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Article

Ovol1/2 loss-induced epidermal defects elicit skin
immune activation and alter global metabolism
Morgan Dragan1,2 , Zeyu Chen1,†,‡, Yumei Li1 , Johnny Le1 , Peng Sun1, Daniel Haensel1,§ ,

Suhas Sureshchandra3, Anh Pham1 , Eddie Lu1, Katherine Thanh Pham1, Amandine Verlande1 ,

Remy Vu1,2, Guadalupe Gutierrez1, Wei Li1, Cholsoon Jang1, Selma Masri1 & Xing Dai1,2,4,*

Abstract

Skin epidermis constitutes the outer permeability barrier that pro-
tects the body from dehydration, heat loss, and myriad external
assaults. Mechanisms that maintain barrier integrity in constantly
challenged adult skin and how epidermal dysregulation shapes the
local immune microenvironment and whole-body metabolism remain
poorly understood. Here, we demonstrate that inducible and simulta-
neous ablation of transcription factor-encoding Ovol1 and Ovol2 in
adult epidermis results in barrier dysregulation through impacting
epithelial-mesenchymal plasticity and inflammatory gene expression.
We find that aberrant skin immune activation then ensues, featuring
Langerhans cell mobilization and T cell responses, and leading to ele-
vated levels of secreted inflammatory factors in circulation. Finally,
we identify failure to gain body weight and accumulate body fat as
long-term consequences of epidermal-specific Ovol1/2 loss and show
that these global metabolic changes along with the skin barrier/
immune defects are partially rescued by immunosuppressant dexa-
methasone. Collectively, our study reveals key regulators of adult
barrier maintenance and suggests a causal connection between epi-
dermal dysregulation and whole-body metabolism that is in part
mediated through aberrant immune activation.
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Introduction

Skin is a vital outer barrier that protects the body from water/heat loss

and myriad environmental assaults. It is also the largest organ in the

body, constituting ~ 10–15% of body weight and regulates important

aspects of physiology such as body temperature. Within skin, terminal

differentiation of epidermal cells produces stratum corneum—a lipid-

rich physical permeability barrier, while immune cells such as tissue-

resident Langerhans cells (LCs), gamma delta T (cdT) lymphocytes,

and macrophages collectively provide an immunological barrier to

fend off pathogens, resolve insults, and/or repair damage (Elias, 2007;

Chambers & Vukmanovic-Stejic, 2020; Niec et al, 2021). Barrier

defects are associated with inflammatory skin diseases such as psoria-

sis and atopic dermatitis (Proksch et al, 2006; Elias & Wakefield, 2014;

Dainichi et al, 2018). Moreover, tantalizing links exist between skin

inflammation and whole-body perturbation, evident through higher

incidence of psoriasis and atopic dermatitis in patients with obesity

(Zheng, 2014; Brunner et al, 2017), growth failure in patients with

ichthyosis the clinical severity of which parallels the extent of barrier

dysfunction (Dereksson et al, 2012; Elias et al, 2012; Yamamoto

et al, 2020), and weight loss in animals following acute inflammation

(Gabay & Kushner, 1999; de Oliveira et al, 2022). However, little is

known about how epidermal/barrier dysregulation shapes the skin

immune microenvironment in the absence of any blatant disease-

inducing stimuli, and how skin defects instigate whole-body physio-

logical and metabolic changes.

Genetic mechanisms that regulate embryonic epidermal develop-

ment and barrier acquisition have been well-studied (Hardman

et al, 1998; Segre, 2006). Transcriptional repressor-encoding homologs

Ovol1 and Ovol2 are among the more recently identified regulators of

barrier development, and they function in part through modulating

the epithelial-mesenchymal plasticity of embryonic epidermal cells

(MacKay et al, 2006; Nair et al, 2006; Teng et al, 2007; Wells

et al, 2009; Watanabe et al, 2014; Lee et al, 2014a; Sha et al, 2019; Vu

et al, 2022a). Ovol1 is normally expressed in differentiating epidermal

keratinocytes, and germline loss of Ovol1 causes embryonic epidermal

hyperproliferation and a transient delay in barrier acquisition (Nair

et al, 2006; Teng et al, 2007). In adult stage, Ovol1-deficient mice are

more susceptible to imiquimod-induced psoriasis-like inflammation,
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but otherwise do not show remarkable perturbation in skin homeosta-

sis (Sun et al, 2021; Dragan et al, 2022). Ovol2 is normally expressed

in epidermal basal stem/progenitor cells, and Ovol2-deficient mice

show delayed wound closure with compromised directional migration

while their epidermal development and homeostasis remain largely

intact (Haensel et al, 2019). Despite these seemingly different expres-

sion patterns and functions, Ovol1 and Ovol2 are also known to

play redundant/compensatory roles and the loss of one stimulates the

expression of another (Teng et al, 2007; Lee et al, 2014a). K14-Cre-

directed, simultaneous ablation of Ovol1 and Ovol2 in embryonic epi-

dermis disrupts barrier formation and keratinocyte adhesion/differen-

tiation due to elevated expression of genes associated with epithelial-

mesenchymal transition (EMT), an extreme form of epithelial-

mesenchymal plasticity, leading to perinatal lethality (Lee et al,

2014a).

Compared with developing embryonic skin, postnatal skin is

more heavily exposed to myriad environmental aggressors (Proksch

et al, 2006; Segre, 2006; Natsuga, 2014). Not only the structure,

composition, and immune microenvironment of the skin but also

barrier strength, turnover rate, differentiation trajectory, and molec-

ular makeup of the epidermis differ considerably between embry-

onic and adult skin (Moulin et al, 2001; Oranges et al, 2015;

Rognoni et al, 2018; Haensel et al, 2020; Lin et al, 2020; Henneke

et al, 2021; Moretti et al, 2022). Thus, it is necessary to experimen-

tally test whether the molecular mechanisms, for example, Ovol1/2

suppression of the EMT gene expression program, that govern epi-

dermal development are also required for adult barrier maintenance.

Mice that cannot maintain a robust barrier during homeostasis also

offer useful models to assess the local immunological and whole-

body metabolic consequences of epidermal dysregulation in envi-

ronmentally exposed skin.

Here, we employed an inducible approach to delete both Ovol1

and Ovol2 specifically in adult epidermis. Our results uncovered a

critical role for Ovol1/2 in epidermal barrier maintenance and termi-

nal differentiation. Through gene expression and chromatin immu-

noprecipitation (ChIP)-seq analyses, we found that Ovol1 and Ovol2

not only regulate common downstream target genes involved in

EMT/cell adhesion control but also directly regulate inflammatory

genes. We identified precocious epidermal LC mobilization and

aberrant T cell responses as local, and failure to gain body weight

and accumulate body fat as whole-body, consequences of epidermal

Ovol1/2 deletion. Finally, we showed that immunosuppressive agent

dexamethasone (Dex) can partially normalize aberrant skin immune

activation and restore weight/fat gain in Ovol1/2-deficient mice.

Together, our findings not only reveal key regulators of adult epider-

mal barrier maintenance but also suggest a causal link between epi-

dermal dysregulation and whole-body metabolism that is in part

mediated through aberrant immune activation.

Results

Inducible and epidermal-specific deletion of Ovol1 and Ovol2 in
adult skin results in defective barrier, disrupted cell–cell
adhesion, and aberrant terminal differentiation

To ask whether adult skin requires Ovol genes for barrier mainte-

nance during homeostasis, we generated tamoxifen (TAM)-

inducible double knockout or iDKO (K14-CreER;Ovol1f/�;Ovol2f/�)
mice to enable the simultaneous deletion of Ovol1 and Ovol2 in

adult epidermis. Successful deletion of both genes was evident

through reduced expression of Ovol1 and Ovol2 mRNAs after TAM

injection (Fig EV1A and B).

Prior to TAM induction, adult iDKO mice showed no detectable

difference from their control littermates in back skin trans-epidermal

water loss (TEWL), suggesting normal barrier function before gene

deletion (Fig 1A). Following TAM injections, both iDKO mice and

their littermates with various control genotypes exhibited a trend of

increased TEWL especially starting at ~ 15 days post-first injection

(DPI), soon after one full epidermal turnover cycle (Koster, 2009;

Fig 1A). However, TEWL values were consistently and significantly

higher in iDKO mice than in control littermates throughout the

course of measurement (90 DPI; Fig 1A).

To understand the nature of the barrier defect, we performed

morphological and lipidomics analyses to examine the structural

and biochemical integrity of the iDKO epidermis. Both histology

and transmission electron microscopy (TEM) revealed disrupted

cell–cell adhesion between, and abnormal nuclear morphology of,

epidermal basal/suprabasal cells in iDKO mice but not control lit-

termates by 15 DPI (Fig 1B–D). Immunostaining of epidermal

sheets from control and iDKO mice for adherence junction compo-

nent b-catenin revealed reduced membrane signals in iDKO sam-

ples (Fig 1E and F). Additionally, iDKO epidermal granular cells

showed altered morphology of keratohyalin granules (Fig 1D),

suggesting abnormal terminal differentiation (Hoober & Eggink,

2022). Lipidomics on trypsin-isolated epidermis revealed a signifi-

cantly decreased production of triacylglycerol (50:3) and urocanic

acid, which are known to occur with skin barrier defect (Choi &

Maibach, 2005; Fluhr et al, 2010), in iDKO epidermis at 52 DPI

compared with control littermates (Fig 1G and H). Decreases in

other metabolites associated with cellular stress and skin barrier,

such as hypoxanthine and ceramide-dihydro (d18:0/26:0; Coderch

et al, 2003; Kim et al, 2017), were not statistically significant

(Fig EV1C and D; Dataset EV1). Collectively, these findings dem-

onstrate that Ovol1 and Ovol2 are required in adult skin for robust

epidermal barrier maintenance, proper cell–cell adhesion, and

optimal terminal differentiation.

Compared with back skin, mouse paw skin faces more physical

abrasion and mechanical stress. Starting at ~ 30 DPI, the iDKO mice

showed visibly elongated toenails which became exacerbated over

time, and underneath the nails, we frequently observed blood clots

(Figs 1I and EV1E). iDKO paw pads appeared more calloused and

contained darker pigmentation, and their paws and toes signifi-

cantly enlarged compared with the control counterparts (Figs 1I and

J, and EV1E and F). Sagittal sections through the toes revealed

expanded toe pad epithelia and elongated nail plate, but no differ-

ence in nail matrix (Figs 1K and EV1G–J). While immunofluores-

cence using antibodies against Ki67, K14, K1, loricrin, or filaggrin

failed to reveal remarkable alterations in toe pad epidermal cell pro-

liferation and early differentiation, the filaggrin-positive compart-

ment in iDKO toe pads was expanded and the average size of their

filaggrin-positive granules was significantly increased compared

with the control counterparts (Figs 1L and M, and EV1K–Q). As

such, terminal differentiation of the paw epidermis is likely also

perturbed by loss of Ovol1 and Ovol2, reminiscent of the defect in

back skin epidermis.
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Figure 1. Induced deletion of Ovol1/2 in adulthood leads to skin epidermal and toe defects.

A Time course of TEWL measurements in control and iDKO mice prior to (�2 – 0 DPI) and following TAM injections. n = 4 biological replicates per genotype.
B Representative H/E images of epidermis from control and iDKO mice at 15 DPI.
C Quantitative analysis of epidermal cell rounding from (B). n = 3 biological replicates per genotype.
D Representative TEM images of control and iDKO mice at 15 DPI. Red arrows point to gaps in cellular adhesion and yellow arrows point to abnormal keratohyalin

granules. SC, stratum corneum.
E, F Representative images (E) and quantification (F) of whole-mount immunostaining of b-catenin. Control: n = 7 biological replicates; iDKO: n = 5 biological

replicates.
G Volcano plot of differential lipid contents between control and iDKO epidermis.
H Ion counts of the indicated lipid species. Control: n = 7 biological replicates; iDKO: n = 4 biological replicates.
I Representative images of the paws of control and iDKO mice at 7 MPI.
J Quantification of toe thickness in control and iDKO mice (n = 6 biological replicates per genotype).
K Representative H/E images of toes at 7 MPI.
L Representative immunofluorescent images of the toe pad for filaggrin (Flg). K14 marks basal keratinocytes and DAPI marks nuclei.
M Quantification of the average size of filaggrin+ deposits at 52 DPI as shown in (L). n = 3 biological replicates per genotype.

Data information: Scale bar: 20 lm in (B) and (E), 1 lm in (D), 250 lm in (K), and 25 lm in (L). For (A, F), data are represented as mean � SEM (error bars in A and
shaded areas in F). Two-way ANOVA and Student’s paired t-test with two tails were performed for (A), while Sidak’s multiple comparisons test for individual points was
performed for (F). For (C, E, F, H, J, M), data are represented as mean � SD and statistical analysis was done with the Holm–Sidak method. *P ≤ 0.05; **P ≤ 0.005;
***P ≤ 0.0005; ****P ≤ 0.00005.
Source data are available online for this figure.
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Gene expression analyses corroborate known function of Ovol1/2
in epithelial-mesenchymal plasticity and implicate their new
roles in inflammatory gene expression

Terminal differentiation abnormality in iDKO mice may reflect a

direct impact on granular cells or may stem from changes early

in epidermal lineage progression considering that Ovol1/2 are

normally expressed in epidermal basal/spinous keratinocytes. To

seek insights, we performed RNA sequencing (RNA-seq) analysis

on trypsin-isolated epidermis (also contains nonepidermal cells

such as LCs and dendritic epidermal T cells or DETCs) from

iDKO and control littermates, followed by gene set enrichment

analysis (GSEA) using single-cell RNA-seq-identified skin cell type

or cell state markers (Haensel et al, 2020; Vu et al, 2022b). At

25 DPI, there was a general de-enrichment in iDKO epidermis for

epidermally associated gene signatures, whereas fibroblast signa-

ture was not significantly affected (Fig 2A; Dataset EV2). By 52

DPI, iDKO epidermis was de-enriched for basal but not spinous

cell marker genes and was significantly enriched for fibroblast

marker genes (Fig 2B; Dataset EV2). Furthermore, iDKO epider-

mis showed a significant de-enrichment for marker genes of the

early response (ER) or growth arrested (GA) basal cell state, but

not for the Col17a1High or proliferative basal state (Fig 2B;

Dataset EV2). These molecular alterations are consistent with

Ovol1/2 regulating epithelial-mesenchymal plasticity (i.e.,

suppressing fibroblast-like characteristics) and basal state transi-

tion dynamics and suggest the ER/GA basal states as likely

points of deviation from a typical epithelial fate (Fig 2C). The

dichotomy in basal cell state fluxes at 25 and 52 DPI may be

due to Ovol1-specific vs. Ovol2-specific functions at different

stages of normal epidermal differentiation.

We next sought to determine the specific molecular pathways

that are impacted in iDKO epidermis. GSEA of Hallmark gene signa-

tures revealed a de-enrichment of pathways associated with oxida-

tive phosphorylation, adipogenesis, and fatty acid metabolism in

iDKO epidermis at 25 DPI, whereas no particular pathway was

enriched (Fig 2D; Appendix Fig S1A; Dataset EV2). By 52 DPI, signa-

tures associated with EMT, cholesterol, and apical junction/surface

emerged as the top enriched pathways in iDKO epidermis (Fig 2E;

Dataset EV2). Several inflammation-associated gene signatures

(e.g., inflammatory response, interferon gamma response, comple-

ment, and IL2-STAT signaling) were also enriched (Fig 2F;

Dataset EV2). Importantly, GSEA also identified a significant enrich-

ment of genes upregulated in psoriatic skin, but not signatures of

atopic dermatitis or ichthyosis vulgaris skin, in iDKO epidermis

(Fig 2G; Dataset EV2).

Using DESeq2 with ≥ 2-fold change and P < 0.05 as cutoff, we

identified more differentially expressed genes (DEGs) at 52 DPI com-

pared with 25 DPI between control and iDKO epidermis (Fig 2H and

I; Dataset EV3). Gene ontology (GO) analysis on the 29 upregulated

DEGs at 25 DPI using Enrichr (Chen et al, 2013; Kuleshov

et al, 2016; Xie et al, 2021) revealed terms related to negative regula-

tion of I-kappaB kinase/NF-kappaB signaling (e.g., Zc3h12a,

Tnfaip3, and Per1), and Hsp70 protein binding (e.g., Sacs and Nod2;

Appendix Fig S1B and C). While genes associated with oxidative

phosphorylation (e.g., Pdk4 and Ndufb2), fatty acid metabolism

(e.g., Aldh1a1 and Hmgcs2), and adipogenesis (e.g., Angptl4 and

Ptger3) did not make the stringent cutoff as downregulated DEGs, a

closer examination revealed their consistent decrease in iDKO epi-

dermis at 25 DPI (Datasets EV2 and EV4). At 52 DPI, actin binding

(e.g., Ccdc88a, Fscn1, Lcp1, Fxyd5, Iqgap2, and Coro1A) and sialyl-

transferase activity (St3gal4 and St6galnac6), both important for cell

migration (Wu et al, 2018; Qi et al, 2020; Guo et al, 2021), were the

top two terms enriched in the 89 upregulated DEGs in iDKO epider-

mis (Appendix Fig S1D). Of note, GO analysis also identified the

upregulated expression of serine-type peptidase activity, specifically

Klk5/6/8—members of the kallikrein (KLK) family of secreted serine

proteases involved in regulating desquamation and inflammation

(Bin et al, 2011; Kishibe, 2014; Nauroy & Nyström, 2020; Appendix

Fig S1D; Dataset EV4). The top GO terms enriched for the 49 down-

regulated DEGs at 52 DPI included receptor ligand activity (e.g.,

Bmp2/3, Epgn, and Wnt16) and neurotrophin binding (e.g., Ngfr

and Ntrk2; Appendix Fig S1E), some of which are known to be

involved in epidermal fate control and keratinocyte proliferation/

survival (Richardson et al, 2009; Kandyba et al, 2013; Adly et al,

2017; Mendoza-Reinoso & Beverdam, 2018; Cai et al, 2019).

Analysis of an aggregated dataset combining the 25 and 52 DPI

data revealed 12 common DEGs, and 11 of them were upregulated

in iDKO epidermis (Fig 2H and I; Dataset EV3). These include (i)

Zeb1, encoding an EMT-inducing transcription factor and a known

direct target of Ovol2 repression (Watanabe et al, 2014; Lee

et al, 2014a; Yang et al, 2020); (ii) genes with known association

with membrane/cytoskeletal processes: Lix1l, Flot2, Dennd5a,

Ccdc88a, Cep170, Sacs, and Fez1 (Suzuki et al, 2005; Yoshimura

et al, 2010; Völlner et al, 2016; B€arenz et al, 2018; Wang et al, 2018;

Gentil et al, 2019; Moore et al, 2022); (iii) genes with diverse or

unknown functions: Fkbp14 (Ishikawa & B€achinger, 2014), Zcchc24

(Cieply et al, 2016), Klk10 (Hu et al, 2015), and Gm4265. The

▸Figure 2. Gene expression changes in iDKO epidermis.

A, B GSEA using top 100 marker genes of skin cell types (Vu et al, 2022b) (top) and epidermal basal cell states (Haensel et al, 2020) (bottom) at 25 or 52 DPI.
C Working model of epidermal differentiation trajectories in control and iDKO mice. Dashed lines indicate abnormal routes. EMP, epithelial-mesenchymal plasticity.
D–G GSEA using the indicated Hallmark gene pathway signatures at 25 or 52 DPI. OxPhos, oxidative phosphorylation; FA, fatty acid; IV, ichthyosis vulgaris; AD, atopic

dermatitis; CP, conventional psoriasis (Ahn et al, 2018; Blunder et al, 2018).
H Volcano plots at 25 or 52 DPI.
I Venn diagrams of DEGs from separate (top) or aggregated (bottom) analyses of 25- vs. 52-DPI data. The values in parenthesis represent genes upregulated in iDKO.

The 12 DEGs shared between 25 and 52 DPI are shown in the orange box (�, downregulation).
J RT–qPCR of the indicated genes in epidermis at 25 (n = 4 biological replicates per genotype) or 52 (control: n = 10 biological replicates; iDKO: n = 6 biological

replicates) DPI.

Data information: (J) is represented as mean � SD, and statistical analysis was done with the Holm–Sidak method. *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005.
Source data are available online for this figure.
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upregulated expression of several Klk genes and their role in filag-

grin processing (Sandilands et al, 2009; Sakabe et al, 2013) provide

a possible basis for the expansion of filaggrin-positive zone in iDKO

epidermis. Vim, another known Ovol2 direct target and EMT/mes-

enchymal marker (Watanabe et al, 2014; Lee et al, 2014a; Haensel &

Dai, 2018), was not among the identified DEGs at 25 DPI but was

significantly upregulated in iDKO epidermis at 52 DPI (Fig 2H;

Dataset EV3). Similarly, immune-associated genes such as T cell

chemokine Ccl22 and major histocompatibility complex (MHC) class

II genes H2-Aa, H2-Ab1, and H2-Eb1 (Cumberbatch et al, 1991;

Esaki et al, 2015) were upregulated at 52 DPI but not 25 DPI in iDKO

epidermis (Fig 2H; Dataset EV3). RT–qPCR analysis of epidermal

RNAs from additional pairs of control and iDKO mice confirmed the

significantly elevated expression of several of these common or 52

Figure 2.
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DPI-specific genes including Zeb1, Vim, Flot2, Dennd5a, Ccdc88a,

and Ccl22 in iDKO epidermis at both 25 and 52 DPI (Fig 2J).

Collectively, these results corroborate our previous finding of

Ovol1/2’s role in regulating epithelial-mesenchymal plasticity (Lee

et al, 2014a), indicating that proper control of this form of plasticity

is crucial in both developing and homeostatic epidermis for barrier

formation and maintenance. Moreover, our analyses uncover Ovol1/

2’s additional roles in regulating epidermal gene expression associ-

ated with metabolism and inflammation. Overall, mildly reduced

metabolic gene expression emerges as early (and likely indirect

given the transcriptional repressor function of Ovol1/2), and upre-

gulated expression of EMT/adhesion/cytoskeleton- and immune-

associated genes as late, responses to Ovol1/2 deletion in adult

epidermis.

Identification of immune-associated genes as direct targets of
Ovo1/2 in epidermis

To elucidate the molecular mechanism of Ovol1/2 function, we

performed ChIP-seq analysis to map Ovol1-bound loci in adult epi-

dermis and compared the data with our previously published Ovol2

ChIP-seq data (Watanabe et al, 2014). A comprehensive analysis

will be reported elsewhere, and here we focused on Ovol1/2 com-

mon targets as well as immune-associated genes given the enrich-

ment of inflammatory signatures in iDKO epidermis. We found that

697 and 849 loci were bound uniquely by Ovol1 and Ovol2, respec-

tively, whereas 361 loci were bound by both (Fig 3A; Dataset EV5).

This is consistent with them having both distinct and overlapping

downstream targets. Commonly targeted cellular/molecular pro-

cesses include phospholipid binding, transcription coregulator activ-

ity, actin binding, tubulin binding, and microtubule binding (Fig 3B;

Dataset EV6). GSEA of the 52-DPI RNA-seq data against ChIP-seq-

identified targets showed that genes with elevated expression in

iDKO compared with control epidermis, but not genes with reduced

expression, trended toward being enriched for both Ovol1- and

Ovol2- bound peaks (Fig 3C; Dataset EV7), consistent with repressor

activity of Ovol1/2 (Nair et al, 2006; Watanabe et al, 2014). Impor-

tantly, the core set of DEGs upregulated in iDKO epidermis at both

25 and 52 DPI, which include Zeb1, Vim, Flot2, Dennd5a, Ccdc88a,

and Ccl22, are among the top Ovol1/2 common targets (Figs 3D and

EV2A). Moreover, Ovol1 and Ovol2 genes themselves are common

targets (Fig EV2A), suggesting auto-regulation and cross-repression.

A closer examination revealed additional immune-associated

genes, which include Il12b, Il6, Nfkb2, Cx3cl1, Ccl27a, and Ccl17,

which are bound by Ovol1 and/or Ovol2 at weakly or strongly

active promoters or adjacent enhancers per co-alignment with

H3K27Ac, H3K4me1, and/or H3K4me3 histone markers (Rada-

Iglesias et al, 2011; Spicuglia & Vanhille, 2012; Sethi et al, 2017; Bae

& Lesch, 2020; Fig 3D; Dataset EV5). Il12b encodes IL-12p40, a com-

mon subunit of IL-12 and IL-23 pro-inflammatory cytokines with

diverse functions (Oppmann et al, 2000; Liu et al, 2005). Il6 encodes

a barrier-associated cytokine with pleiotropic inflammatory/immune

effects including LC priming and T cell responses (Cumberbatch

et al, 1996; Wang et al, 2004; Tanaka et al, 2014). Nfkb2 encodes a

subunit of the NFjB complex involved in myriad inflammatory pro-

cesses (Lind et al, 2008; Chawla et al, 2021). Cx3cl1, Ccl27a, and

Ccl17 encode T cell chemokines, with Ccl17 acting as a partner of

Ccl22 in T-helper cell chemotaxis (Imai et al, 1996, 1997).

Expression of some of these genes (e.g., Il12b, Il6, Nfkb2, and

Cx3cl1), although low in epidermis, was consistently increased in

iDKO epidermis at 25 DPI (Fig EV2B and C; Dataset EV4). Addition-

ally, GSEA of the Immune Pathways identified enrichment of a gene

signature associated with Nfkb2 pathway activation in iDKO epider-

mis 52 DPI (Fig 3E; Dataset EV2). Luminex analysis of a panel of

inflammatory factors on whole skin lysates at 4–6-months post-first

injection (MPI) detected significantly elevated levels of IL-12p40 and

IL-6 proteins (Fig 3F). Finally, the serum level of IL-12p40 was sig-

nificantly elevated in iDKO mice compared with control littermates

(Fig 3G). Thus, while each inflammatory gene expression change in

iDKO epidermis may be small or transient, their effects likely add

up over time, producing elevated levels of secreted inflammatory

factors that can enter circulation.

Loss of Ovol1/2 in adult epidermis triggers aberrant local
immune activation during homeostasis

LCs are epidermal-resident antigen-presenting cells that maintain

tolerance in homeostasis but instigate an inflammatory response

after perturbation (Vulcano et al, 2001; Merad et al, 2008; Doebel

et al, 2017). LCs adhere to epidermal keratinocytes, which in turn

regulate LC abundance and morphology (Tang et al, 1993; Clayton

et al, 2017; Park et al, 2021). The adhesion defects in iDKO epider-

mis led us to wonder whether LC cells are impacted. Using whole-

mount immunostaining, we found LCs (langerin+ or CD207+) in 52-

DPI iDKO epidermis to exhibit a more rounded morphology and lack

extensive dendritic projections compared with LCs in control epider-

mis (Fig 4A and B). Furthermore, flow cytometry revealed signifi-

cantly higher mean fluorescent intensity of MHC II on LCs from

iDKO epidermis compared with control counterparts, while relative

abundance of LCs and DETCs remained similar (Figs 4C and D, and

EV3A–C). Taken together, these data show that LCs in iDKO epider-

mis are in a preciously “activated” state (Nishibu et al, 2006; Kubo

et al, 2009; Van den Bossche & Van Ginderachter, 2013; Redd

et al, 2016; Yan et al, 2020; Yang et al, 2021).

Activated LCs are known to migrate to the regional skin-draining

lymph nodes (LNs), present antigens to MHC II-restricted CD4+

helper T cells and MHC I-restricted CD8+ cytotoxic T cells, and

recruit them to skin (Xiong & Bosselut, 2012; Clayton et al, 2017;

Garc�ıa Nores et al, 2018). The relative abundance of CD4+ T cells,

albeit a small population in homeostasis, was indeed elevated in

iDKO dermis compared with control dermis (Figs 4E and EV3D and

E). In contrast, the abundance of total immune cells (CD45+), T cells

(CD3+), immune-suppressive FoxP3+ regulatory T cells (Tregs), and

myeloid-derived immune cells (CD11b+F4/80� cells, macrophages,

and neutrophils) was not significantly altered (Figs 4F and EV3F–L).

The relative abundance of total and CD4+ T cells, but not CD8+ T

cells, was also significantly elevated in iDKO paw skin (Figs 4G and

EV3M and N). Skin-draining LNs were significantly larger in iDKO

mice compared with littermate controls at 52 DPI (Fig 4H and I) and

contained overall increased numbers of immune cells including LCs

and T cells but with no particular skewing toward any specific T cell

subset (Figs 4J–M and EV3O–Q). LN size was not different between

control and iDKO mice at 15 DPI when barrier defect was first

observed (Fig 4I), suggesting that blatant immune abnormalities

take time to develop. Moreover, spleen weight was not affected even

by 4–6 MPI (Fig EV3R), suggesting the aberrant immune activation
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is largely confined to the local skin microenvironment. This said, a

RT–qPCR screen revealed statistically significant increases in the

mRNA expression of Tnf, Il17f, and Csf3 (encoding G-CSF) in LNs

from iDKO mice at this age (Fig 4N). The serum level of G-CSF, but

not several other cytokines, was also increased in iDKO mice com-

pared with control littermates (Figs 4O and EV3S and T). These

results suggest that some of the inflammatory factors produced by

the activated LNs in iDKO mice can enter circulation.

cdT cells are barrier-resident, LC-independent T cells important

for cutaneous immunosurveillance (Sumaria et al, 2011; O’Brien &

Born, 2015; Sulcova et al, 2015; Castillo-Gonz�alez et al, 2021). In

both back and paw skin, the relative abundance of dermal cdT cells

was significantly increased in iDKO mice compared with controls

(Figs 4F and G, and EV3E, J, M, N). Increased number of cdT cells

was also observed in iDKO LNs (Figs 4M and EV3O and P). Consis-

tent with cdT cells being a major source of Il17 expression (Naik &

Fuchs, 2022), circulating level of IL-17 was significantly higher in

iDKO mice than in control littermates at 52 DPI (Fig 4P).

Collectively, these data show that epidermal-specific loss of

Ovol1/2 in homeostatic adult skin is sufficient to trigger aberrant

immune activation with both adaptive (LC/CD4+ T cell/LN axis)

and innate (cdT) components.

Figure 3. Identification of Ovol1/2 direct targets.

A Venn diagram depicting the numbers of Ovol1- or Ovol2-specific and overlapping peaks.
B Dot plot of GO enrichment analysis for genes that contain peaks for Ovol1 or Ovol2.
C GSEA comparing Ovol1 or Ovol2 ChIP-seq peaks with 52-DPI RNA-seq data preranked by highest fold change enrichment in iDKO compared with control. ER, enrich-

ment score. P, nominal P-value. FDR, FDR q-value.
D ChIP-seq tracks of Ovol1, Ovol2, and histone marks for the select loci. Boxed areas indicate Ovol1/2-binding peaks, and red bars underneath indicate the presence

of Ovol1/2 sequence motifs.
E GSEA of Nfkb2 pathway signature identified by Immune SigDB at 52 DPI.
F, G Luminex measurements of the indicated cytokines in skin lysates (F; n = 7 biological replicates per genotype) or serum (G; n = 8 biological replicates per genotype)

of control and iDKO mice at 4–6 MPI.

Data information: (F, G) is represented as mean � SD, and statistical analysis was done with the Holm–Sidak method. NS, nonsignificant; *P ≤ 0.05.
Source data are available online for this figure.
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Ovol1/2 iDKO mice fail to accumulate body fat and exhibit
altered energy metabolism

Immune cell dysfunction and chronic inflammation can affect

body weight and metabolism (Pfitzenmaier et al, 2003; Freigang

et al, 2013; Bindels & Thissen, 2016; Chen et al, 2019). The iDKO

mice offered us a useful model to examine the potential long-

term, whole-body consequences of aberrant skin immune activa-

tion, especially considering that multiple inflammatory factors are

elevated in circulation. Interestingly, starting at around 85 DPI

(~ 4 months of age), iDKO mice exhibited a visibly smaller body

size than their control littermates (Figs 5A and B, and EV4A).

Tracking body weight over time revealed that compared with con-

trol littermates, iDKO mice failed to gain weight (rather than los-

ing weight; Fig 5C). As a control, iDKO mice that were not

treated by TAM gained weight properly (Fig EV4B). By ~ 200 DPI

(8 months of age), iDKO mice showed signs of premature aging

(e.g., hunched stature and puffy eyes; Fig EV4A), which is in

apparent correlation with an enrichment of aged skin basal cell

signature (Keyes et al, 2016; Ge et al, 2020) in young iDKO epi-

dermis (Fig EV4C). Older iDKO mice also exhibited ruffled and

greasier fur compared with their littermate controls, but their hair

Figure 4.
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types, lengths, and hair cycle progression were normal (Fig EV4A

and D–E).

Using Echo magnetic resonance imaging (EchoMRI) to analyze

body mass composition, we detected reduced fat mass (but no

change in lean mass) in iDKO mice at ~ 4 MPI compared with their

littermate controls (Figs 5D and EV4F; also see below). Fat reduc-

tion was widespread, affecting inguinal (i) and epididymal (e) white

adipose tissues (WAT), brown adipose tissue (BAT), as well as der-

mal fats (dWAT; Fig 5E–G). Reduced body fat can be caused by the

activation of thermogenesis in BAT (Cannon & Nedergaard, 2004;

Matsushita et al, 2021). However, our RT–qPCR analysis did not

detect any statistically significant increase in the expression of

thermogenesis-associated genes in iDKO BAT (Fig EV4G), and there

was no detectable difference in body temperature between iDKO

and control mice (Fig EV4H). Analysis of iWAT revealed slightly

decreased expression of thermogenesis genes Ucp1 and Prdm16, but

no significant change in the expression of genes involved in lipolysis

(Lipe, Mgll, and Atgl), fatty acid synthesis (Fasn), or immune modu-

lation (e.g., Ccl2, Ifng, and Il1a), in iDKO mice compared with litter-

mate controls (Fig EV4I). Interestingly, dWAT of iDKO mice showed

significantly increased expression of pro-inflammatory cytokine Tnf,

whereas changes in other inflammatory genes were not statistically

significant (Fig EV4J). Overall, while iDKO mice share with some

other barrier-deficient mouse models (Binczek et al, 2007; Sampath

et al, 2009; Oji et al, 2010; Sano, 2015; Schmuth et al, 2015; Egawa

et al, 2016; Chen et al, 2019) in showing overall body fat reduction,

they do not share a detectable increase in thermogenesis.

To further define the global changes occurring in iDKO mice, we

performed metabolic cage analysis both at room temperature (RT)

and with cold exposure (CE) to challenge metabolic processes. At

all ages examined, food intake of the iDKO mice was not signifi-

cantly different from the control littermates, and movement was

slightly decreased at RT at 4–5 MPI (Figs 5H–J and EV4K–M). At 2–

3 MPI, there was no statistically significant difference between iDKO

and control mice in energy expenditure or respiratory exchange

ratio (RER; Fig EV4N and O). By 4–5 MPI, iDKO mice compared

with the controls showed a significant increase in energy expendi-

ture that persisted upon CE (Fig 5K). Furthermore, their RER was

significantly higher at night than that of control littermates and the

difference appeared to be exacerbated by CE (Fig 5L), suggesting a

switch in fuel utilization from fats to carbohydrates possibly as a

response to low fat mass (Ramos-Jim�enez et al, 2008; Speakman,

2013; �Skop et al, 2020). However, no difference in serum triglycer-

ide content was observed (Fig EV4P). Together, these results dem-

onstrate that iDKO mice undergo whole-body metabolic adaptation

to increase energy expenditure and reduce fat usage.

Systemic Dex treatment normalizes epidermal barrier defect,
suppresses aberrant skin immune activation, and partially
rescues whole-body changes in iDKO mice

Next, we performed functional experiments to investigate the poten-

tial causal relationship between aberrant skin immune activation

and whole-body phenotype in iDKO mice. Given that cdT cells rep-

resent the most abundantly enriched in iDKO skin among the

immune cell types we examined, we first inhibited their function

through i.p. injection of a neutralizing antibody against cdTCR
(Fig EV5A–C). The cdTCR antibody-treated iDKO mice still showed

detectable barrier dysfunction, displaying higher TEWL than that of

antibody- or IgG-treated control littermates and similar to that of the

IgG-treated iDKO littermates at 4 MPI (Fig EV5D). Moreover, cdTCR
blockage did not normalize the body weight and other differences

between iDKO and control mice (Fig EV5E–H). These data argue

against a specific role for cdT cells in causing the weight/fat reduc-

tion of iDKO mice.

We then turned to intraperitoneally administering Dex (Fig 6A),

a widely used immunosuppressant (Barshes et al, 2004; Giles

et al, 2018; Lay et al, 2018). We first assessed the potential meta-

bolic effect of Dex treatment on control mice using metabolic cage

analysis. At the dosage/duration used in our experiments, Dex

slightly increased body fat and reduced RER at night, but did not sig-

nificantly affect body weight or energy expenditure (Fig EV5I–N).

We next systematically compared Dex responses of iDKO and

control mice. Examination of the skin showed alleviation of iDKO

barrier, epidermal cell rounding, and terminal differentiation defects

(Figs 6B–E and EV5O and P), which is in keeping with Dex’s known

effect in accelerating barrier acquisition and epidermal differentia-

tion (Patel et al, 2006). Concomitantly, the difference between iDKO

and control mice in epidermal LC activation was no longer signifi-

cant after Dex treatment (Fig 6F). Potent, but nonspecific immune

◀ Figure 4. Evidence for aberrant immune activation in skin of iDKO mice.

A Representative whole-mount immunofluorescent staining of LCs in mouse back skin at 52 DPI.
B Quantification of primary dendrites in LCs as shown in (A). Control: n = 5 biological replicates; iDKO: n = 4 biological replicates.
C, D Flow cytometry analysis of isolated epidermis at 52 DPI. Control: n = 8 biological replicates; iDKO: n = 7 biological replicates. MFI, mean fluorescence intensity.
E, F Flow cytometry analysis of isolated dermis at 52 DPI. Control: n = 4 biological replicates; iDKO: n = 3 biological replicates in (E); Control: n = 10 biological

replicates; iDKO: n = 5 biological replicates in (F).
G Flow cytometry analysis of paw at 52 DPI. Control: n = 6 biological replicates; iDKO: n = 5 biological replicates.
H Representative images of skin-draining LNs at 52 DPI.
I Quantification of LN weight at 15 or 52 DPI. Control: n = 12 biological replicates; iDKO: n = 7 biological replicates.
J–M Flow cytometry analysis of LNs at 52 DPI. n = 4 pairs for (J). Control: n = 10 biological replicates; iDKO: n = 5 biological replicates for (K–M).
N RT–qPCR of the indicated genes in LNs from 4–6 MPI. n = 4 biological replicates per genotype.
O Luminex measurements of G-CSF in serum of control and iDKO mice at 4–6 MPI. Left, results obtained using remote service at Eve Technologies (n = 3 biological

replicates per genotype). Right, results obtained in-house using a custom panel (n = 8 biological replicates per genotype).
P Luminex measurements of IL-17 in serum of control and iDKO mice at 52 DPI. n = 5 biological replicates per genotype.

Data information: Scale bars: 50 lm (left column) and 20 lm (three columns on the right) for (A). (B–G, I–P) is represented as mean � SD, and statistical analysis was
done with the Holm–Sidak method. NS, nonsignificant; *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005.
Source data are available online for this figure.
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suppression by Dex was also evident, through drastically reducing

LN size and cellular content (e.g., MHC II+/LC and T/cdT cells) as

well as reducing spleen weight in both iDKO and control mice

(Figs 6G–J and EV5Q–T). Importantly, the differences between iDKO

mice and control littermates in body weight and fat mass were

largely abolished or significantly diminished by Dex treatment

(Fig 6K and N). Taken together, these findings show that Dex

administration partially normalizes the epidermal barrier and LC

defects as well as the weight and fat phenotypes in iDKO mice,

providing supportive evidence that Ovol1/2 deletion-induced epider-

mal and immune dysregulation at least partially contributes to the

whole-body changes in weight and fat content.

Discussion

Our study has unraveled previously unknown transcriptional regula-

tors of adult skin barrier maintenance, as well as uncovered likely

Figure 5. Whole-body defects in iDKO mice.

A Timeline of Ovol1/2 iDKO phenotypes.
B Representative images of control and iDKO mice at 3 MPI.
C Body weight measurements of paired control and iDKO mice over time. n = 9 biological replicates per genotype.
D EchoMRI measurements of body composition at 4 MPI. n = 5 biological replicates per genotype.
E Quantification of iWAT, eWAT, and BAT tissue weight. Control: n = 12 biological replicates for all subpanels; iDKO: n = 10 biological replicates for iWAT and eWAT,

and n = 11 biological replicates for BAT.
F Representative H/E images of control and iDKO skin at the indicated times showing changes in dWAT.
G Quantification of fat cell area in (F). n = 4 biological replicates per genotype.
H–L Results from metabolic cage analysis of 4-5-MPI control and iDKO mice (n = 5 biological replicates per genotype) at RT (white band) or after CE (blue band). Gray

bands designate night. Shown are data on food intake (H), movement (I), body weight (J), energy expenditure (K), and RER (L).

Data information: Scale bar: 100 lm for (F). For (C), data are represented as mean � SEM and two-way ANOVA and Sidak’s multiple comparisons test for individual time
points were performed. For (D–E, G–L), data are represented as mean � SD and statistical analysis was done with the Holm–Sidak method. NS, nonsignificant; *P ≤ 0.05;
**P ≤ 0.005; ***P ≤ 0.0005; ****P ≤ 0.00005.
Source data are available online for this figure.
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causative links among epidermal dysregulation, local immune acti-

vation, and whole-body metabolism.

Similar to their roles in embryonic barrier development (Lee

et al, 2014a), Ovol1 and Ovol2 suppress the aberrant expression of

EMT-associated genes such as Zeb1 and Vim, highlighting a shared

function in regulating epithelial-mesenchymal plasticity in embry-

onic and adult epidermis. The overlapping molecular functions of

Ovol1 and Ovol2 provide a mechanistic explanation for their redun-

dant/compensatory roles in barrier development and maintenance.

However, the precise roles of Ovol1/2 in epidermal terminal differ-

entiation remain to be better understood. Typical terminal differenti-

ation genes, such as Flg whose human homolog was implicated as

an OVOL1-responsive gene (Hirano et al, 2017; Tsuji et al, 2017),

are not among the direct Ovol1/2 targets or significantly altered

genes that we identified (Dataset EV4). The upregulated Klk genes

in iDKO epidermis also do not contain obvious Ovol1/2 binding

sites. Instead, we surmise that the terminal differentiation defects

we observed (expanded filaggrin layers but reduced barrier lipids)

represent an imbalanced maturation process that originates from

dysregulation of the earlier stages of epidermal lineage progression.

This is not unprecedented (Bin et al, 2011) and is supported by the

gene expression changes that occur in basal cells of the iDKO epider-

mis (Fig 2). Since Ovol1/2 have both distinct (and even opposing)

and redundant functions, the net changes in gene expression likely

reflect a time-specific or differentiation state-specific balance of

Ovol1 vs. Ovol2 function.

OVOL1 has been previously identified as a susceptibility locus

for inflammatory skin diseases such as atopic dermatitis and acne

(Paternoster et al, 2011; Hirota et al, 2012; Marenholz et al, 2015),

and Ovol1 plays a protective role in psoriasis-like skin inflammation

Figure 6.
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(Sun et al, 2021). Importantly, our work identifies a number of

inflammatory genes as direct targets of Ovol1/2, and aberrant

immune activation in skin as a likely direct cellular response to

Ovol1/2 deletion in the epidermis. Based on our findings, we envi-

sion at least two possible mechanisms by which epidermal loss of

Ovol genes alters the local skin immune microenvironment: (i)

through upregulated expression of direct target genes such as Ccl22,

Il12b, Il6, and Nfkb2; (ii) through precocious LC activation due to

dysregulated epidermal adhesion (e.g., as a consequence of aberrant

epithelial-mesenchymal plasticity; Fig 7). IL12B and NFKB2 are tis-

sue damage-associated pathways with psoriasis- and/or atopic

dermatitis-associated SNPs, and both are known to expand and acti-

vate cdT cells (Ueta et al, 1996; Oh & Ghosh, 2013; Mair et al, 2015;

Braun et al, 2016; Yang et al, 2019; Manuel S�anchez-Maldonado

et al, 2020). IL-12 is also known to provide proliferation/survival

signals to CD4+ T cells, and Nfkb2 is important for MHC II cross-

presentation (Yoo et al, 2002; Lind et al, 2008). Elevated Il12b/IL-

12p40 expression, together with precocious mobilization of LCs, are

viable mechanisms underlying CD4+ T cell recruitment/expansion

in skin of iDKO mice (Fig 7). Additionally, the upregulated expres-

sion of MHC II genes in iDKO epidermis, possibly as a consequence

of epidermal stresses because these genes are not identified as

Ovol1/2 direct targets, can also enhance activation of CD4+ T cells

(Klicznik et al, 2018). Together, our findings highlight a critical role

of Ovol1/2 in epidermis to orchestrate downstream molecular and

cellular events that collectively maintain immune homeostasis in

skin.

Our work underscores whole-body metabolic changes such as

reduction of fat mass and fat utilization for energy as long-term con-

sequences of Ovol1/2 loss-induced epidermal dysregulation, and

implicates aberrant skin immune activation as a likely causal media-

tor between epidermal and whole-body fat defects. Skin-specific

deletion of several genes in mice has led to changes in body weight

(Binczek et al, 2007; Sampath et al, 2009; Oji et al, 2010; Sano, 2015;

Schmuth et al, 2015; Egawa et al, 2016; Chen et al, 2019). For exam-

ple, overexpression of Tslp, a cytokine involved in T helper cell 2

immune response associated with atopic dermatitis-like inflamma-

tion, protects against weight gain and fat accumulation through

modulating sebum secretion (Choa et al, 2021). Mutation in Gsdma3

enhances thermogenesis in BAT through epidermal secretion of IL-6

cytokine, which is also an adipokine (Chen et al, 2019). K14-Cre-

driven deletion of Scd1 causes a reduction in body weight and fat

due to lack of insulation and increased thermogenesis (Sampath

et al, 2009). Our study not only adds Ovol1/2 to this growing list of

genetic perturbations linking epidermis with fat/whole-body defects

but also uncovers IL-17, IL-12p40, and G-CSF as candidate molecu-

lar mediators of the systemic effects (Fig 7). Interestingly, G-CSF is

similar to leptin in structure and downstream signaling, and exoge-

nous G-CSF treatment has been shown to reduce body weight and

increase energy expenditure in diabetic rats (Lee et al, 2014c). IL-17

is a pro-inflammatory cytokine with complex connections to obesity

and fat metabolism, one of which is to inhibit adipogenesis (Ahmed

& Gaffen, 2010). IL-6 and TNF-a, two other inflammatory factors

with metabolic roles (Dandona et al, 2004), were also enriched in

the iDKO skin microenvironment although their increases in serum

did not reach statistical significance. Distinct from IL-12p40 and IL-

6, which are direct Ovol1/2 targets in epidermis, the enlarged LNs

and abundant cdT cells in iDKO skin are likely the major sources of

G-CSF and IL-17, as a consequence of aberrant immune activation.

As such, both skin and its draining LNs may contribute to the skin

secretome that can potentially exert systematic effects (Caton

et al, 2017).

We do not yet know how Ovol1/2 deletion in epidermis causes

the early, mild reduction of metabolic gene expression, because (i)

Ovol1/2 proteins are transcriptional repressors so their direct targets

are expected to be upregulated in iDKO epidermis; and (ii) we were

not able to identify obvious candidate metabolic regulators from our

Ovol target screen that can link to the observed gene expression

◀ Figure 6. Dex partially rescues the skin/immune and body weight phenotypes of iDKO mice.

A Schematic depicting treatment strategy for Dex experiments in (B–N).
B TEWL measurements after the indicated treatments and times. Control-PBS: n = 9 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-Dex: n = 8

biological replicates; iDKO-Dex: n = 6 biological replicates.
C, D Representative H/E images (C) and quantitative analysis (D) of epidermal cell rounding, in control and iDKO mice at 4 MPI. n = 4 biological replicates for iDKO-PBS;

n = 5 biological replicates for all else.
E Representative immunofluorescent images of back skin for Flg, K14, and DAPI. Quantification is shown in Fig EV5O.
F Flow cytometry analysis of epidermis at 4 MPI. Control-PBS: n = 9 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-Dex: n = 7 biological repli-

cates; iDKO-Dex: n = 5 biological replicates.
G Quantification of LN weight. Control-PBS: n = 10 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-Dex: n = 9 biological replicates; iDKO-Dex:

n = 7 biological replicates.
H–J Flow cytometry analysis of LNs at 4 MPI. Control-PBS: n = 8 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-Dex: n = 5 biological replicates;

iDKO-Dex: n = 4 biological replicates for (H, J) and Control-PBS: n = 7 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-Dex: n = 5 biological repli-
cates; iDKO-Dex: n = 3 biological replicates for (I).

K Representative images of mice with the indicated treatments at 4 MPI.
L Body weight over time represented as a percentage of the starting weight. Control-PBS: n = 13 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-

Dex: n = 9 biological replicates; iDKO-Dex: n = 5 biological replicates.
M EchoMRI measurements of body composition at the indicated times. Control-PBS: n = 13 biological replicates; iDKO-PBS: n = 4 biological replicates; Control-Dex:

n = 9 biological replicates; iDKO-Dex: n = 6 biological replicates.
N iDKO/Control (Ctr) fold change in fat content at 4 MPI without and with Dex treatment, calculated from (M).

Data information: Scale bar: 20 lm for (C, E). For (B), data are represented as mean � SD and statistical analysis was done using Sidak’s multiple comparisons test. For
(D, E, G–L), data are represented as mean � SD and statistical analysis was done using One-way ANOVA and Tukey’s multiple comparisons test. For (B, J, L, M), data are
represented as mean � SD and statistical analysis was done using Tukey’s multiple comparisons test. NS, nonsignificant; *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005;
****P ≤ 0.00005.
Source data are available online for this figure.
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changes. Furthermore, jury is still out regarding whether altered

metabolic gene expression in epidermis contributes to the whole-

body phenotypes of iDKO mice, for example, through reduced pre-

cursor availability for adipogenesis. This is an interesting area for

future exploration.

The apparent distinction of iDKO mice from the other barrier-

deficient mouse models in terms of thermogenesis warrants discus-

sion. A defective barrier would result in excessive heat and water

loss. In order to sustain all metabolic functions including main-

taining a stable body temperature, animals must counter heat loss

through behavioral changes, mechanical insulation, or increasing

the active generation of heat through metabolic reprogramming

(Forni et al, 2017). Similar to these other mouse models, iDKO mice

showed increased energy expenditure. However, instead of

increased thermogenesis as seen in the other models, our gene

expression analysis of iDKO iWAT suggests the opposite. This is

perhaps not surprising given the known complexity of metabolic

regulations. For example, adipose tissue lipids are mobilized for

energy production through lipolysis during acute inflammation and

sepsis (Sherwood et al, 1970; Feingold et al, 1992; Jha et al, 2014),

whereas catecholamine-induced lipolysis is reduced in chronic met-

abolic inflammation (Mowers et al, 2013). Adding to this complex

picture is that recently Ovol2 has been suggested to exert a dual role

in promoting BAT-mediated thermogenesis and inhibiting WAT

adipogenesis to maintain energy balance (Zhang et al, 2022). There-

fore, it remains formally possible that Ovol1/2 loss in epidermis

reduces thermogenesis through a more direct mechanism, which

opposes the barrier deficiency-induced thermogenesis. Clearly,

extensive future experiments that are beyond the scope of the cur-

rent work are needed to sort out the various possibilities.

Given Ovol1/2’s wide-ranging, but in some aspects relatively

subtle, molecular functions in epidermis, we chose to ask whether

Dex—a broad-acting immune suppressing glucocorticoid—can nor-

malize the skin aberrancies in iDKO skin and assess the impact on

the whole body, rather than focusing on any single putative medi-

ating factor. Even though glucocorticoids are known to exert

conflicting effects on adipogenesis and lipolysis (Campbell

et al, 2011; Peckett et al, 2011; Lee et al, 2014b), under the

Figure 7. Working model of mechanistic connections among Ovol1/2 deletion-induced epidermal dysregulation, immune activation, and whole-body

metabolism.

Solid lines indicated regulations suggested by this study, whereas dashed lines indicate regulations suggested by the literature.
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condition of our experiments, Dex’s most striking effect on control

mice is immunosuppression. The rescue of epidermal barrier and

differentiation, LC activation, as well body weight/adiposity defects

in iDKO mice by Dex provides tantalizing evidence that epidermal

and skin immune dysregulation might be what instigates the

changes in whole-body metabolism. These findings now set the

stage for exciting future work to study the endocrine function of

skin and to pinpoint the definitive mechanisms and molecules

by which our largest organ regulates body metabolism and

physiology.

Materials and Methods

Mice

Ovol1 and Ovol2 floxed (f) alleles were previously described

(Unezaki et al, 2007; Haensel et al, 2019; Dragan et al, 2022) and

intercrossed to generate Ovol1f/f; Ovol2f/f breeders. Ovol1f/f; Ovol2f/f

females were crossed with Ovol1+/�; Ovol2+/�; K14-CreER mice

(Vasioukhin et al, 1999; Haensel et al, 2019; Sun et al, 2021) to gen-

erate Ovol1f/�; Ovol2fl/�; K14-CreER (iDKO) mice that were injected

with 75 mg tamoxifen/kg body weight for 5 consecutive days at

7 weeks old. All controls used are sex-matched littermates. Informa-

tion for all genotyping primers is provided in Appendix Table S1.

All animal studies have been approved and abide by regulatory

guidelines of the Institutional Animal Care and Use Committee

(IACUC) of the University of California, Irvine.

TEWL measurements

TEWL was measured on shaved mouse back skin using the Delfin

VapoMeter (SWL4400, Delfin, Kuopio, Finland) under homeostatic

conditions. TEWL values were output as g/m2h.

Histology and immunostaining

Sections from 4% paraformaldehyde-fixed, paraffin-embedded back

skin were stained with H/E as described previously (Dragan

et al, 2022). Sections from mouse toe were fixed in 4% paraformal-

dehyde for 8 h followed by decalcification in 2% paraformalde-

hyde/0.4 M EDTA for 2–3 weeks at 4°C followed by paraffin-

embedding and staining with H/E.

For indirect immunofluorescence, mouse back skin and toe

pads were trimmed and freshly frozen in optimum cutting temper-

ature (OCT) compound (Tissue-Tek) and stained using the appro-

priate antibodies. The primary antibodies used were: K1, K14, and

loricrin (rabbit or chicken, gifts of Julie Segre, National Institutes

of Health, Bethesda, 1:1,000), Ki67 (Cell Signaling, rabbit, clone

#D3B5, catalog # 9129; 1:1,000), CD207 (Fischer, 12-2075-82;

Appendix Table S2). The following secondary antibodies were

used: FITC-conjugated goat anti-rabbit (Vector Laboratories, FI-

1000; 1:1,000), rhodamine-conjugated donkey anti-goat (Jackson

ImmunoResearch Laboratories, 711–025-147; 1:1,000), rhodamine-

conjugated goat anti-chicken (Jackson ImmunoResearch Laborato-

ries, 103–295-155; 1:1,000), and Alexa Fluor 488-conjugated don-

key anti-rat (ThermoFisher, A-21208; 1:1,000). Slides were

mounted in Antifade medium (Vectashield H-1000; Vector

Laboratories). Images were quantified using Fiji/ImageJ software

(Schindelin et al, 2012). For quantification of b-catenin staining,

≥ 18 lines were drawn through ~ 4 cells/line (≥ 72 cells examined

per mouse) and intensity was calculated across the line. A histo-

gram was then generated from the binned intensity values of a

given mouse and averaged across all mice.

For whole-mount immunostaining, shaved back skin was

stripped with adhesive cellophane tape 40 times to break the skin

barrier. Stripped back skin was then removed, fat scrapped off, and

the skin was cut into ~ 5 mm2 pieces. Skin was fixed in 4% parafor-

maldehyde for 1.5 h at 4°C and then incubated in 20% sucrose for

2–3 days. Immunostaining was performed using antibodies against

b-catenin (Santa Cruz, sc-7199) and CD207 (ThermoFisher, Cat #14-

2075-82; Appendix Table S2) overnight at 4°C.

Transmission electron microscopy (TEM)

TEM was processed as reported previously (Lee et al, 2014a; Kash-

gari et al, 2020). Briefly, mouse back skin was isolated, trimmed

and fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in

0.2 M sodium cacodylate buffer, and incubated at 4°C for 2–3 days.

Samples were then rinsed in 0.1 M sodium cacodylate buffer and

postfixed for 2 h at room temperature in 1% aqueous osmium

tetroxide in 0.1 M sodium cacodylate buffer. The samples were then

dehydrated, processed, and imaged at the UC Irvine Materials

Research Institute core by Dr. Li Xing.

Tissue harvest and lipidomics

Lipids were extracted from trypsin-isolated back skin epidermis.

Epidermis was snap frozen utilizing liquid nitrogen precooled

Wollenberger clamp (PMID: 13845757). Tissues were grinded into

powder using a Cryomill (Retsch, Newtown, PA). Powder was

weighed (~ 20 mg) on dry ice and isopropanol added at 40× the

weight of the tissue powder to make a mixture solution of 25 mg of

tissue/mL of solvent, vortexed, and centrifuged at 16,000 g for

10 min at 4°C. Three uLs of supernatant were used for liquid

chromatography–mass spectrometry analysis (LC–MS). For LC–MS,

samples were analyzed via quadrupole-orbitrap mass spectrometer

(Q Exactive Plus, Thermo Fisher Scientific, San Jose, CA), operating

in a positive ion mode via electrospray ionization coupled to Atlan-

tis T3 Column (150 × 2.1 mm, 3 lm particle size; Waters, Milford,

MA) to scan from mass/charge ratio 290 to 1,200 and 140,000 reso-

lution. LC separation was conducted at 45°C using a gradient of sol-

vent A (10% methanol in water 1 mM ammonium acetate and

35 mM acetic acid) and solvent B (98% isopropanol and 2% metha-

nol with 1 mM ammonium acetate and 35 mM acetic acid). Flow

rate was 150 ll/min. The LC gradient was as follows: 0 min, 25%

B; 2 min, 25% B; 5.5 min, 65% B; 12.5 min, 100% B; 16.5 min,

100% B; 17 min, 25% B; and 30 min, 25% B. Autosampler temper-

ature was set at 4°C. Data were analyzed using the MAVEN software

and Compound Discoverer software (Thermo Fisher Scientific, San

Jose, CA).

RT–qPCR and RNA-seq

Tissues were collected ad libitum for gene expression analysis.

iWAT, BAT, dWAT, and single-cell suspension of epidermis (see
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below) were homogenized in Trizol (ThermoFisher, 15596018),

followed by chloroform extraction and RNA purification from the

aqueous phase using ZYMO RESEARCH Quick-RNA MiniPrep per

manufacturer’s protocol. RNA was quantified using the NanoDrop

ND-1000 spectrophotometer (ThermoFisher) and quality checked

using the Agilent Bioanalyzer 2100 (Agilent). For RT–PCR, 2 lg of

RNA was used to generate cDNA (Applied Biosystems, 4368814) per

manufacturer’s protocol. qPCR was performed using a Bio-Rad

CFX96 Real-Time System and SsoAdvanced Universal SYBR� Green

Supermix (Bio-Rad, 172-5271). Gapdh was used as a loading con-

trol. Information for gene-specific primers used is provided in

Appendix Table S3.

Library construction was performed according to the Illumina

TruSeq� Stranded mRNA Sample Preparation Guide. One lg of total

RNA was used, and mRNA was enriched using oligo dT magnetic

beads. The enriched mRNA was chemically fragmented for 3 min,

followed by reverse transcription to make cDNA. The resulting

cDNA was cleaned using AMPure XP beads, end repaired, and the 30

ends were adenylated. Illumina barcoded adapters were ligated on

the ends, and the adapter-ligated fragments were enriched by 9

cycles of PCR. The resulting libraries were validated by qPCR and

sized by Agilent Bioanalyzer DNA high-sensitivity chip. The

barcoded cDNA libraries were multiplexed on the Illumina HiSeq

4000 platform to yield 100-bp paired-end reads. FASTQ files were

trimmed using Trimmomatic version 0.35 (Bolger et al, 2014a) and

aligned to the mm10 genome and counted using STAR version 2.5.2a

(Dobin et al, 2013). Differential expression analysis was performed

using DESeq2 version 1.24.0 (Love et al, 2014) on R version 3.6.1.

ChIP-seq

ChIP-seq analysis was performed on skin harvested at 6 h after

imiquimod treatment, such that the level of Ovol1 protein expres-

sion was sufficiently high to enable success (Dragan et al, 2022). To

separate epidermis from dermis, back skin was collected and

digested with 0.25% trypsin for 1 h at 37°C, scraped, minced, resus-

pended in 5% fetal bovine serum in PBS, and filtered through

70-lm and then 40-lm filters. Epidermal cells in single-cell suspen-

sion were then cross-linked in 1% formaldehyde, followed by ChIP

assay using rabbit anti-Ovol1 antibody (Dai et al, 1998) and

SimpleChIP� Enzymatic Chromatin IP Kit Magnetic Beads (9006,

Cell Signaling) according to the manufacturer’s instructions. DNA

was then purified and NexteraPE adapters were ligated on the ends

and the adapter-ligated fragments were enriched by 9 cycles of PCR.

The resulting libraries were validated by Agilent Bioanalyzer dsDNA

high-sensitivity chip. The barcoded DNA libraries were multiplexed

on the Illumina HiSeq 4000 platform to yield 100-bp paired-end

reads. FASTQ files were trimmed using Trimmomatic version 0.35

(Bolger et al, 2014a), aligned to the mm10 genome using Bowtie2

version 2.2.3 (Langmead & Salzberg, 2012), and sorted/removed

duplicates using Samtools version 1.3 (Danecek et al, 2021) and

Picard tools version 1.87 (http://broadinstitute.github.io/picard).

Finally, peaks were called with MACS2 (Zhang et al, 2008).

Flow cytometry

Back skin, paw skin (removed from bone), and LNs were dissected.

LNs were crushed in FACS buffer (5% fetal bovine serum in 1xPBS),

filtered through a 70-lm filter, rinsed, and resuspended in FACS

buffer.

Epidermis and dermis were separated using incubation with

0.25% trypsin (Sigma; T4799) for 30 min to 1.5 h at 37°C. Epider-

mis was minced, filtered through a 40-lm filter, rinsed, and resus-

pended in FACS buffer. Minced dermis and whole paw skin were

digested with 10 ml of a solution containing 0.25% collagenase

(Sigma, C9091), 0.01 M HEPES (ThermoFisher, BP310), 0.001 M

sodium pyruvate (ThermoFisher, BP356), and 0.1 mg/mL DNase

(Sigma, DN25) at 37°C for 30 min (dermis) or 1 h (paw) with rota-

tion, and then filtered through a 40-lm filter, spun down, and resus-

pended in FACS buffer. Cells were stained by incubation for 30 min

on ice with the antibodies listed in Appendix Table S2.

Luminex and triglyceride assays

Either serum or flash-frozen whole skin in RIPA buffer (Dragan

et al, 2022) was used for analysis. For cytokine protein measure-

ments, a custom-made cytokine/chemokine kit (Millipore Sigma,

MCYTOMAG-70K-08C) including (IL-12 p40, IL-17A, IL-1a, IL-1b,
IL-6, CXCL1, TNF-a, and G-CSF) was used following the manu-

facturer’s protocol and measured on Luminex except for when

noted in the relevant figure legends. Standard curves were gener-

ated using 5-parameter logistic regression, and differences in

analyte levels between control and knockout samples. Cytokine

values for whole skin were normalized to total protein levels

measured using the PierceTM BCA Protein Assay Kit (Thermo Sci-

entific, 23227). Serum triglyceride levels were measured using a

triglyceride assay kit (Abcam, AB65336) per the manufacturer’s

protocol.

Indirect calorimetry and EchoMRI

Oxygen consumption (ml/h), carbon dioxide release (ml/h), RER,

locomotor activity (counts), and food intake (grams) were moni-

tored for individually housed mice using the Phenomaster metabolic

cages (TSE Systems Inc., Chesterfield, MO). The climate chamber

was set to 21°C, 50% humidity with a 12-h light–dark cycle as the

home cage environment. Animals were entrained for 2 days in the

metabolic cages before the start of each experiment to allow for

environmental acclimation. For CE experiments, the temperature

was set to rapidly drop to 4°C starting when the light cycle turned

on post acclimation and RT measurements. Data were collected at

40-min intervals, and each cage was recorded for 3.25 min before

time point collection.

Body composition was measured using EchoMRITM Whole Body

Composition Analyzer (Houston, TX), which provides whole body

fat and lean mass measurements.

In vivo administration of Dex and anti-cdTCR antibody

For Dex experiments, same-sex/same-weight control and iDKO lit-

termates were intraperitoneally injected with either PBS or 1 mg

Dex (in PBS) per kg body weight for 14 days on and off starting at

30 DPI and ending at 4–5 MPI. For cdTCR blocking (Koenecke

et al, 2009)/depletion (Sandrock et al, 2018) experiments, same-

sex/same-weight control and iDKO mice were intraperitoneally

injected with 0.5 mg of hamster anti-mouse TCR c/d antibody (UC7-
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13D5, Biolegend) or hamster IgG control (HTK888, Biolegend) on 30

DPI and then 0.2 mg every 3 days starting at 31 DPI and ending at 4

MPI. Mouse tissue samples were then collected for either flow cyto-

metry or histology.

Statistics and reproducibility

Most experiments were performed at least twice and on three bio-

logical replicates as indicated in the relevant figure legends. No data

were excluded. Information on specific statistical methods in Prism

used for analysis is also described in figure legends. For bulk RNA-

seq analysis, adjusted P-value were generated using the negative

binomial generalized models and Wald test employed by DESeq2.

P-values ≤ 0.05 were considered statistically significant.

Data availability

Datasets generated for this article are deposited in the GEO database

under accession code GSE211894 (https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE211894). The accession code for previ-

ously published Ovol2 ChIP-seq data is GSE54126 (https://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54126).

Expanded View for this article is available online.
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