratin 6 immunofluorescence staining. Data represent the mean +
SEM,; epi, epidermis; der, dermis. The dashed line indicates the basal membrane. Scale bar,
100 pm. *P< 0.05, **P< 0.01, ***P< 0.001 by unpaired #test or one-way ANOVA
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Old Mcpip1EKO mice spontaneously develop skin inflammation. a QRT-PCR analysis of
1136a/11116, 11369/11119, S100a8, S100a9, Sprr2d, Tnfa, Cxcl2, 1116, 116, 1/133, Mmp9, and
Arg1 transcript levels in the healthy skin of the control and Mcpip1EKO mice (6-8 mo) and
in the skin lesions of Mcpip1EXO mice (7= 5). b Representative Western blot for p-Stat3,
Stat3, and B-actin in the control and Mcpip1EKC mice (6-8 mo) from four independent
experiments. ¢ Densitometric quantification of p-Stat3/Stat3 levels (7= 4). d P-Stat3
immunofluorescence staining of the skin sections. e F4/80 immunostaining. f Toluidine
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blue immunostaining. g Gr-1 immunostaining. Scale bar, 100 um. Data represent the mean
+ SEM,; epi, epidermis; der, dermis. The dashed line indicates the basal membrane. *P<
0.05, **P<0.01, ***P< 0.001 by one-way ANOVA. * refers to the comparison of control
and Mcpip1EKO skin lesions; # refers to the comparison of Mcpip1EKO skin and Mcpip1EKO
skin lesions
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