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Epidermal keratinocytes form a structural and immune barrier that is essential for skin homeostasis. However, the
mechanisms that regulate epidermal barrier function are incompletely understood. Here we have found that keratinocyte-
specific deletion of the gene encoding RAB guanine nucleotide exchange factor 1 (RABGEF1, also known as RABEX-5)
severely impairs epidermal barrier function in mice and induces an allergic cutaneous and systemic phenotype.
RABGEF1-deficient keratinocytes exhibited aberrant activation of the intrinsic IL-1R/MYD88/NF-κB signaling pathway and
MYD88-dependent abnormalities in expression of structural proteins that contribute to skin barrier function. Moreover,
ablation of MYD88 signaling in RABGEF1-deficient keratinocytes or deletion of Il1r1 restored skin homeostasis and
prevented development of skin inflammation. We further demonstrated that epidermal RABGEF1 expression is reduced in
skin lesions of humans diagnosed with either atopic dermatitis or allergic contact dermatitis as well as in an inducible
mouse model of allergic dermatitis. Our findings reveal a key role for RABGEF1 in dampening keratinocyte-intrinsic
MYD88 signaling and sustaining epidermal barrier function in mice, and suggest that dysregulation of RABGEF1
expression may contribute to epidermal barrier dysfunction in allergic skin disorders in mice and humans. Thus,
RABGEF1-mediated regulation of IL-1R/MYD88 signaling might represent a potential therapeutic target.
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Introduction
The mammalian epidermis forms a barrier to external insults, and 
homeostasis at cutaneous surfaces depends on tightly regulated 
interactions among the environment, epidermal keratinocytes, 
and host immune responses (1). Under homeostatic conditions, 
keratinocytes are continuously exposed to environmental stimuli 
but are able to maintain their structural integrity while coordinat-
ing appropriate immune responses implicated in tolerance and 
host defense (1, 2). Epidermal physical barrier function is mainly 
supported by structural proteins, including components of the 
stratum corneum and tight junctions (TJs) such as filaggrin (1, 3) 
and claudin 1 (1, 4, 5), respectively. Keratinocytes also express a 
wide range of pattern recognition receptors and immune recep-
tors (2, 6, 7) that can sense danger signals and initiate innate 

immune responses by activating transcription factors such as 
NF-κB (2, 8–10). In epithelial cells, balanced NF-κB signaling is 
essential for the maintenance of tissue homeostasis (11), and kera-
tinocyte-intrinsic innate signaling pathways must be finely regu-
lated to guard against pathogens while avoiding aberrant immune 
responses, including detrimental responses to allergens (2, 7, 12).

Dysregulated epidermal barrier functions are increasingly 
thought to contribute to chronic allergic disorders of the skin, 
including atopic dermatitis (AD), which affects up to 10%–20% 
of children worldwide (1, 13–15), and allergic contact dermatitis 
(ACD), a major occupational skin disease (16). Defects in filag-
grin, including loss-of-function mutations of the FLG gene (3, 17, 
18), represent a well-characterized predisposing factor for AD (3, 
19) and ACD (17, 20). Keratinocyte activation and secretion of pro-
inflammatory cytokines, such as thymic stromal lymphopoietin 
(TSLP) (21–23) or cytokines from the IL-1 family (24–26), also play a 
central role in the initiation and maintenance of aberrant immune 
responses associated with allergic skin disorders (25, 26). There 
is evidence that the aberrant barrier function and modified skin 
microenvironment observed in such settings endow dendritic cells 
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Figure 1. Role of keratinocyte-intrinsic Rabgef1 in health and skin homeostasis. (A) Specificity and efficiency of Cre-mediated Rabgef1 deletion assessed 
by single-cell PCR; numerals indicate the number of single cells analyzed, and results are pooled from 2 separate experiments. (B–G) Comparison between 
Rabgef1K-KO and control mice. (B) Representative RABGEF1 staining of back skin sections from adult mice. (C) Survival (n = 9 and 29, respectively) and (D) 
body weight (n = 8 and 18, respectively) over time in Rabgef1K-KO and control mice. (E) Representative photographs at day 1–2, day 7–9, and day 49–56 after 
birth. (F) Representative H&E staining of back skin sections. (G) Bars show quantification of dermal and epidermal thickness (n = 5–7 mice per group). 
(H) Experimental outline for tamoxifen-induced Rabgef1 deletion in Rabgef1KERT2-KO mice. (I–L) Comparison between tamoxifen-treated Rabgef1fl/fl and 
Rabgef1KERT2-KO mice. Representative H&E staining (I) and RABGEF1 staining (J) of back skin sections. (K) Bars show quantification of dermal and epidermal 
thickness (n = 7–8 mice per group, 2 independent experiments). (L) Bacterial CFU counts per cm2 of skin area (n = 9–12 per group, 3 independent experi-
ments). (B, E, F, and I) Pictures are representative of more than 5 samples analyzed per group, and (I and J) 3 independent experiments, each giving similar 
results. (G, K, and L) Data shown are mean ± SEM, as well as individual values. (B, F, I, and J) Dashed lines identify the dermal-epidermal junction. P values 
were calculated by Mantel-Cox test (C), 1-way ANOVA (D), 2-way ANOVA with Bonferroni’s test for multiple comparisons (G and K), or Mann-Whitney test 
(L). *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 50 μm; original magnification in B and I, ×20; NS, not significant.
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some expression of keratin 14 (K14) in epithelial cells. However, 
these organs did not exhibit histological abnormalities (Supplemen-
tal Figure 3). These results indicate that the cause of death in such 
mice is more likely related to the skin abnormalities.

Because of the accelerated mortality in Rabgef1K-KO mice, and 
to assess the function of keratinocyte-intrinsic RABGEF1 in adult 
mice that would exhibit no potential developmental effects of con-
stitutive Rabgef1 deletion, we generated mice in which Rabgef1 can 
be depleted in keratinocytes by tamoxifen treatment, i.e., K14-Cre-
ERT2+ Rabgef1fl/fl mice (called Rabgef1KERT2-KO mice). Topical tamoxi-
fen treatment on the back skin of adult Rabgef1KERT2-KO mice, but not 
adult Rabgef1fl/fl mice, promoted the development of skin lesions 
that were similar to those in Rabgef1K-KO mice and were associated 
with RABGEF1 deletion in keratinocytes (Figure 1, H–K). Such 
skin lesions were associated with a modest, albeit statistically sig-
nificant, increase in the number of bacteria that could be cultured 
from the affected skin (Figure 1L), but not with evidence of associ-
ated systemic bacterial infection (Supplemental Figure 4).

RABGEF1 deletion in keratinocytes results in epidermal barrier 
dysfunction, features of type 2 skin inflammation, and elevated lev-
els of IgE antibodies. Histological and immunohistological analy-
ses of back skin from newborn mice did not reveal obvious dif-
ferences between Rabgef1K-KO and control mice (Supplemental 
Figure 5). By contrast, back skin lesions of postnatal day 7–9 as 
well as day 49–56 (i.e., adult) Rabgef1K-KO mice exhibited marked 
epidermal hyperplasia (Figure 1, F and G) and spongiosis (Figure 
2A). Immunostaining revealed that keratinocytes in Rabgef1K-KO 
mice exhibited aberrant expression of K14 (normally expressed 
in basal layers) in suprabasal keratinocytes, as well as decreased 
expression of K10 and loricrin (markers of differentiated kerati-
nocytes) (Supplemental Figure 6). Consistent with their hyper-
plastic phenotype, RABGEF1-deficient keratinocytes also dis-
played increased staining for K6 (induced following physical, 
chemical, or inflammatory stress; ref. 35) and the proliferative 
marker Ki67, an observation that was confirmed at the mRNA 
level (Figure 2, B and C). RABGEF1 deficiency also altered the 
expression of epidermal proteins that sustain barrier function, as 
keratinocytes of Rabgef1K-KO mice exhibited decreased expression 
of claudin 1 (Figure 2, D and E) and aberrant expression of filag-
grin (normally expressed most strongly in the stratum corneum) 
in the stratum granulosum (Figure 2, D and E).

These observations prompted us to investigate whether kerati-
nocyte-intrinsic RABGEF1 deficiency resulted in epidermal barrier 
dysfunction. We used our model of inducible keratinocyte Rabgef1 
deletion by topical tamoxifen treatment of Rabgef1KERT2-KO mice and 
assessed barrier function by measuring transepidermal water loss 
(TEWL) (ref. 36 and Figure 2F). As shown in Figure 2G, TEWL 
was significantly increased in the back skin of tamoxifen-treated 
Rabgef1KERT2-KO mice versus tamoxifen-treated control mice. Con-
sistent with the increased permeability of the skin, the transepi-
dermal passage of a harmless antigen, ovalbumin (OVA), patched 
on the skin was also potentiated when RABGEF1 was defective in 
keratinocytes. Indeed, dermal DC uptake and endosomal diges-
tion of OVA was also substantially induced in tamoxifen-treated 
Rabgef1KERT2-KO mice, whereas OVA was less accessible to DCs in 
vehicle-treated Rabgef1KERT2-KO mice or tamoxifen-treated litter-
mate control mice (Figure 2H).

(DCs) with the capacity to induce a dominant type 2 cell-mediated 
immune response, characterized by cutaneous inflammation asso-
ciated with the presence of eosinophils and T cells, activation of 
mast cells (MCs), and elevated blood levels of IgE (26–28). Yet the 
identification of intrinsic factors capable of modulating keratino-
cyte activation and influencing skin barrier functions is far from 
being complete, and a better understanding of these processes 
may lead to the development of improved strategies to support skin 
homeostasis and treat inflammatory disorders.

RAB guanine nucleotide exchange factor 1 (RABGEF1), also 
known as RABEX-5, is a multifunctional protein containing an 
A20-like zinc finger domain exhibiting E3 ubiquitin ligase activ-
ity (29) and a central Vps9 domain, which promotes GEF activ-
ity for the endocytic pathway regulator RAB5 (30). We charac-
terized RABGEF1 as a negative regulator of MC activation in 
vitro (31–33); however, its physiological functions in vivo remain 
unknown. Here, we identify keratinocyte-intrinsic RABGEF1 as a 
critical regulator of skin homeostasis in mice and show that RAB-
GEF1 can control the activation threshold of keratinocytes and 
limit IL-1R/MYD88–dependent signaling pathways, MYD88-
dependent barrier dysfunction, and skin inflammation. We 
also show that abnormalities in keratinocyte RABGEF1 expres-
sion can occur at sites of allergic skin inflammation in mice and 
humans, and may therefore contribute to the impairment of skin 
barrier function in such settings.

Results
Keratinocyte RABGEF1 expression is essential for health and pre-
vents development of skin lesions. First, we sought to identify the 
RABGEF1-expressing cell type(s) critical for health, as mice that 
are globally deficient in RABGEF1 exhibit accelerated mortality 
and those surviving to adulthood develop skin inflammation (31, 
34). We generated C57BL/6 Rabgef1 floxed mice (Rabgef1fl/fl) and 
crossed them with mice expressing Cre recombinase constitutive-
ly under the control of promoters specific for MCs (Mcpt5-Cre), 
myeloid cells (Lysz-Cre), or EpCAM+CD45– epidermal keratino-
cytes (K14-Cre), as assessed by the use of K14-Cre+ eYFPfl/+ mice 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI86359DS1). The efficiency and 
specificity of Rabgef1 deletion were verified by single-cell PCR 
(Figure 1A and Supplemental Figure 2A). Complementary confo-
cal microscopy staining showed that RABGEF1 protein was main-
ly expressed in keratinocytes of control mice, and efficiently and 
selectively deleted in keratinocytes of K14-Cre+ Rabgef1fl/fl (named 
Rabgef1K-KO) mice (Figure 1B).

Mice with MC- or “myeloid”-restricted Rabgef1 deletion exhib-
ited neither accelerated mortality nor obvious macroscopic abnor-
malities at least until the age of 12 months (Supplemental Figure 2, B 
and C). Mice with keratinocyte-intrinsic Rabgef1 deletion were born 
in the expected Mendelian proportion and were indistinguishable 
from control mice until postnatal day 2–3 (Figure 1, C–E). However, 
as early as postnatal day 7–9, Rabgef1K-KO mice exhibited accelerated 
mortality, weight loss, and skin lesions characterized by epidermal 
hyperplasia (Figure 1, C–G). The cause of accelerated mortality in 
Rabgef1K-KO mice is still unclear. We performed histological analysis 
of some of these mice that survived until day 49–56, when they were 
near death, focusing especially on those tissues that may exhibit 
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keratinocyte-associated type 2 cytokine TSLP (refs. 21, 22, and 
Figure 3A), increased numbers of dermal MCs (Figure 3B), and 
dermal infiltration of leukocytes, including T cells, eosinophils, 
and neutrophils (Figure 3, C and D). Second, adult Rabgef1K-KO mice 

Such epidermal barrier dysfunction in Rabgef1K-KO mice was 
associated with a dominant type 2 cutaneous inflammatory 
response as well as systemic immune abnormalities. First, back 
skin from Rabgef1K-KO mice exhibited enhanced expression of the 

Figure 2. Epidermal abnormalities and barrier dysfunction in mice with deletion of RABGEF1 in keratinocytes. (A–E) Comparison of Rabgef1K-KO and control 
mice. (A) Representative H&E staining of back skin sections. Arrowheads indicate spongiosis. (B and D) Representative confocal microscopy pictures of back skin 
sections with the indicated staining. (C and E) Bars show protein and mRNA levels of the indicated molecules whose staining is depicted in B and D, as assessed 
by confocal microscopy and RT-qPCR analyses, respectively (n = 4–6 mice per group). (F) Experimental outline for assessment of epidermal barrier function in 
tamoxifen-treated Rabgef1KERT2-KO mice. (G) TEWL measurements; results are pooled from 2 independent experiments (n = 6–12 per group). (H) Percentage of 
dermal DCs containing processed OVA (as assessed by fluorescence in green and red) 30 hours after OVA-DQ skin patching; results are pooled from 3 independent 
experiments (n = 6–8 per group). (A, B, and D) Pictures are representative of 4 or 5 samples (from 4–5 different mice) per group, each giving similar results. (C, E, 
G, and H) Results are shown as mean ± SEM, and G and H also show individual values. (A, B, and D) Dashed lines identify the dermal-epidermal junction. P values 
were calculated by 2-tailed unpaired Student’s t test (C and E) and 1-way ANOVA followed by Tukey’s multiple comparison tests (G and H). *P < 0.05; **P < 0.01; 
***P < 0.001. Scale bars: 50 μm; original magnification, ×20 (B) or ×63 (D); TEWL, transepidermal water loss; NS, not significant.
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Figure 3. Type 2 cutaneous inflammation and elevated serum IgE in adult Rabgef1K-KO mice. (A–H) Rabgef1K-KO and control mice are compared. (A) Represen-
tative TSLP staining of back skin sections. (B) Assessment of dermal MCs by toluidine blue (left panel) or avidin staining (right panel) (82). (C) Representative 
H&E staining of back skin sections (different areas of the sections in Figure 2A); arrows indicate eosinophils. (D) Representative dot plot of dermal CD45+ leu-
kocytes, CD4+ T cells, SSChi eosinophils (also positive for SiglecF), and Ly6G(Gr-1)+CD11b+ neutrophils; bar graphs show quantification of the percentage of cells 
(n = 6–8 per group). (E) Representative pictures of skin-draining lymph nodes (DLNs); bar graphs show quantification of LN cell numbers (n = 8–20 mice per 
group). (F and G) Assessment of IgE levels in the serum (n = 4–10 mice per group) (F) and on the surface of blood basophils (G); bar graph in G shows quantifi-
cation of the percentage increase in mean fluorescence intensity (MFI) versus control mice (n = 4–10 per group). (H) RT-qPCR analysis of the selected genes  
(n = 3 mice per group). (I) Experimental outline. (J) Representative dot plots depicting intracellular protein expression of GATA-3, T-bet, Foxp3, and ROR-γt 
within living CD4+ T cells. Insets show percentage of cells in the gated subpopulation. (K) Bars show quantification of the numbers of CD4+ T cell subsets in the 
dermis of the ear pinnae (left) and in the DLN (right) (n = 5–6 mice per group, 2 independent experiments). (A–C) Pictures are representative of 4 or 5 samples 
per group, each giving similar results. (D–H and K) Results are shown as mean ± SEM, and F, G, and K also show individual values. (A–C) Dashed lines identify 
the dermal-epidermal junction. P values were calculated by 2-tailed unpaired Student’s t test (E–G) and 2-way ANOVA followed by Bonferroni’s test for mul-
tiple comparisons (H and K). **P < 0.01; ***P < 0.001. Scale bars: 50 μm; original magnification in A and B, ×20; NS, not significant.
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Figure 4. Increased activation of 
the IL-1R/MYD88/NF-κB pathway in 
RABGEF1-deficient keratinocytes. 
(A) Differentially expressed (DE) 
genes between adult Rabgef1K-KO and 
control mouse back skin specimens 
(n = 2 analyses per group) showing 
DE genes in red/blue. Volcano plot: 
760 = total number of DE genes; 
direction of differential expression 
is indicated for all DE and highly DE 
(fold change [FC] >4) genes. (B) RT-
qPCR analysis of the selected genes 
(n = 4 mice per group). (C) Expression 
of DE genes between back skin spec-
imens from adult Rabgef1K-KO and 
control mice, indicating (on right) 
names and FC of DE genes whose 
transcript expression was confirmed 
by RT-qPCR. (D) MYD88 staining of 
back skin sections from adult mice. 
Dashed lines: dermal-epidermal 
junction. (E) Bar graphs show 
quantification of epidermal MYD88 
levels (n = 5–10 mice per group). 
(F–H) Mouse PDV keratinocyte cells 
were transfected with control (Ctrl) 
shRNA or shRNA against Rabgef1 
(Rabgef1 shRNA). (F) Western blot 
showing RABGEF1 and GAPDH 
(control) expression following shRNA 
transfection. The sh Ctrl and sh Rab-
gef1 lanes were run on the same gel 
but were noncontiguous. (G) Levels 
of the indicated phospho-proteins 
and total proteins at different times 
following recombinant IL-1β (rIL-1β)
stimulation (results representative 
of 1 of 2 independent experiments 
performed with 2 separate batches 
of cells). (H) Baseline IL-1β secretion 
of RABGEF1-deficient keratinocytes 
in vitro as assessed by ELISA (n = 6 
per group, 2 independent experi-
ments performed with 2 different 
batches of cells). (B, E, and H) Data 
are mean ± SEM; E and H also show 
individual values. P values were 
calculated using a 2-way ANOVA 
test followed by Sidak’s multiple 
comparison test (C) and a 2-tailed 
Student’s t test (E and H). *P < 0.05; 
**P < 0.01; ***P < 0.001. Scale bars: 
50 μm; original magnification in D, 
×20; NS, not significant.
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exhibited enlargement of skin-draining lymph nodes (Figure 3E) 
and markedly elevated concentrations of serum IgE and increased 
levels of IgE on blood basophils (Figure 3, F and G), as well as signs 
of systemic immune activation (Supplemental Figure 7). Third, 
quantitative reverse transcription PCR (RT-qPCR) analysis of  
T cell–associated cytokine expression in back skin from Rabgef1K-KO  
and control mice showed a significantly enhanced expression of 
the prototypic Th2 cytokine Il4, with smaller increases in Il17a 
and Il22 that did not achieve statistical significance (Figure 3H). 
Fourth, immunophenotyping of CD4+ T cell subsets in the ear pin-
nae and lymph nodes of tamoxifen-treated Rabgef1KERT-KO revealed 
robust increases in the numbers of GATA-3–expressing Th2 cells 
and Foxp3-expressing regulatory T cells as compared with con-
trols, without significantly influencing the numbers of other T cell 
subsets (Figure 3, I–K).

Lack of RABGEF1 in keratinocytes results in aberrant activation 
of the IL-1R/MYD88/NF-κB signaling pathway and MYD88-depen-
dent structural abnormalities. To elucidate potential mechanisms 
by which keratinocyte-restricted RABGEF1 deficiency can impair 
epidermal barrier function and trigger type 2 inflammation, we 
performed a microarray analysis of back skin specimens from 
Rabgef1K-KO and control mice. Volcano plot representation of the 
differentially expressed genes showed 392 (Figure 4A, blue dots) 
and 368 (Figure 4A, red dots) upregulated genes in control and 
Rabgef1K-KO skin samples, respectively (biological fold change > 
2 and adjusted P value < 0.01). Among those genes, the expres-
sion of several genes coding for proliferation markers (e.g., Krt6a, 
Mki67) and innate cytokines and chemokines (e.g., Il1b, Il1a, 

Cxcl2, Cxcl3, Ccl3) was significantly upregulated in back skin from 
Rabgef1K-KO mice versus control mice (Figure 4, B and C), suggest-
ing that a deficiency of RABGEF1 in keratinocytes directly or indi-
rectly influences pathways of cell proliferation and innate immu-
nity in the skin, respectively. Supporting this, gene set enrichment 
analysis (GSEA), used to compare the transcriptome of Rabgef1K-KO  
and control skin with defined gene sets, revealed a significant 
enrichment, among genes upregulated in Rabgef1K-KO skin samples, 
of genes implicated in the cell cycle or regulated by NF-κB (Figure 
5). In addition, there was a significant enrichment, among genes 
upregulated in control skin samples, of genes involved in barrier 
function (Figure 5), further supporting the conclusion that epider-
mal barrier function is impaired when RABGEF1 is absent.

MYD88 is an adaptor molecule that plays a critical role in 
mediating signaling responses induced by activation of IL-1/
IL-18/Toll receptor superfamily members by coupling these 
receptors to the IRAK complex to induce activation of NF-κB and 
ERK-MAP kinase, leading to the release of proinflammatory cyto-
kines (8, 37, 38). Notably, we found a substantial increase in kera-
tinocyte-intrinsic MYD88 protein expression in the skin of Rab
gef1K-KO mice (Figure 4, D and E), suggesting that MYD88 may play 
an important role in RABGEF1-dependent signaling in keratino-
cytes. We used an in vitro shRNA-based approach to knock down 
RABGEF1 expression in a mouse keratinocyte cell line (Figure 
4F) and found that such RABGEF1-deficient keratinocytes exhib-
ited high basal levels of phosphorylation of the IKKα/β complex, 
IκBα, and ERK-MAP kinase (Figure 4G). These findings indicate 
that such RABGEF1-deficient keratinocytes exhibit hyperactiva-

Figure 5. GSEA between Rabgef1K-KO and defined gene sets. Gene set enrichment analysis (GSEA) comparing the transcriptome of Rabgef1K-KO skin with 
defined gene sets. Circle size is proportional to the normalized enrichment score (NES), whose numeric value is provided.
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Figure 6. MYD88-dependent actin 
abnormalities and loss of tight junc-
tions in RABGEF1-deficient keratino-
cytes. Cells from the mouse PDV kera-
tinocyte cell line were transfected with 
control (Ctrl) shRNA or shRNA directed 
against Rabgef1 (Rabgef1 shRNA). (A) 
Representative confocal microscopy pic-
tures of phalloidin (red) and E-cadherin 
(green) staining merged with DAPI (cyan) 
and 3D reconstruction of phalloidin fluo-
rescence enrichment (gray pseudocolor 
scale). Middle and right panels show 
higher-magnification photographs of the 
areas depicted by dashed white lines in 
the left panels. (B) Bars show quanti-
fication of actin content, as assessed 
by phalloidin staining in A. (C) 3D 
reconstruction of phalloidin fluorescence 
enrichment (gray pseudocolor scale) of 
Rabgef1 shRNA keratinocytes incubated 
for 24 hours with 100 μM of MYD88 
inhibitory or control peptides. (D) Bars 
show quantification of actin content, as 
assessed by phalloidin staining in C. (E) 
Representative transmission electron 
microscopy pictures; red arrowheads 
indicate TJs (identified as electron-dense 
structures with close apposition of 
adjacent membranes), and blue areas 
are intercellular spaces. Insets depict 
higher-magnification photographs of the 
areas depicted by black squares. (F and 
G) Bars show quantification of the inter-
cellular spaces (F) and TJ numbers (G). 
(B, D, F, and G) Results shown are mean 
± SEM, as well as individual values, and 
are pooled from 2 (B) or 3 (D, F, and G) 
independent experiments. P values were 
calculated using a Mann-Whitney non-
parametric test. *P < 0.05; **P < 0.01; 
***P < 0.001. Scale bars: 50 μm (A and 
C); 250 nm (E); original magnification, 
×20 (A and C) or ×6,300 (E).
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to be involved in the pathogenesis of skin inflammation (24), our 
data support the hypothesis that in mice whose keratinocytes lack 
RABGEF1, activation of keratinocyte IL-1R may favor aberrant 
MYD88-dependent signaling and the associated development 
of skin barrier dysfunction and skin lesions. This idea is further 

tion of MYD88/NF-κB–dependent signaling pathways in their 
basal state. Moreover, shRNA-transfected keratinocytes exhib-
ited increased production of IL-1β at baseline (Figure 4H), con-
sistent with our microarray and RT-qPCR data in vivo (Figure 4, 
B and C). Given that cytokines from the IL-1 family are thought 

Figure 7. Critical role of keratinocyte-intrinsic MYD88 in the phenotype of Rabgef1K-KO mice. Comparison of Rabgef1/Myd88K-KO and control mice. (A) 
Specificity and efficiency of Rabgef1 gene deletion assessed by single-cell PCR; numerals indicate the number of cells analyzed for each cell type; results 
are pooled from 2 sorting experiments. (B) Representative RABGEF1 and MYD88 staining of back skin sections. (C and D) Survival (n = 8–29 mice per group) 
(C) and body weight (n = 3–6 mice per group) (D) over time. (E) Representative photographs of mice from the indicated genotype at day 49–56 and 1 year 
after birth. (F) Representative H&E staining of back skin sections. (G) Bars show quantification of dermal and epidermal thickness (n = 5 mice per group). 
(H and J) Representative confocal microscopy pictures of back skin sections with the indicated staining. (I and K) Bars show protein and mRNA levels of 
the indicated molecules whose staining is depicted in H and J, as assessed by confocal microscopy and RT-qPCR analyses, respectively (n = 3–4 per group). 
(B and F) Pictures are representative of 4 or 5 samples per group, each giving similar results. (B, H, and J) Dashed lines identify the dermal-epidermal junc-
tion. P values were calculated by Mantel-Cox test (C), 1-way ANOVA (D), 2-way ANOVA with Bonferroni’s test for multiple comparisons (G), and 2-tailed 
unpaired Student’s t test (I and K). Scale bars: 50 μm; original magnification, ×20 (B and I) or ×63 (J); NS, not significant.
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RABGEF1 (Figure 7, A and B). Strikingly, deletion of Myd88 in 
RABGEF1-deficient keratinocytes largely prevented the mortal-
ity, morbidity, development of skin lesions, and epidermal hyper-
plasia seen in Rabgef1K-KO mice (Figure 7, C–G). Only some older 
Rabgef1/Myd88K-KO mice exhibited discrete areas of dry skin and 
periocular alopecia, while Myd88K-KO mice appeared normal (Fig-
ure 7E). Moreover, analyses of Rabgef1/Myd88K-KO mice showed 
that MYD88 was necessary for the development of the epidermal 
immunohistological abnormalities (Figure 7, H and I, and Supple-
mental Figure 10A), increased skin cytokine expression (Supple-
mental Figure 10B), and defects in keratinocyte claudin 1 and 
filaggrin (Figure 7, J and K), as well as the abnormal serum IgE 
concentrations and systemic changes observed in Rabgef1K-KO mice 
(Supplemental Figure 10, C–E).

IL-1R expression on radioresistant cells contributes to the skin 
pathology induced by keratinocyte-restricted RABGEF1 deletion. 
Rapidly after birth, the skin is colonized by microorganisms, which 
develop into a homeostatic system with the host (45, 46), and kera-
tinocytes express a wide range of TLRs (2, 6, 7), which, except for 
TLR-3 (9), can recognize and transduce microbe-derived signals 
via MYD88. Because the phenotype induced by keratinocyte-
specific deletion of RABGEF1 was largely restored when MYD88 
was lacking, one possibility is that MYD88-mediated TLR activa-
tion by the skin microbiome contributes to the rapid development 
of skin lesions after birth when RABGEF1 is defective. To test this 
hypothesis, progeny of K14-Cre+ Rabgef1fl/+ and K14-Cre– Rabgef1fl/fl  
mice were rederived germ-free (GF) by embryo transfer into GF 
recipient mice. Of the 8 mice born in the GF environment, only 1 
rapidly developed skin lesions and was significantly smaller than 
its littermates, and only this mouse carried the Rabgef1K-KO geno-
type (data not shown). Immunohistological examination of the 
skin of this mouse at day 8 revealed changes like those observed in 
Rabgef1K-KO mice under conventional housing (Supplemental Fig-
ure 11). Thus, the absence of microbes did not prevent the rapid 
development of skin pathology in this GF-Rabgef1K-KO mouse, evi-
dence that the phenotypic features of Rabgef1K-KO mice can develop 
independently of microbiome-derived signals.

We found increased Il1b expression in the skin of Rabgef1K-KO  
mice (Figure 4, B and C), as well as increased IL-1β secre-
tion (Figure 4H) and IL-1β–induced signaling (Figure 4G) in 
RABGEF1-deficient keratinocytes. However, the phenotype 
induced by keratinocyte-specific deletion of Rabgef1 was large-
ly restored when MYD88 also was absent in keratinocytes (Fig-
ure 7 and Supplemental Figure 10). Therefore, we speculated 
that activation of IL-1R may contribute to the aberrant MYD88 
signaling that promotes the development of skin lesions when 
RABGEF1 is deficient in keratinocytes. To test this possibility, 
we generated Rabgef1KERT2-KO mice on the Il1r1–/– background and 
evaluated the lesions induced by topical tamoxifen treatment 
of the ear pinnae of Il1r1+/+ Rabgef1KERT2-KO versus Il1r1–/– Rab
gef1KERT2-KO versus control mice (Figure 8A). While daily topical 
tamoxifen treatment induced ear swelling (Figure 8B) and skin 
lesions (Figure 8, C–F) in Il1r1+/+ Rabgef1KERT2-KO mice, all these 
measures were substantially decreased in tamoxifen-treated 
Il1r1–/– Rabgef1KERT2-KO mice (Figure 8, B–F), demonstrating that 
skin lesions induced by keratinocyte RABGEF1 deficiency in 
the ear depend on IL-1R expression.

supported by in vitro observations that shRNA-transfected RAB-
GEF1-deficient keratinocytes exhibited enhanced levels of IκBα 
phosphorylation in response to IL-1β stimulation (Figure 4G), 
indicating that the activation of MYD88-dependent signaling 
responses seen under basal conditions can be further enhanced 
in response to external stimuli. Notably, cultured RABGEF1-defi-
cient keratinocytes did not exhibit higher rates of proliferation 
(data not shown), apoptosis, or necrosis (Supplemental Figure 8).  
Taken together, we conclude from these results that IL-1R/
MYD88/NF-κB–dependent signaling pathways are aberrantly 
activated in keratinocytes lacking RABGEF1.

MYD88-dependent pathways have been implicated in pro-
cesses that can disrupt epithelial barrier function, via either dis-
organization of the actin cytoskeleton (39, 40) or effects on TJ 
function (41, 42). As expected, a polarized network of actin fila-
ments was present in control keratinocytes but this network was 
disorganized and actin content was lower in RABGEF1-deficient 
keratinocytes (Figure 6, A and B). This phenotype was largely nor-
malized by pharmacological inhibition of MYD88 in RABGEF1-
deficient keratinocytes, further evidence of a MYD88-dependent 
effect on cytoskeleton organization (Figure 6, C and D). Because 
optimal development of TJs is thought to depend on an organized 
actin network (43, 44), we examined the ultrastructure of inter-
cellular junctions. The total area of intercellular space between 
keratinocytes was substantially larger and the number of TJs was 
decreased when RABGEF1 expression was reduced (Figure 6, 
E–G, and Supplemental Figure 9), a finding consistent with the 
decreased expression of the TJ protein claudin 1 in Rabgef1K-KO 
mice (see Figure 2, D and E).

These results show that RABGEF1-deficient keratinocytes 
exhibit cell-intrinsic MYD88-dependent defects in epidermal 
architecture in vitro.

Lack of keratinocyte MYD88 abrogates increased mortality, epi-
dermal defects, and skin inflammation in Rabgef1K-KO mice. To assess 
unambiguously the role of keratinocyte-intrinsic MYD88 signal-
ing in the phenotype of Rabgef1K-KO mice, we generated Rabgef1/
Myd88K-KO mice, in which keratinocytes lack both MYD88 and 

Figure 8. Contribution of global and cell-specific IL-1R expression to the 
development of ear skin lesions in Rabgef1KERT2-KO mice following topical 
tamoxifen treatment. (A) Experimental outline for data shown in B–F. (B) 
Quantification of ear thickness over time. (C and D) Representative pho-
tographs of ear pinnae (C) and representative H&E staining of ear pinna 
sections (D). (E and F) Bars show quantification of epidermal and dermal 
thickness (E) and inflammatory cell infiltrates in the dermis (F). (G) Experi-
mental outline for data shown in H and I. (H) RT-qPCR analysis of Il1r1 gene 
expression in peripheral blood mononuclear cells (PBMCs) isolated from 
the indicated groups of mice. (I) Quantification of ear thickness over time. 
(J) Representative H&E staining of ear pinna sections. (K and L) Bars show 
quantification of epidermal and dermal thickness (K) and inflammatory 
cell infiltrates in the dermis (L). Results are shown as mean ± SEM (as well 
as individual values in E, F, H, K, and L), and are pooled from 3 indepen-
dent experiments (n = 6–12 mice per group), each of them giving similar 
results. (D and J) Dashed lines identify the dermal-epidermal junction.  
P values were calculated by 2-tailed unpaired Student’s t test (comparison 
of Il1r1+/+ Rabgef1KERT-KO vs. Il1r1–/– Rabgef1KERT-KO mice) (B); 1-way ANOVA fol-
lowed by Tukey’s tests for multiple comparisons (E, F, K, and L); or 2-way 
ANOVA followed by Sidak’s tests for multiple comparisons (I). *P < 0.05; 
**P < 0.01; ***P < 0.001. Scale bars: 50 μm; NS, not significant.
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back skin specimens from dermatitis lesions in HDM/SEB–sensi-
tized mice exhibited a significant decrease in keratinocyte RAB-
GEF1 expression as compared with mock-sensitized control skin 
(Figure 9, B–D). These observations indicate that dysregulated 
expression of RABGEF1 in keratinocytes can be observed in the 
skin lesions of experimental AD in WT mice, and may contribute 
to the associated skin inflammation.

Keratinocytes in human AD skin lesions exhibit decreased expres-
sion of RABGEF1, but increased expression of MYD88. To assess the 
human relevance of our findings, we first analyzed human normal 
skin specimens and skin specimens from AD and ACD patients 
that exhibited spongiotic dermatitis, which can be observed in 
either setting (refs. 49, 50, and Figure 11A). In normal human 
skin, RABGEF1 was mainly expressed in keratinocytes, and lev-
els of RABGEF1 expression in keratinocytes from AD and ACD 
lesions were significantly lower than those in keratinocytes from 
normal skin (Figure 11, B and D). Moreover, levels of MYD88 were 
increased in keratinocytes from lesional AD skin as compared 
with normal skin (Figure 11, C and E). These observations show 
that keratinocytes in skin lesions of patients suffering from 2 clini-
cally distinct allergic skin disorders exhibit markedly diminished 
expression of RABGEF1, while increased MYD88 expression in 
keratinocytes was found only in AD lesions.

Second, we compared our skin gene expression data from 
Rabgef1K-KO and control mice with publicly available human AD and 
normal skin data deposited in the Gene Expression Omnibus data-
base (GSE5667, ref. 51; GSE6012, ref. 52; GSE36842, ref. 53; and 

Next, to assess the respective contributions of IL-1R expres-
sion on myeloid versus radioresistant cells (including kerati-
nocytes), we generated bone marrow chimeras by transferring 
Il1r1+/+ or Il1r1–/– bone marrow cells into lethally irradiated Il1r1+/+ 
or Il1r1–/– Rabgef1KERT2-KO mice (Figure 8, G and H). Topical tamoxi-
fen treatment promoted development of ear skin lesions in mice 
in which radioresistant cells expressed IL-1R, regardless of IL-1R 
expression on myeloid cells (Figure 8, I–L). The features of such 
lesions were significantly reduced when radioresistant cells did 
not express IL-1R (Figure 8, I–L). These results indicate that IL-
1R expression on keratinocytes (and perhaps other radioresistant 
cells), but not on immune cells, importantly contributes to skin 
pathology when RABGEF1 is absent.

Keratinocyte RABGEF1 expression is diminished in a mouse mod-
el of cutaneous allergic inflammation. We next examined whether 
abnormalities in keratinocyte RABGEF1 expression could be 
observed in an inducible mouse model of skin inflammation. Spe-
cifically, we used a recently developed mouse model of AD that 
uses repeated epicutaneous exposures to house dust mite (HDM) 
extracts together with staphylococcal enterotoxin B (SEB) to 
induce a dermatitis associated with a global gene expression pat-
tern comparable to that in human AD (refs. 47, 48, and Figure 9A). 
Notably, GSEA comparing this model of HDM/SEB–induced AD-
like pathology with our Rabgef1K-KO model revealed a highly signifi-
cant similarity in gene expression profiles between the 2 models 
(Figure 10), suggesting that skin inflammation in both models 
may be regulated by similar pathways. Interestingly, we found that 

Figure 9. RABGEF1 quantification in HDM/SEB–induced skin inflammatory lesions. (A) Experimental mouse model of HDM/SEB–induced AD used in 
B–D. (B) Representative H&E staining of back skin sections from vehicle- or HDM/SEB–treated mice. Arrowheads and arrows indicate spongiosis and 
dermal leukocytes, respectively. (C) Representative confocal microscopy pictures of RABGEF1 staining. (D) Quantification of RABGEF1 MFI in a randomly 
defined region (shown in the white boxes) in back skin specimens from vehicle- or HDM/SEB–treated mice (n = 12 or 20 mice per group, respectively).  
(B and C) Dashed lines identify the dermal-epidermal junction. (D) Results are shown as mean ± SEM. P values were calculated by 2-tailed unpaired Stu-
dent’s t test. **P < 0.01. Scale bars: 50 μm; original magnification in C, ×20; AD, atopic dermatitis; HDM, house dust mite; SEB, staphylococcus entero-
toxin B; MFI, mean fluorescence intensity.
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By contrast, even though mice with K14-Cre–mediated kera-
tinocyte-specific RABGEF1 deficiency (i.e., Rabgef1K-KO mice) 
appeared normal at birth, such Rabgef1K-KO mice spontaneously 
and rapidly developed severe skin lesions associated with accel-
erated mortality, with death occurring as early as postnatal day 5. 
Microscopic analyses of the skin lesions showed marked inflam-
mation, as well as spongiosis and hyperplasia of the epidermis 
associated with differentiation defects and increased proliferation 
of basal keratinocytes, whereas the epidermis appeared grossly 
and histologically normal in newborn Rabgef1K-KO mice. Therefore, 
we think it is likely that the keratinocyte defects observed in Rab-
gef1K-KO mice are a consequence of inflammation, and that RAB-
GEF1 is not intrinsically required for keratinocyte differentiation 
but rather regulates another process (e.g., the activation status of 
keratinocytes) that is essential for skin homeostasis after birth.

Keratinocytes are crucial components of tissue homeostasis, 
forming a physical and immunological barrier between the envi-
ronment and the host. Our data indicate that RABGEF1 deficiency 
in keratinocytes results in epidermal barrier dysfunction, a major 
factor in the pathogenesis of various inflammatory skin disorders 
(1, 14, 15). Regarding skin barrier function, tamoxifen-induced 
epidermal RABGEF1 deficiency resulted in increased TEWL and 
increased uptake and endosomal digestion of OVA, delivered epi-
cutaneously by a skin patch, by skin DCs. We also found alterations 
in the expression of epidermal structural proteins that contrib-
ute to barrier function, namely filaggrin and the TJ protein clau-

GSE65832, ref. 54) (Figure 12). The changes in expression of genes in 
human AD versus normal skin were compared with those of ortholo-
gous genes in mouse RabGEF1K-KO versus control mice, and GSEA 
detected significant similarities in gene expression profiles between 
human AD skin lesions and mouse “AD-like” skin specimens, as well 
as between human and mouse normal skin (Figure 12).

Discussion
Our study in mice reveals that keratinocyte expression of RABGEF1 
protein is critically important for the maintenance of skin homeo-
stasis in vivo, as well as for survival. While mice with global RAB-
GEF1 deficiency exhibited skin pathology similar to that observed 
in mice that lack RABGEF1 selectively in keratinocytes (31), it was 
not clear to what extent, if any, a lack of RABGEF1 in keratinocytes 
contributed to the complex constellation of cutaneous and systemic 
pathology that developed in Rabgef1–/– mice. Indeed, given the nota-
ble importance of RABGEF1 as a negative regulator of IgE/FcεRI–
dependent MC activation in vitro (31–33), and the finding that MCs 
in the skin of Rabgef1–/– mice exhibited morphological evidence of 
degranulation in vivo (31), we initially speculated that aberrant acti-
vation of skin MCs might contribute to the skin pathology in glob-
ally RABGEF1-deficient mice. We show here that Mcpt5-Cre–medi-
ated conditional deletion of RABGEF1 in connective tissue–type 
MCs did not result in impaired survival or the development of skin 
lesions, ruling out substantial contributions of MC-restricted RAB-
GEF1 expression to survival or skin homeostasis.

Figure 10. GSEA between Rabgef1K-KO and HDM/SEB mouse models. Gene set enrichment analysis (GSEA) comparing the HDM/SEB–induced AD model 
(GSE53132) with gene sets defined as upregulated genes in back skin samples from Rabgef1K-KO mice or control mice (P < 0.01; fold change [FC] > 2; see 
Figure 4A). The size of the circle is proportional to the normalized enrichment score, whose numeric value is also indicated. HDM, house dust mite; SEB, 
staphylococcal enterotoxin B; MFI, mean fluorescence intensity.
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functions (59). The marked upregulation of cytokine and che-
mokine expression in the skin of Rabgef1K-KO mice prompted us to 
investigate whether RABGEF1 may regulate innate signaling path-
ways in keratinocytes. Of particular interest, MYD88-dependent 
responses have been shown to promote actin remodeling and 
downregulation of TJs (39–42), features observed in our Rab
gef1K-KO mice. Our data show that MYD88-dependent responses in 
keratinocytes are enhanced in the absence of RABGEF1 and that 
RABGEF1-deficient keratinocytes exhibit MYD88-dependent dis-
organization of actin filaments in vitro and MYD88-dependent 
abnormalities in claudin 1 and filaggrin expression in vivo. In 
line with these observations, we found that MYD88 ablation in 
RABGEF1-deficient keratinocytes largely prevented epidermal 
structural defects and the development of skin lesions and also 
restored normal survival. These results are consistent with a sce-
nario in which aberrant MYD88-dependent activation of RAB-

din 1 (4, 5, 19, 55, 56). The changes observed in filaggrin expres-
sion may in part reflect the decreased expression of claudin 1,  
as claudin 1–deficient keratinocytes display defects in filaggrin 
processing (57). However, keratinocytes from filaggrin-deficient 
mice, unlike keratinocytes in mice selectively deficient in kerati-
nocyte RABGEF1, display intact TJs (58). In addition to decreased 
expression of TJs and increased intercellular spaces in vitro, we 
showed that keratinocytes deficient in RABGEF1 exhibited disor-
ganization of actin filaments. Because TJs are thought to require 
an organized actin network for their optimal expression (43, 44), 
it is possible that dysregulation of the intracellular actin network 
in keratinocytes contributes to the impairment in TJ formation, 
defects in filaggrin, and, ultimately, diminished barrier function 
that we observed in RABGEF1-deficient keratinocytes.

It has been noted that a complex crosstalk links innate signal-
ing pathways and the expression of proteins implicated in barrier 

Figure 11. RABGEF1 detection and quantification in human skin lesions. (A) Representative H&E-stained sections of normal human skin (left panels) and 
lesional human skin with spongiotic dermatitis from AD (middle panels) or ACD (right panels) patients; arrowheads and asterisks indicate spongiosis and 
dermal infiltrates of leukocytes, respectively. (B and C) Representative confocal microscopy pictures of RABGEF1 (B) or MYD88 (C) staining merged with 
DAPI. Right panels show higher-magnification photographs of the areas depicted by white lines in the left panels. (D and E) Quantification of keratino-
cyte RABGEF1 (D) or MYD88 (E) protein expression in a randomly defined region (shown in the boxes delimited by white dashed lines) in normal skin and 
lesional skin with spongiotic dermatitis from patients with AD or ACD (n = 20, 12, and 8, respectively). See Supplemental Table 4 for patient characteris-
tics and diagnostic criteria. (A–C) Dashed lines identify the dermal-epidermal junction. (D and E) Results are shown as mean ± SEM, as well as individual 
values. P values were calculated by 1-way ANOVA followed by Tukey’s tests for multiple comparisons. **P < 0.01; ***P < 0.001. Scale bars: 50 μm; original 
magnification in B and C, ×20; AD, atopic dermatitis; ACD, allergic contact dermatitis; NS, not significant.
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(29, 32, 62, 63) and can promote GEF activity for the endocytic reg-
ulator RAB5 (30, 64), and both E3 ligases and endosomal traffick-
ing have been implicated in MYD88-dependent signaling (12, 65, 
66). It therefore seems reasonable to propose that some of these 
functional activities may be involved in RABGEF1-mediated main-
tenance of skin homeostasis and homeostatic MYD88-dependent 
signals. Notably, mice globally deficient in A20 (67) or condition-
ally deficient in A20 in keratinocytes (68) exhibit a skin phenotype 
characterized by epidermal hyperplasia, but no skin inflammation 
(67, 68), suggesting that RABGEF1-mediated regulation of epider-
mal functions acts via pathways distinct from the ones targeted by 
the E3 ligase activity of A20. Specifically, RABGEF1 can function as 
an inhibitor of NF-κB activation (69), and we have suggested that 
RABGEF1 might regulate NF-κB activation via effects on endocy-
tosis and endosomal sorting (32). Moreover, it has been reported 
that overactivity of NF-κB signaling pathways can result in skin 
inflammation (70–72). We found that keratinocytes deficient in 
RABGEF1 expression exhibit intrinsic activation of NF-κB signal-
ing pathways under basal conditions in vitro and that Rabgef1K-KO 
mice exhibit skin inflammation in vivo. These findings suggest that 
one important function of RABGEF1 in keratinocytes is to dampen 
basal levels of activation of NF-κB signaling (73).

Finally, we investigated whether dysregulation of epidermal 
RABGEF1 expression can occur in skin lesions at sites of cuta-
neous allergic inflammation in WT mice, as well as in humans. 
Using a mouse model of AD that employs environmental triggers 

GEF1-deficient keratinocytes results in skin barrier dysfunction 
via dysregulation of the intracellular actin network and impaired 
TJ formation. In combination with increased production of pro-
inflammatory cytokines and chemokines, such epidermal abnor-
malities favor the development of type 2 skin inflammation.

Since Rabgef1K-KO mice appear normal at birth, it is likely that 
postnatal events initiate MYD88-dependent epidermal dysfunc-
tion in such mice. Our data show that IL-1R expression on radio-
resistant cells (which include keratinocytes), rather than on leuko-
cytes, substantially contributes to skin pathology when RABGEF1 
is absent in keratinocytes. Our findings also suggest that IL-1β, 
which is expressed at baseline by keratinocytes and can activate 
IL-1R on keratinocytes, represents one important innate signal 
favoring the development of skin lesions in Rabgef1K-KO mice. One 
possibility is that, as a response to postnatal stress, keratinocytes 
release IL-1β, which can aberrantly activate IL-1R and induce 
MYD88-dependent responses in RABGEF1-deficient keratino-
cytes via an autocrine mechanism. This notion is supported by 
reports of significant IL-1 production in normal human epidermis 
(60, 61). However, our data demonstrating a role for the IL-1R in 
driving the skin pathology of Rabgef1K-KO mice do not preclude sep-
arate or synergistic contributions of skin-colonizing microorgan-
isms and other innate signals or cytokines in our model.

The mechanisms by which RABGEF1 regulates MYD88-
dependent signaling may be complex. In vitro, RABGEF1 can 
exhibit an E3 ubiquitin ligase activity through its A20-like domain 

Figure 12. GSEA between Rabgef1K-KO mouse models and AD skin samples. Gene set enrichment analysis (GSEA) comparing publicly available mRNA 
expression analyses of human atopic dermatitis (AD) skin lesions (also see Supplemental Table 3) with gene sets defined as upregulated genes in back 
skin samples from Rabgef1K-KO mice or control mice (P < 0.01; fold change [FC] > 2; see Figure 4A). The size of the circle is proportional to the NES, whose 
numeric value is also indicated.
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tophagoides farinae extracts (house dust mite, HDM) were purchased 
from Greer Laboratories. Additional details on antibodies and other 
reagents used in this study can be found in the Supplemental Methods.

Preparation of cell suspensions and flow cytometry. Skin cell suspen-
sions were prepared as described previously (81). Briefly, samples of 
skin tissue were cut into small pieces and digested for 1 hour at 37°C 
in HBSS containing 20 mM HEPES, 0.025 mg/ml Liberase TM, and 
396 U/ml DNase I (Roche). Cell suspensions from the esophagus, 
stomach, duodenum, jejunum, colon, and lung were obtained follow-
ing enzymatic digestion for 1 hour at 37°C in HBSS containing 1 mg/
ml collagenase A (Roche) and 0.05 mg/ml DNase I (Roche). Lymph 
nodes and spleens were minced and cells were recovered using a 
70-μm cell strainer. Spleen and white blood cells were obtained follow-
ing 2 rounds of red blood cell lysis using ACK (ammonium-chloride-
potassium) lysing buffer. Peritoneal lavages were performed with 4 ml 
PBS. Cells were incubated with 2.4G2 Fc receptor blocking antibodies 
before staining and were kept at 4°C during processing. Aqua-Amine 
(Life Technologies) was used to eliminate dead cells. Cells were ana-
lyzed with a FACS LSR-II and were sorted (for single-cell sorting) into 
96-well plates with a BD Influx/Carmen cytometer. Results were ana-
lyzed using FlowJo software (Tree Star).

Single-cell sorting and PCRs. Single-cell sorting, phenotypes of 
sorted cell populations, and single-cell PCRs are described in the Sup-
plemental Methods.

Skin section preparation, histology, and quantification of epidermal/
dermal thickness and inflammation. Mouse back skin (1 cm2) samples, 
ear pinnae, and other organs were fixed in 10% formalin and were 
embedded in paraffin. Four-micrometer-thick sections were stained 
with H&E, and photographs were taken using a Nikon E1000M 
microscope and analyzed with Spot 5.1 Advanced Software. For immu-
nostaining of mouse specimens, 4-μm-thick sections were pretreated 
using a heat-induced epitope retrieval method (82) in 10 mM sodium 
citrate buffer (pH 6.0), then permeabilized for 30 minutes in PBS sup-
plemented with 0.5% BSA and 0.1% saponin. Sections were “coded” 
so the evaluator was not aware of their identity. Additional details 
regarding quantification of epidermal/dermal thickness and inflam-
mation can be found in the Supplemental Methods.

Immunostaining and confocal microscopy. Permeabilized skin sec-
tions were incubated overnight at 4°C with primary antibodies, exten-
sively washed, and incubated with appropriate secondary antibodies 
and/or Alexa Fluor 488–conjugated avidin for 2 hours at room temper-
ature in the dark (see Supplemental Table 1 for the references and dilu-
tions of antibodies used). Additional details regarding preparation and 
confocal analyses of keratinocytes in vitro, image acquisition, process-
ing, and quantification can be found in the Supplemental Methods.

Experiments involving tamoxifen-inducible Rabgef1 deletion. For 
assessment of RABGEF1 protein deletion, TEWL measurements, 
and OVA-DQ uptake experiments, Rabgef1KERT2-KO and Rabgef1fl/fl con-
trol mice were shaved on the back the day before the beginning of 
treatment (day 0). From day 1 to day 5, 40 μl tamoxifen (10 mg/ml 
in DMSO) or DMSO was applied daily, topically on the shaved skin. 
At day 4, TEWL was measured using a Tewameter TM 300 (Courage 
+ Khazaka electronic GmbH), and results were analyzed using MPA-
CK software. Eight days after the start of treatment with tamoxifen or 
vehicle, mice were patched with OVA-DQ (Life Technologies) for 30 
hours to assess OVA uptake and processing, with a protocol adapted 
from Geha and collaborators (83), but without tape stripping. OVA-

thought also to contribute to human AD (47, 48, 74–77), and that 
shares striking similarities with our Rabgef1K-KO mice (see Figure 
10), we showed that significant reductions in levels of RABGEF1 
protein were observed by immunohistochemistry in HDM/SEB–
sensitized and challenged mouse skin, as compared with control 
skin. These findings clearly show that the induction of cutaneous 
allergic inflammation in WT mice is associated with significant 
reductions in levels of keratinocyte RABGEF1 in the induced skin 
lesions. In humans, we found decreased RABGEF1 protein expres-
sion and increased MYD88 protein levels in keratinocytes in AD 
skin lesions. A similar reduction in keratinocyte RABGEF1 expres-
sion was also observed in ACD skin lesions, but in this case, it was 
not accompanied by increased MYD88 expression.

In conclusion, our results in mice rendered selectively defi-
cient in RABGEF1 in various cell types identify keratinocyte RAB-
GEF1 as a master regulator of keratinocyte homeostasis and skin 
barrier function in vivo and show that a major function of kerati-
nocyte RABGEF1 in this setting is to dampen activation of IL-1R– 
and MYD88-dependent pathways in epidermal keratinocytes. Our 
findings in humans and in a mouse model of cutaneous allergic 
inflammation indicate that reduced expression of RABGEF1 also 
can occur in keratinocytes at the sites of skin lesions in subjects 
who presumably lack genetic abnormalities in Rabgef1. The latter 
observations raise the possibility that changes in levels of kerati-
nocyte RABGEF1 may importantly contribute to the pathology of 
skin disorders associated with aberrations of skin barrier function.

Methods
Mice. Six- to 8-week-old female C57BL/6J mice were used in experi-
ments involving solely WT mice. Rabgef1 floxed (Rabgef1fl/fl) mice were 
first generated on the C57BL/6N background by insertion of 2 loxP 
sites on both sides of Rabgef1 exon 2 and further crossed to C57BL/6J 
Flp-deleter mice to remove the Neo cassette (inGenious Targeting 
Laboratory Inc.). K14-Cre+ Rabgef1fl/+ and K14-Cre– Rabgef1fl/fl mice, and 
K14-Cre+ Myd88fl/fl-Rabgef1fl/+ and K14-Cre– Myd88fl/fl-Rabgef1fl/+ mice, 
were used as breeders for the generation of Rabgef1K-KO and Rabgef1/
Myd88K-KO mice, respectively, and littermates were used as controls in 
all experiments. Transgenic R26R-eYFP, lysozyme Z-Cre (Lysz-Cre), 
K14-Cre, Myd88fl/fl, and Il1r1–/– mice were from The Jackson Labora-
tory. Mcpt5-Cre (78) and Kert-2R-Cre (79) mice have been described 
previously. Mice were bred and housed in the local animal facilities, 
and littermate control mice were used in all experiments. Seven- to 
9-week-old Kert-2R-Cre+ Rabgef1fl/fl and control mice (i.e., Kert-2R-Cre– 
Rabgef1fl/fl) were used in experiments involving tamoxifen-induced 
Rabgef1 deletion. Germ-free (GF) Rabgef1K-KO and control mice were 
rederived at Taconic and maintained in sterile isolators in gnotobiotic 
animal facilities (laboratory of Justin Sonnenburg, Stanford University 
Medical Center, Stanford, California, USA). GF status was monitored 
following rederivation at Taconic and monthly at Stanford by anaero-
bic and aerobic culture of cecal contents.

Reagents and antibodies. BSA, saponin, sodium citrate, tamoxifen, 
DMSO, staphylococcal enterotoxin B (SEB), dispase, and corn oil were 
from Sigma-Aldrich. Mouse recombinant IL-1β was purchased from 
R&D Systems. A MYD88 inhibitory peptide (i.e., a cell-permeant pep-
tide sequence that selectively blocks MYD88 homodimerization) (80) 
and a control peptide (i.e., an inactive and cell-permeant truncated 
form of the MYD88 inhibitory peptide) were from Novus. Derma-
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C57BL/6 mice. Twelve weeks later, Il1r1 mRNA expression was deter-
mined in peripheral blood mononuclear cells by RT-qPCR, and Rab-
gef1 gene deletion was induced as described above.

Mouse model of HDM/SEB–induced AD. Dermatitis was induced in 
C57BL/6 mice as previously described (refs. 47, 48, and Figure 9A). 
See the Supplemental Methods for additional information.

Statistics. Statistical tests were performed using the software Graph-
Pad Prism 5.0. Mantel-Cox test, 1-way or 2-way ANOVA, and Mann-Whit-
ney or unpaired 2-tailed Student’s t test were performed as mentioned in 
the respective figure legends. A P value less than 0.05 was considered 
significant (*P < 0.05; **P < 0.01; ***P < 0.001, **** P < 0.0001).

Study approval. All small-laboratory-animal care and experiments 
were carried out in accord with current NIH guidelines and with the 
approval of the Institutional Animal Care and Use Committee at Stanford 
University (reference 29402) or the University of Liège (reference 1535).

For immunohistological studies of human skin, normal skin speci-
mens and lesional skin specimens exhibiting spongiotic dermatitis 
that were obtained for diagnostic purposes from patients with a his-
tory and clinical findings of AD or ACD (Supplemental Table 4) were 
provided by the tissue bank of the Department of Pathology at Stan-
ford Hospital. The use of these specimens was approved by the Institu-
tional Review Board of Stanford Hospital. Samples were anonymized 
before the histological analysis.
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DQ is a quenched, nonfluorescent protein that becomes fluorescent 
green when processed in acidic endosomes and also fluorescent red 
when it accumulates at high concentrations in these compartments. 
CD45+CD11chiMHC-IIhi dermal DCs were analyzed by flow cytometry 
for their fluorescence intensity in green and red channels. At day 10, 
the mice were euthanized and back skin specimens were obtained for 
(immuno)histological analyses.

For quantification of T cell subsets and ear skin lesion develop-
ment, 20 μl tamoxifen (10 mg/ml in corn oil) was applied daily from 
day 0 to day 5, topically on the ear pinnae. At day 10, the mice were 
euthanized and ear pinna specimens were collected for analyses. In 
some experiments (Figure 8), ear pinna thickness was measured daily 
with a dial thickness gauge (G-1A; Ozaki). For quantification of T cell 
subsets, ear pinnae were separated into 2 parts along the cartilage and 
maintained overnight at 4°C in a dispase solution (2 U/ml). The der-
mis was separated from the epidermis and then was enzymatically 
digested (1 hour at 37°C in HBSS containing 1 mg/ml collagenase A 
and 0.05 mg/ml DNase I), and single-cell suspensions were obtained. 
Cells were stained according to the protocol of the Transcription Fac-
tor Buffer Set kit (BD Biosciences).

In vitro keratinocyte culture and shRNA-mediated RABGEF1 knock-
down. PDV mouse keratinocytes (84) were cultured in complete 
DMEM according to the manufacturer’s protocol (CLS). Details 
regarding shRNA-mediated RABGEF1 knockdown and stimulation 
experiments can be found in the Supplemental Methods.

RNA isolation and mRNA expression analyses. Back skin samples (1 
cm2) were collected from the same anatomical location in 7-week-old 
female Rabgef1K-KO and control mice (at the center of the back, behind 
the shoulders). Tissue RNA was isolated using Trizol (Life Tech-
nologies) and transcribed into cDNA using the High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems).

Gene expression analysis was performed using microarrays 
(Affymetrix Mouse Genome 430 2.0 array), and microarray data were 
analyzed using Bioconductor for R (85). Microarray data have been 
deposited in the ArrayExpress public database, accession number 
E-MTAB-5000 (http://www.ebi.ac.uk/arrayexpress/experiments/ 
E-MTAB-5000).

Additional details can be found in the Supplemental Methods.
For real-time PCRs, target gene Ct levels (primer sequences avail-

able in Supplemental Table 2) were normalized to the housekeeping 
gene Eef1b2 in the same sample. Relative gene expression compared 
with that in healthy controls was calculated using the 2ΔΔCt algorithm.

Gene set enrichment analysis. Methodological details of GSEA can 
be found in the Supplemental Methods.

Measurement of serum IgE. Concentrations of total serum IgE were 
quantified by ELISA, as described previously (86).

Immunoblotting. Experimental details can be found in the Supple-
mental Methods. The full, uncut gels used to make Figure 4, F and G, 
are shown in Supplemental Figure 12.

Transmission electron microscopy. Experimental details can be 
found in the Supplemental Methods.

Generation of bone marrow chimeric Rabgef1KERT-KO mice. Twelve-
week-old Il1r1–/– Rabgef1KERT-KO and Il1r1+/+ Rabgef1KERT-KO mice were fed 
autoclaved water with enrofloxacin (1% vol/vol) and were lethally irra-
diated 24 hours later with 2 doses of 6 Gy 3 hours apart. Three hours 
after the second irradiation, mice were injected i.v. with 2 × 106 bone 
marrow cells isolated from the femurs and tibias of Il1r1–/– or Il1r1+/+ 
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