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Stem cells are fundamental units of tissue remodeling whose functions are dictated by lineage-specific transcription
factors. Home to epidermal stem cells and their upward-stratifying progenies, skin relies on its secretory functions to
form the outermost protective barrier, of which a transcriptional orchestrator has been elusive. KLF5 is a Krüppel-
like transcription factor broadly involved in development and regenerationwhose lineage specificity, if any, remains
unclear. Here we report KLF5 specifically marks the epidermis, and its deletion leads to skin barrier dysfunction in
vivo. Lipid envelopes and secretory lamellar bodies are defective inKLF5-deficient skin, accompanied by preferential
loss of complex sphingolipids. KLF5 binds to and transcriptionally regulates genes encoding rate-limiting sphingo-
lipid metabolism enzymes. Remarkably, skin barrier defects elicited by KLF5 ablation can be rescued by dietary
interventions. Finally, we found that KLF5 is widely suppressed in human diseases with disrupted epidermal
secretion, and its regulation of sphingolipid metabolism is conserved in human skin. Altogether, we established
KLF5 as a disease-relevant transcription factor governing sphingolipid metabolism and barrier function in the skin,
likely representing a long-sought secretory lineage-defining factor across tissue types.
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Tissue stem cells undergo long-term self-renewal and
multilineage differentiation, serving as fundamental units
for tissue remodeling (Joseph andMorrison 2005; Chandel
et al. 2016; Ge and Fuchs 2018). Among the keymolecular
machineries governing stem cell functions are lineage-
specific transcription factors (TFs), a group of evolution-
arily conserved transcriptional regulators well known
for their ability to dictate cell fates (Jaenisch and Young
2008; Sánchez Alvarado and Yamanaka 2014; Iwafuchi-
Doi and Zaret 2016). It remains a major challenge, howev-
er, to define the tissue-specific roles of lineage TFs and the
in vivo contexts under which they exert physiological and
pathological functions.

Mammalian skin is an excellent model to address these
outstanding questions. As the body’s largest organ, skin
serves as a physical barrier to provide protection and me-
diate organismal communications. Epidermal stem cells

residing in the basal layer undergo self-renewal and fuel
the upward flux of progenies to orchestrate stratification
(Rheinwald and Green 1975; Watt 2001; Fuchs 2008;
Frye and Benitah 2012; Lopez-Pajares et al. 2013; Perdi-
goto et al. 2014). These stem cell descendants sequentially
form the suprabasal spinous, secretory granular, and pro-
tective cornified layers, which culminate in a tight seal
that enables the adaptation to terrestrial life (Wertz and
Downing 1982; Eckert 1989). Mammalian epidermis dif-
fers from other epithelial tissues in its restricted water
permeability, a unique property that finds its resemblance
in plants and yeast cell walls (Nemes and Steinert 1999;
Candi et al. 2005; Proksch et al. 2008; Feingold and Elias
2014). A masterpiece in the making, skin function is
heavily dependent on specialized molecular species, in-
cluding complex lipids and secretory machineries (Candi
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et al. 2005; Uchida and Holleran 2008; Breiden and
Sandhoff 2014; Rabionet et al. 2014; Kihara 2016), the dis-
ruption of which leads to a wide spectrum of human cuta-
neous disorders (Bouwstra and Ponec 2006; Elias et al.
2008; Traupe et al. 2014). Despite epidermal lipid secre-
tion being long appreciated as an intricate multistep
process, a major transcriptional orchestrator of this pro-
cess has yet to be identified. In fact, broadly speaking,
whether there is a master secretory lineage factor remains
a tantalizing hypothesis, particularly when it relates to
diseases.
KLF5 belongs to a family of highly conserved Krüppel-

like zinc finger TFs that are essential across the spectrum
of metazoan animals (Turner and Crossley 1999; Presnell
et al. 2015). KLF5 is important for the development of
multiple mammalian organs through its regulation of
cell proliferation and regeneration (Nagai et al. 2005;
McConnell and Yang 2010) whose lineage specificity, if
any, remains elusive. In the skin, KLF5 is highly expressed
in the developing and adult epithelia (Conkright et al.
1999; Ohnishi et al. 2000), whose functions and targets
therein remain unclear.
Here we found that unlike other KLF family members,

KLF5 expression is highly enriched in the epidermis,
where it serves as a major epidermal lineage factor. Dele-
tion of KLF5 specifically in the epidermis leads to pro-
found skin defects resulting in impaired survival,
accompanied by disrupted lipid envelop ultrastructures
and selective reduction of high-complexity sphingolipids.
Mechanistically, KLF5 binds to and transcriptionally
regulates genes encoding key enzymes that catalyze the
biosynthesis, processing, and secretion of epidermal
sphingolipids, a preponderance of which are mutated in
human diseases. Of significance, skin deficiencies caused
by the lack of KLF5 can be rescued by transient lipid-rich
dietary interventions, suggesting KLF5’s dominant role is
to control epidermal lipids. Finally, we showed that KLF5
expression is widely suppressed in human cutaneous dis-
orders manifesting epidermal secretory defects and that
KLF5’s targets in sphingolipid metabolism are conserved
in human skin. Altogether, our work establishes KLF5
as an epidermal transcription factor that governs sphingo-
lipid metabolism and barrier function in the skin. KLF5
likely represents a critical transcription factor relevant
to the secretory lineage functions and is involved in hu-
man cutaneous diseases.

Results

KLF5 serves as a master epidermal transcription factor

KLF5 is broadly expressed in many cell types (Nagai et al.
2005; McConnell and Yang 2010) and has not been specif-
ically associated with a particular lineage. In the skin, we
noticed KLF5 is enriched in the epidermis in both human
(Fig. 1A; Reynolds et al. 2021) andmouse (Fig. 1B; Ge et al.
2017; Haensel et al. 2020) samples. In particular, KLF5
specifically labels epidermal basal and suprabasal cells
and is excluded from hair follicle stem cells marked by
SOX9 (Fig. 1B,C), consistent with previous observations

(Ge et al. 2017). We thus set out to examine the possibility
that KLF5 serves as an epidermal lineage transcription fac-
tor (TF) in the skin.
To assess the genome-wide targets of KLF5, we per-

formed chromatin immunoprecipitation followed by
deep sequencing (ChIP-seq) of in vivo epidermal cells
purified by fluorescence-activated cell sorting (FACS).
In addition, we performed H3K27ac ChIP-seq and assay
for transposase-accessible chromatin with sequencing
(ATAC-seq) to gauge for transcriptionally active and ac-
cessible chromatin regions, respectively, with IgG ChIP-
seq as negative control. On a genome-wide level, KLF5
ChIP-seq peaks mirror those of ATAC-seq and H3K27ac
ChIP-seq (Fig. 1D), indicating that KLF5 regulates tran-
scription at these genomic regulatory regions. Interesting-
ly, pathway analysis via Database for Annotation,
Visualization, and Integrated Discovery (DAVID) and ge-
nomic region enrichment of annotations tool (GREAT)
pointed to squamous development and epidermal diseases
associated with KLF5 (Fig. 1E), suggesting its link to cuta-
neous pathology (discussed later).
Notably, our chromatin profiling results revealed an in-

timate relationship between KLF5 and several well-estab-
lished epidermal lineage TFs, evidenced as follows: While
the KLF5 motif is the top scored one in KLF5 ChIP-seq
peaks as expected, motifs of P63, AP-1, TEAD, GRHL,
AP2g, and ETS, known as important epidermal TFs
(Guan et al. 2021), also emerged as highly enriched (Fig.
1F). KLF5 directly binds to the genomic regulatory regions
of these core TFs, including itself (Fig. 1G; Supplemental
Fig. S1A). This group of TFs likely converges on the regu-
lation of epidermal stem cell identity, reminiscent of an
analogous yet distinct transcriptional network formed in
hair follicle stem cells (Adam et al. 2015). KLF5 addition-
ally binds to many well-established epidermal lineage
genes involved in cell adhesions and junctions, keratins,
cornified envelopes, and epithelial microRNAs (Fig. 1G;
Supplemental Fig. S1A), collectively known to be targets
of epidermal TFs (Guan et al. 2021). About 32% of anno-
tated KLF5 peaks contain KLF5 motifs (Fig. 1G; Supple-
mental Fig. S1B; Supplemental Data S1). On the other
hand, KLF5 does not bind to hair follicle stem cell genes,
which are otherwise controlled by the corresponding line-
age-specific TFs of hair follicle stem cells (Supplemental
Fig. S1C; Adam et al. 2015).
We next examined KLF5 expression relative to epider-

mal differentiation markers. KLF5 colocalizes strongly
with K5 basal and K10 suprabasal layers, but not with
LOR- and FLG-marked granular layers (Fig. 1H; Supple-
mental Fig. S1D), suggesting murine KLF5 is associated
with epidermal stem cells and their immediate progenies.
Of significance, in human atopic dermatitis (AD) skin,
epidermal KLF5 level is decreased compared with healthy
control skin, and its decline correlates with disease
severity (Fig. 1I), supporting KLF5’s association with hu-
man skin barrier function. AD-associated KLF5 down-reg-
ulation is observed from both the basal and differentiated
layers of epidermis (Fig. 1J; Supplemental Fig. S1E). These
results together suggested that KLF5 serves as amajor epi-
dermal lineage TF.
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Figure 1. KLF5 serves as a lineage-specific
epidermal transcription factor. (A) Publicly
available healthy human skin scRNA-seq
data plotted using UMAP (uniform mani-
fold approximation and projection) depict-
ing the specific expression of KLF5
transcripts in KRT+ or KRT10+ epidermal
cells. (B) UMAP of publicly available mu-
rine skin scRNA-seq data depicting expres-
sion of Klf5 is enriched in Trp63+ epithelial
cells, and more specifically epidermal (Epd)
populations, while being depleted in hair
follicle (HF) cells marked by Sox9. Both
Klf5 and Sox9 are expressed in the junction
zone (infundibulum and isthmus). (C ) Im-
munofluorescence (IF) shows that KLF5
is specifically expressed in the epidermis
(green arrows), nonoverlapping with
SOX9, which labels hair follicle stem cells
(pink arrows). Klf5 cKO (K14Cre-driven epi-
dermal conditional knockout of Klf5, de-
scribed later) demonstrates KLF5 antibody
specificity. Yellow dashed lines mark the
epidermal–dermal border. The asterisk de-
notes occasional unspecific binding of
SOX9 antibody in the epidermal and der-
mal regions. (Epd) Epidermis, (HF) hair folli-
cle, (Der) dermis. Scale bar, 50 µm. Images
are representative and from at least five bio-
logically independent replicates. (D) KLF5
ChIP-seq, H3K27 acetylation ChIP-seq,
and ATAC-seq were performed on FACS-
purified E17.5 embryonic epidermal cells.
Pie charts show genome-wide distributions
of KLF5 ChIP-seq, H3K27ac ChIP-seq, and
ATAC-seq peaks and the total numbers of
peaks called in each case. The majority of
peaks are found in the intergenic and
intronic regions aside from promoters, cor-
responding to genomic regulatory ele-
ments. (TSS) Transcription start site,
(UTR) untranslated region. Heat map of
IgG ChIP-seq, KLF5 ChIP-seq, H3K27ac
ChIP-seq, and ATAC-seq peaks centered
at summit, showing KLF5 is enriched in
open chromatin regions (marked by
ATAC-seq) and transcriptionally active re-
gions (marked by H3K27ac ChIP-seq). (E)
DAVID (left) and GREAT (right) pathway
analysis of genes associated with KLF5

ChIP-seq peaks, showing KLF5’s close associationwith epidermal development and skin diseases.Note thatGREATassigns peaks to clos-
est genes and hence is suboptimal in capturing distal enhancer elements. (F ) HOMERmotif analysis detected the top enriched motifs in
KLF5 ChIP-seq peaks, suggesting autoregulatory regulation between KLF5 and other master epidermal TFs, including P63, AP-1 (JUNB),
TEAD3,GRHL2, AP2g, ETS, andNFY.NFY has been associatedwith the pathogenesis of cutaneous squamous carcinomas (Chitsazzadeh
et al. 2016). (G) ATAC-seq (green), H3K27ac ChIP-seq (blue), and KLF5 ChIP-seq (red) tracks showing KLF5-associated putative regulatory
elements (denoted as orange lines above the tracks) of selected epidermal genes including Klf5 itself, transcription factor Trp63, micro-
RNAmiR-205, and keratin cluster. Yellow-shaded zoomed-in regions highlight peaks that contain the KLF5 motifs, represented as open
arrowheads. Gene annotation tracks (major isoform represented) are shown below, with taller boxes indicating coding sequence exons,
shorter boxes indicating untranslated region exons, and lines indicating introns. Arrows next to gene names indicate direction of transcrip-
tion (txn), shown for individual gene tracks. (H) IF images show KLF5 is specifically expressed in the basal (overlaps with KERATIN 14
[K14]) and suprabasal (overlaps with KERATIN 10 [K10]) but not granular (nonoverlap with LORICRIN [LOR]) layers. Yellow dashed lines
mark the epidermal–dermal border. Scale bar, 50 µm. Images are representative and from at least five biologically independent replicates.
(I ) scRNA-seq for atopic dermatitis patient skin treated with IL-4Rα blocker dupilumab for 16 wk or 1 yr and healthy control showing
KLF5 levels are declined in barrier-deficient skin samples. (J) scRNA-seq for skin samples from atopic dermatitis (AD) patients and healthy
donor showing KLF5 levels are declined in AD lesions in both differentiated (Diff KC1/2) and basal (basal KC1/2) keratinocytes. (I,J) Un-
paired t-test. (∗) P <0.05.

824 GENES & DEVELOPMENT

Lyu et al.



Epidermal loss of KLF5 leads to skin defects in vivo

Prompted by its specificity to the epidermis and associa-
tion with epidermal TFs, we next analyzed KLF5’s func-
tion in vivo. To this end, we crossed mice harboring the
conditional allele Klf5fl/fl (Wan et al. 2008) with those car-
rying K14Cre (Dassule et al. 2000), which specifically and
efficiently abrogated KLF5 expression in the developing
epidermis (Figs. 1C, 2A) and isolated keratinocytes (Fig.
2B). Mice with homozygous knockout of Klf5, referred to
here as cKO mice, were born at a Mendelian ratio with
their heterozygous and wild-type littermates. However,
whereas heterozygous and wild-type neonates were indis-
tinguishable (Supplemental Fig. S2A), cKOpups often died
shortly after birth (Fig. 2C). Mice harboring heterozygous
deletion of Klf5 (Het) were used as controls (Ctrls).

Skin defect-associated perinatal lethality is often sug-
gestive of deficiency in the physical barrier (Nemes and
Steinert 1999). Indeed, cKO skin showed immature epi-
dermal formation, reflected by Toluidine Blue O dye pen-
etration at embryonic day 17.5, a stage when their control
littermates had already formed intact epidermis (Fig. 2D).
cKO neonates also lost weight faster than controls (Sup-
plemental Fig. S2A,B), consistent with their compromised
skin function and inability to retain body fluid.
The mammalian skin function is fulfilled by a stepwise

differentiation and stratification of its resident epidermal
stem cells (Watt 2001; Fuchs 2008). Curiously, we did not
observe significant changes in the expression of epidermal
stratification genes (Supplemental Fig. S2C,D), and there
were no notable differences in proliferation or apoptosis
markers in the skin epidermis (Supplemental Fig. S2E–
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(C,F,G) Unpaired t-test. (∗) P<0.05, (∗∗) P <0.01. (I ) Bulk RNA-seq was performed on Ctrl and cKO epidermis. Dispasewas used to separate
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H). Nevertheless, we noted an aberrant induction in the
suprabasal layer of keratin 6 (K6) expression in the cKO
epidermis (Fig. 2E,F) that is known to be associated with
skin barrier stress (Weiss et al. 1984; Stoler et al. 1988).
Upon closer inspection of skin histology, we noticed sub-
stantially thinner stratum corneum in the cKO epidermis
(Fig. 2G,H). Compared with the well-organized classic
basket weave structure in controls, the stratum corneum
in the cKO mice appeared compressed and less elaborate
(Fig. 2H), suggesting that their skin defect could be attrib-
utable to the impaired formation of the otherwise protec-
tive outermost epidermal layers.

Meanwhile, hair folliclemorphogenesis in the Klf5 cKO
mice remained intact, as evidenced by the expression of
several markers of hair follicle specification and differen-
tiation at this stage (Supplemental Fig. S2I), consistent
with the notion that KLF5 is down-regulated in the hair
follicle stem cells (Fig. 1C; Supplemental Fig. S1C; Ge
et al. 2017). These results together suggest that KLF5 is es-
sential for epidermal function in vivo.

Epidermal sphingolipid metabolism genes are
transcriptionally dependent on KLF5

To gainmolecular insights into Klf5 loss-induced skin de-
fects, we purified epidermal cells from control and cKO
embryos at embryonic day 17.5 by FACS and performed
RNA-seq (SupplementalData S2). Using P< 0.05 and abso-
lute log2 fold change of >0.2 as the cutoff, we found that
1053 genes were differentially expressed in the cKO com-
pared with controls, and among these genes, about two-
thirds were down-regulated upon Klf5 ablation (Fig. 2I).
Using DAVID analysis, several pathways emerged as be-
ing dependent on KLF5; the top pathways included epider-
mal stratification (extracellular matrix [ECM]–receptor
interaction, keratin, focal adhesion, desmosome, and
cornified envelope) and the lipidmetabolic process (oxido-
reductase, fatty acid biosynthesis, transporter, lipoxyge-
nase, and acyl transferase/hydrolase) (Fig. 2I). These
results suggest that KLF5 is a crucial regulator of epider-
mal function.

A priori, defects in epidermal stratification genes such
as those encoding keratins, desmosomes, cell adhesions,
and ECMs are well-known causal factors leading to epi-
dermal defects (Fuchs et al. 1994; Ihrie et al. 2005; Carulli
et al. 2013; Green et al. 2020). Since many KLF5 target
genes are critically involved in epidermal stratification,
we next asked whether genetically ablating this group of
KLF5 targetswould recapitulate the KLF5 loss-of-function
phenotype. To this end, we examined two candidates that
appeared to be regulated by KLF5 in the skin (Supplemen-
tal Fig. S2J,K) and have well-established pathological
roles: S100a9, a calcium-responsive peptide critically in-
volved in psoriasis (Schonthaler et al. 2013; Mellor et al.
2022; Monteiro et al. 2022), and Col1a1, a type I collagen
component of the extracellular matrix involved in fibrosis
(Zeisberg and Kalluri 2013; Chen et al. 2022). However,
deletion of either S100a9 or Col1a1 using their respective
floxed alleles combined with K14Cre (Supplemental Fig.
S2J,K) did not elicit any measurable changes during skin

development (data not shown), disfavoring them being
mediators of KLF5’s function in the developing epidermis.

We next searched for alternative KLF5 targets that may
regulate skin barrier function. As mentioned previously,
several lipid metabolic processes are among the top en-
riched altered pathways in KLF5-deficient epidermis
(Fig. 2I). Analyzing the differentially expressed genes
that scored within the lipid metabolism categories (Sup-
plemental Data S2), we noticed that many KLF5-depen-
dent genes were specifically involved in epidermal
sphingolipid biosynthesis, processing, and secretion (Fig.
3A,B). This includes the ceramide synthase Cers3, fatty
acid elongase Elovl4, fatty acid transporter/acyl-CoA syn-
thetase Fatp4, transacylase Pnpla1, esterase/lipase Abhd5,
hydroxylase/oxidoreductase Cyp4f39, lipoxygenase
Alox12b, and Aloxe3, among others (Fig. 3A,B). Of signifi-
cance, many of these putative KLF5 targets aremutated in
human skin disorders (Bouwstra and Ponec 2006; Elias
et al. 2008; Traupe et al. 2014) and are known to elicit epi-
dermal defects when deleted in mice (Radner et al. 2010;
Breiden and Sandhoff 2014; Kihara 2016), phenocopying
the KLF5 deficiency that we observed. Using qPCR, we
validated several genes whose expression is reduced
upon Klf5 ablation in vivo (Fig. 3C). These results provid-
ed strong genetic and molecular links between KLF5 and
epidermal sphingolipid metabolism in the context of
skin barrier formation.

Meanwhile, we noted previously that sphingolipid me-
tabolism was scored as a significantly enriched pathway
associated with KLF5 binding based on its ChIP-seq (Fig.
1D), suggesting that KLF5may directly control the expres-
sion of epidermal sphingolipid enzymes by binding to
their genomic regulatory regions. Indeed, intersecting
KLF5 ChIP peaks with differentially expressed genes in
Klf5 cKO versus control revealed substantial overlap
that 40% of down-regulated genes are bound by KLF5
(Fig. 3D; Supplemental Fig. S3A), suggesting these genes
are direct targets of KLF5. For example, two epidermal lip-
id-processing genes, Cers3 and Elovl4, are bound by KLF5
at their promoters and enhancers, aligning with transcrip-
tionally active and accessible chromatin, while being
down-regulated in the Klf5 cKO skin (Fig. 3E; Supplemen-
tal Fig. S3B). Further supporting this notion, scRNA-seq
analysis of the skin epidermis (Ge et al. 2020) showed no-
table coexpression of Klf5 and its target lipid genes in the
suprabasal epidermis (Fig. 3F; Supplemental Fig. S3C).
Moreover, when KLF5 was inducibly ablated in the adult
skin using Klf5fl/fl crossed to K5CreER (Van Keymeulen
et al. 2011), we found one of its target genes, Elovl4, also
decreased (Fig. 3G). These results together suggest that
KLF5 directly targets the transcription of multiple sphin-
golipid metabolism enzymes to govern skin barrier
function.

Ultrastructural analysis reveals lipid secretory
defects in KLF5-deficient skin

Serving as a water-impermeable seal, the skin stratum
corneum is organized into a “brick and mortar” structure
composed of flattened dead corneocytes filled with
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heavily cross-linked keratin filaments (brick) and inter-
corneocyte spaces sealed with specialized lipids (mortar)
(Nemes and Steinert 1999). Our transcriptional observa-
tions so far have raised a distinct possibility that KLF5
controls proper epidermal lipid processing and incorpora-
tion into the stratum corneum, amajor secretory function
of the skin. We therefore sought to examine the conse-
quences of epidermal Klf5 deletion at the ultrastructural
level via transmission electron microscopy.
Consistent with immunofluorescent and histological

analysis (Fig. 2), the overall organization of the four major
layers of the skin epidermis appeared comparable between
cKO andCtrl skin (Supplemental Fig. S4A). Several classic
epidermal junctional structures, including hemidesmo-
somes and desmosomes, also remained intact in the
cKO skin (Supplemental Fig. S4B,C), suggesting that

KLF5’s impact on epidermis is unlikely to be mediated
by junctional and adhesion proteins. In contrast, striking
differences were noted in the envelope layers. In the con-
trol group, the stratum corneum consisted ofmultiple lay-
ers of electron-dense cornified envelope (CE) composed of
flattened corneocytes (Fig. 4A, left, C1–C8), wrapped by
cornified lipid envelope (CLE) appearing as a lucent band
on the external surface of corneocytes, neatly spaced
with intercellular lipid lamellae (LL) (Fig. 4A, left, inset).
In contrast, in the cKO skin, the CE exhibited signifi-
cantly fewer and disorganized layers (Fig. 4A, right, C1–
C4), and CLE was no longer discernible (Fig. 4A, right, in-
set), suggesting that loss of KLF5 led to disrupted CLE and
intercellular LL in the cornified layer (Fig. 4B,C). Curious-
ly, the CE in the cKO skin not only exhibited fewer layers
(Fig. 4B,C), but was also frequently disrupted by unusual
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lipid aggregates (Fig. 4A, right, asterisk; Supplemental Fig.
S4D,E). Case studies in human patientswith specific cuta-
neous lipid secretion defects have documented analogous-
ly unusual lipid clusters and undegraded organelles in
their stratum corneum due to mutations in lipid-process-
ing enzymes (Arnold et al. 1988; Niemi et al. 1993). This
observation is remarkably recapitulated in our genetic
model of Klf5 cKO resulting in similarly disrupted lipid
structures and secretory deficits in the epidermis, indicat-
ing a close association of KLF5 with human skin disease.

Next, we analyzed lamellar bodies, which are lipid gran-
ules that reside in the secretory granular layer and contain
specialized epidermal lipids serving as the secretory pre-
cursors of CLE and intercellular LL (Matoltsy and Para-
kkal 1965; Squier 1973; Elias and Friend 1975; Lavker
1976). As expected, compared with the control group
(Fig. 4D, left, inset), lamellar bodies are incompletely
filled and often hollow in the cKO skin (Fig. 4D [right, in-

set], E). Thus, ultrastructural analysis supported our hy-
pothesis that the loss of KLF5 elicits skin defects due to
compromised epidermal lipid processing and secretion.
This leads to underfilled lamellar bodies, aberrant CLE,
and disrupted intercellular LL, all of which underscore
secretory dysfunction in the cKO epidermis.

KLF5 specifically targets high-complexity sphingolipid
species in the epidermis

Multiple lipid species are abundantly distributed through-
out the mammalian skin in a spatially organized manner,
serving diverse functions (Fig. 5A; Long 1970; Gray and
Yardley 1975). To further pinpoint the lipid metabolites
targeted by KLF5, we performed lipidomics analysis using
the neonatal Ctrl and cKO skin. Among >2200 lipid spe-
cies detected (Supplemental Data S3; Supplemental Fig.
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S5A), class-level analysis revealed a notable and selective
decline in the ceramide (CER) and dihydroceramide
(DCER) classes along the ceramide de novo synthesis
pathway, but not much in the hexosylceramides
(HCER), lactosylceramides (LCER), or sphingomyelins
(SM) of the salvage pathway (Fig. 5A,B). On the other
hand, no significant alterations were observed in neutral
lipids and few changes were detected in phospholipids
(Supplemental Fig. S5B). This is consistent with our earli-
er observations that the overall epidermal organizations
remained intact with no detectable changes in prolifera-
tion or apoptosis in the cKO skin (Supplemental Fig. S2).

A major fate for ceramides in the skin is to further ma-
ture into epidermal-specific high-complexity sphingoli-
pids to be secreted into the intercellular space in the
protective layers (Fig. 5A). Epidermal complex sphingoli-
pids harbor several flavors (Supplemental Fig. S5C; Hol-
leran et al. 2006; Breiden and Sandhoff 2014; Rabionet
et al. 2014; Kihara 2016). The most striking lipid loss in
the cKO skin occurred in the class of esterified ω-hydrox-
yceramides, often referred to as acylceramides (Fig. 5C).
One such example is shown: esterified ω-O-hydroxyl
sphingosine (EOS). Uniquely found in plants, yeast, and
mammalian skin, acylceramides are specialized
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terifiedω-O-hydroxy sphingosine (EOS) is shown. (D)Widespread reduction of ultralong chain (≥C28) ceramides and acylceramides in cKO
compared with Ctrl from lipidomics profiling. (N) Nonhydroxy, (A) α-hydroxy (could also be β-hydroxy [B] or ω-hydroxy [O], as the exact
position of the −OH group could not be differentiated based on spectrum data), (EO) ω-O-hydroxy, (S) sphingosine, (dS) dihydrosphingo-
sine, (SD) sphingadiene. Not shown here are phytosphingosine and 6-hydroxysphingosine which were not robustly detected.
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sphingolipids essential to the formation of the stratum
corneum (Wertz and Downing 1982; Uchida and Holleran
2008). This finding is particularly interesting in light of
the transcriptional deregulation that we observed in mul-
tiple genes of Klf5 cKO epidermis, including Pnpla1,
Abhd5, Fatp4, and Alox (Fig. 3), all of which encode spe-
cialized lipid enzymes responsible for acylceramide pro-
cessing and secretion (Epp et al. 2007; Radner et al.
2010; Kihara 2016).

Moreover, we also noted in our lipidomics profiling a
widespread and preferential reduction of ≥C28 ultralong
chain ceramides in cKO skin (Fig. 5D), another unique
group of the epidermal lipid secretome (Kihara 2016). In
contrast, the majority of typical long chain and very
long chain ceramides (<C28) remained unaffected (Supple-
mental Fig. S5D). The selective reduction of ≥C28 cer-
amides aligns well with the fact that their rate-limiting

enzymes are targeted by KLF5, especially Cers3 and
Elovl4 (Fig. 3), which exhibit unique activity toward these
epidermal-specific ultralong chain ceramides (Breiden and
Sandhoff 2014; Kihara 2016). These results together point-
ed toward a fundamental role of KLF5 in governing com-
plex sphingolipid metabolism, particularly the critical
steps of acylceramides and ultralong chain ceramide mat-
uration and secretion in the skin.

Epidermal deficiency from KLF5 deletion can be
mitigated by transient lipid-rich dietary interventions

Our evidence so far strongly suggest that KLF5 as an epi-
dermal lineage TF is steered toward regulating complex
sphingolipid biosynthesis, processing, and secretion. If
this were true, one would predict that supplementing
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Ctrl. Shown are uncropped images from25,000× acquisition, and the epidermal angle observed in cKOwas due to curvature during sample
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of RNA-seq data showing that expressions of some sphingolipid metabolism genes are reversed in dietary-rescued skin, while others re-
main unchanged.
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key lipid substrates and boosting residual enzyme activi-
ties might compensate for KLF5 loss and ameliorate
skin defects in vivo.
We set out to test this idea by temporarily switching the

pregnant female mice to a lipid-rich diet starting at em-
bryonic day 9.5 (E9.5), when epidermal progenitors begin
to stratify. We examined the skin phenotype of their new-
born pups at postnatal day 0 (P0) (Fig. 6A) and found that
our dietary intervention regimen was able to significantly
rescue the stratum corneum maturation in the cKO pups
to a level comparable with that of Ctrl groups (Fig. 6B,C).
Dietary supplement also ameliorated the perinatal lethal-
ity phenotype (Fig. 6D) and suppressed the ectopic induc-
tion of stress-associated K6 expression (Fig. 6E,F) in cKO
pups. Of importance, it largely restored skin integrity at
the ultrastructural level, including CLE, intercellular LL,
CE, and normalized lamellar body contents (Fig. 6G–I).
These results demonstrate that the major function of
KLF5 in the skin is to govern sphingolipid metabolism
and epidermal secretion.
We additionally tested alternative dietary enrichment

regimens in which we administrated, via oral gavage, sev-
eral doses of corn oil to pregnant females starting at E9.5
whilemaintaining them under a normal diet (Supplemen-
tal Fig. S6A). Corn oil is enrichedwith linoleic acid, which
is a critical moiety of acylceramides (Wertz and Downing
1982), amajor class of lipid species thatwe found to be sig-
nificantly reduced in cKO epidermis. Notably, linoleic
acid supplementation in the form of corn oil improved
the survival of neonates (Supplemental Fig. S6A), suggest-
ing that dietary linoleic acid could potentially bypass the
KLF5 deficiency and normalize acylceramide synthesis
activities to restore the barrier. Notably, when attempting
to rescue Klf5 deficiency by overexpressing either Cers3 or
Elovl4, we did not observe any phenotypic changes in our
cultured primary keratinocytes derived from Klf5 cKO
skin (Supplemental Fig. S6B,C), suggesting that multiple
targets might be responsible for mediating KLF5 function.
To explore the molecular underpinning of diet-mediat-

ed phenotypic rescue in vivo, we subjected the cKO and
rescued epidermis to RNA-seq. Interestingly, among the
lipid genes that are down-regulated in cKO, we observed
reversed expression for a subset of them, while others re-
mained unchanged (Fig. 6J; Supplemental Data S4). We
speculate that supplementing lipid substrates potentially
provide crucial intermediates or enhance residual enzy-
matic activities to normalize skin function in vivo, while
certain lipid gene expression might be responsive to die-
tary stimuli or modulated by compensatory mechanisms
(see the Discussion).

The role of KLF5 in governing sphingolipid metabolism
is conserved in human skin

Thus far, several of our observations linked KLF5 to hu-
man skin diseases, including pathway-level analysis re-
vealing KLF5 targets associated with epidermal barrier
diseases (Fig. 1) and Klf5 cKO phenocopying human skin
lipid secretion deficiencies (Fig. 4). To directly examine
KLF5’s involvement in human skin pathology, we mined

publicly available data sets of dermatological diseases in
which epidermal secretory dysfunctions have been impli-
cated (see the Supplemental Material). We found that
KLF5 is significantly suppressed in ichthyosis (Fig. 7A), a
group of cornification disorders that are characterized by
universal scaling in the skin (Traupe et al. 2014). KLF5 is
also down-regulated in diabetic foot ulcers (Fig. 7B), man-
ifesting nonhealing wounds whose epidermal barrier
could not form (Brem and Tomic-Canic 2007). Additional-
ly,KLF5 is reduced in cutaneous inflammatory conditions
including psoriasis (Fig. 7C), a disease with a strong com-
ponent in epidermal barrier pathology and lipid dysregula-
tion (Imokawa et al. 1991;Motta et al. 1994; Bouwstra and
Ponec 2006). Interestingly, the decrease of KLF5 in several
skin pathologies mirrors that of KLF4, a well-established
familymember that also governs the skin barrier function
(Segre et al. 1999; Szigety et al. 2020). Nevertheless, what
distinguishes KLF5 from KLF4, or any other KLF family
members, is that KLF5 is uniquely enriched in the epider-
mis (Supplemental Fig. S7A), consistent with the notion
that KLF5 serves as a lineage-specific TF in the skin.
To validate these transcriptional changes, we went on

to examine KLF5 protein levels in available human skin
biopsies using immunohistochemistry. In healthy skin,
KLF5 is highly expressed in the epidermal compartments,
including the basal, suprabasal, and granular layers (Fig.
7D). Consistent with the transcriptional data, we found
that nuclear KLF5 signals are significantly reduced in pso-
riatic lesions and ulcerous skin wounds (Fig. 7E,G). These
results indicated that KLF5 is prevalently suppressed in
cutaneous pathologies exhibiting epidermal defects.
Consistently, KLF5 targets involved in sphingolipid
metabolism are also decreased in skin diseases such as
ichthyosis (Fig. 7H). Finally, we used ChIP-seq to map
KLF5-binding targets in human keratinocytes, along
with H3K27ac ChIP-seq, which marks transcriptionally
active regions. Indeed, as in our observations in mice,
KLF5 directly binds to the genomic regulatory regions of
genes involved in sphingolipid metabolism in human
skin (Fig. 7I; Supplemental Fig. S7B). Taken together,
our results suggest that KLF5’s function in sphingolipid
metabolism is conserved in human skin and is potentially
involved in epidermal secretion defects in human cutane-
ous diseases.

Discussion

KLF5 is a disease-relevant epidermal lineage factor
that governs skin sphingolipid metabolism

Widely expressed inmultiple cell types, KLF5 is known as
a guardian of development and regeneration in many tis-
sues (Nagai et al. 2005; McConnell and Yang 2010), but
its lineage specificity, if any, has remained elusive. We
found that in the skin, KLF5 marks the epidermis, and
its genetic ablation resulted in skin defects with pro-
nounced disruption of lipid envelopes, lamellar bodies,
and preferential loss of high-complexity sphingolipids,
suggesting its function is tailored to the epidermal lipid
biosynthesis and secretorymachineries. Drawing analogy
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to PPARs in fatty acid metabolism (Mangelsdorf et al.
1995) and SREBPs in cholesterol metabolism (Goldstein
and Brown 2015), KLF5’s role in sphingolipid metabolism
stands out. This is further supported by the fact that tran-
sient dietary intervention is sufficient to normalize skin

function in KLF5-deficient animals, a beneficial effect
likely achieved by supplying critical lipid intermediates
and increasing residual enzyme activities. The remodel-
ing of lipid gene transcriptional response upon dietary in-
terventions and evoking of other lipid metabolism
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transcriptional regulators may additionally contribute to
the phenotypic rescue. Combined with the observations
that KLF5 is widely suppressed in cutaneous diseases,
our current work suggests that KLF5 might be a long-
sought transcriptional orchestrator of the secretory line-
age function via governing sphingolipid metabolism.
Disruption of sphingolipid metabolism underlies sever-

al common skin pathologies, including atopic dermatitis,
psoriasis, and aging (Imokawa et al. 1991; Motta et al.
1994; Bouwstra and Ponec 2006). This idea is further sup-
ported by a recent study showing deregulations of sphin-
golipids and ceramide metabolism enzymes in atopic
dermatitis and psoriasis (Reynolds et al. 2021). Interest-
ingly enough, in Klf5 cKOmice, we noted lipid aggregates
due to defective secretion, reminiscent of the diagnostic
lipid remnants and undegraded organelles seen in certain
ichthyosis patients harboring mutations in acylceramide-
processing enzymes (Arnold et al. 1988; Niemi et al.
1993), providing further disease relevance of our models.
KLF5 is widely suppressed in human skin pathologies, in-
cluding ichthyosis, chronic nonhealing wounds, atopic
dermatitis, and psoriasis (Figs. 1H, 7), all of which exhibit
compromised epidermal secretion.We thus speculate that
transient lipid intervention strategies aiming to replenish
critical intermediates and enhance epidermal lipid en-
zyme activities could be beneficial in the context of these
dermatological diseases.
Lipid metabolism is tightly associated with epidermal

differentiation (Nishizuka 1984; Vietri Rudan et al.
2020). While transcriptional changes in sphingolipid me-
tabolism could often be secondary due to overtly disrupt-
ed differentiation programs (Ting et al. 2005; Oberbeck
et al. 2019; Szigety et al. 2020), this does not seem to be
the case in Klf5 cKO mice, whose differentiation re-
mained largely intact (Supplemental Fig. S2). Meanwhile,
epidermal function depends on many other machineries
besides lipid metabolism; for example, cell adhesions
and junctions (Fuchs et al. 1994; Carulli et al. 2013; Green
et al. 2020), whose disruptions are frequently observed in
genetic models manifesting epidermal defects (Segre et al.
1999; Ihrie et al. 2005; Ezhkova et al. 2009; LeBoeuf et al.
2010; Sen et al. 2012; Fan et al. 2018; Oberbeck et al. 2019;
Szigety et al. 2020; Cohen et al. 2021). We found that
many of the epidermal genes are in fact bound by KLF5
(Fig. 1). Nevertheless, epidermal junctions such as desmo-
somes and hemidesmosomes remained intact in the ab-
sence of KLF5 (Supplemental Fig. S4), suggesting
possible compensations from other KLF family members
(Garrett-Sinha et al. 1996; Segre et al. 1999; Nakamura
et al. 2004), a known phenomenon of KLF TFs (Jiang
et al. 2008; Moore et al. 2009). Indeed, KLF4 is essential
for skin barrier function (Segre et al. 1999; Szigety et al.
2020) and widely impacts lipid metabolism genes (Szigety
et al. 2020).KLF5’s transcriptional decline parallels that of
KLF4 in human diseases, raising a tantalizing possibility
that KLF4 might also regulate skin secretory functions
via sphingolipid metabolism, similar to what we have es-
tablished here for KLF5. In this regard, it is interesting to
note that murine KLF5 is enriched in basal and suprabasal
cells but impacts the function of granular secretory cells

and cornified envelopes nonautonomously. In contrast,
KLF4 is enriched in the suprabasal and granular layers
(Szigety et al. 2020). In human skin, KLF5 becomes more
broadly expressed across all layers, where its function in
sphingolipid metabolism is likely conserved.
Finally, additional TFs in epidermal lipid metabolism

regulation (Wang et al. 2013; Li et al. 2017; Oberbeck
et al. 2019) may also serve as fail-safe mechanisms and
join KLF5 to ensure barrier function and organismal sur-
vival. In this regard, we noted that in contrast to embryos,
dyes no longer penetrated the cKO skin at P0 stage (Sup-
plemental Fig. S2B) despite clear barrier dysfunction de-
tected at the microscopic level by TEM and lipidomics.
This suggests that the perinatal lethality that we observed
could be attributed to additional factors beyond compro-
mised skin barrier, since K14Cre is active in many squa-
mous epithelia besides skin. Regardless, our evidence
collectively suggests that KLF5 plays an essential nonre-
dundant role in sphingolipid metabolism regulation and
barrier function, including in adult skin.

A versatile, context-dependent transcription factor,
KLF5 functions in the epidermal secretory pathway
in the skin

In the skin, epidermal cells in the granular layer are spe-
cialized secretory cells that package epidermal lipids
into lamellar bodies whose contents are subsequently se-
creted into the intercorneocyte spaces of the stratum cor-
neum, a fascinating molecular assembly critical to the
epidermal function (Matoltsy and Parakkal 1965; Squier
1973; Elias and Friend 1975; Lavker 1976). KLF5 sits at
the top of the hierarchy by targeting key rate-limiting en-
zymes such as CERS3 (Hillmer et al. 2005; Mizutani et al.
2008; Jennemann et al. 2012; Eckl et al. 2013; Radner et al.
2013) and ELOVL4 (McMahon et al. 2007; Vasireddy et al.
2007; Aldahmesh et al. 2011) that exhibit exceptional en-
zymatic activity toward ultralong chain ceramides
(Kihara 2016). KLF5 also regulates acylceramidemodifica-
tion enzymes, including PNPLA1 (Grall et al. 2012; Grond
et al. 2017; Hirabayashi et al. 2017; Ohno et al. 2017),
ABHD5 (Lefèvre et al. 2001; Radner et al. 2010), FATP4
(Stahl et al. 1999; Herrmann et al. 2001, 2003; Moulson
et al. 2003; Hall et al. 2005; Lin et al. 2019; Yamamoto
et al. 2020), ALOX12B, and ALOXE3 (Yu et al. 2003; Epp
et al. 2007; Krieg et al. 2013), among others, all of which
incur causal mutations in human congenital diseases
and cutaneous disorders (Holleran et al. 1994; Lefèvre
et al. 2001, 2004; Jobard et al. 2002; Akiyama et al. 2005;
Klar et al. 2009; Grall et al. 2012). The essential role of
KLF5 in skin lipid synthesis and secretion evokes a strong
resemblance to its involvement in the production of sur-
factant lipids in the developing lung (Wan et al. 2008)
and goblet cell function in the conjunctiva (Kenchegowda
et al. 2011) and the gut (Bell et al. 2013; Nandan et al.
2014). A seamless demonstration of nature’s resourceful-
ness, the ability of KLF5 to regulate multiple enzymes
for epidermal lipid production coupled with molecular
machineries for lipid assembly and secretion ensures the
highly efficient maturation of the epidermis. Thus, we
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propose that KLF5 is an underappreciated prototype TF
coupled to the secretory lineages at large across many tis-
sue types.

Notably, KLF5’s regulation of sphingolipid metabolism
in the skin is distinct from its reported functions in other
aspects of lipid metabolism, such as lipid oxidation and
energy expenditure in cardiac and skeletal muscles (Oishi
et al. 2005, 2008) and lipid storage in adipocytes (Drosatos
et al. 2016). It would be interesting to test whether other
lipid metabolism regulatory functions of KLF5 are also
directly associated with secretory activities in the future.
Such cell type-tailored functionality further highlights
the importance of understanding context dependency for
tissue-specific transcription factors. A versatile lineage
TF across various cell types, KLF5 targets are shaped by
the physiological demand of its residing tissues. Its strong
association with secretory lineage and broader impact on
metabolic diseases across multiple cell types merit future
investigations.

KLF5 cooperates with other lineage factors
in a context-dependent manner

Transcriptional regulators such as KLF5 execute context-
dependent functions at the chromatin level, often in com-
bination with other tissue-specific TFs. In this regard, it is
interesting to consider enriched motifs in the genomic vi-
cinity of KLF5-binding regions, including many known
epidermal TFs such as P63, GRHL, AP-1, AP2, TEAD,
and ETS (Fig. 2; Mills et al. 1999; Yang et al. 1999, 2015;
Waikel et al. 2001; Ting et al. 2005; Zenz et al. 2005;
Wang et al. 2008; Zhang et al. 2011; Ge et al. 2017; Fan
et al. 2018). One intriguing possibility is that KLF5 func-
tionally interacts with these TFs during epidermal devel-
opment. Nevertheless, these TFs do not appear to be
differentially expressed (data not shown) between control
and cKO samples, suggesting that compensation or a reg-
ulatory hierarchy exists in this epidermal TF network.
This also supports the idea that sphingolipid metabolism
dysregulation in Klf5 cKO is unlikely to be a secondary ef-
fect from the changes of other epidermal TFs. In addition,
the GREAT assigns regulatory elements based on proxim-
ity, which is at odds with many developmental genes,
which often sit in gene deserts and loop to distal enhanc-
ersmany kilobases away. Therefore, alternative approach-
es such as chromatin capture-based assays are warranted
for better capturing of the regulatory network by master
transcription factors like KLF5.

Outside the epidermis, KLF5 reappears in the inner root
sheath of hair follicles (Sur et al. 2002), suggesting it may
also play a role in hair differentiation, likely in conjunc-
tion with GATA3 (Kaufman et al. 2003). Under stress,
KLF5 together with SOX9 regulates stem cell lineage infi-
delity during wound repair and squamous cancer (Ge et al.
2017), whereas overexpression of KLF5 leads to ectoder-
mal dysplasia (Sur et al. 2006). Moreover, context-depen-
dent functions of KLF5, as such, are likely applicable
beyond skin. For example, KLF5 is essential for early de-
velopment (Lin et al. 2010) and embryonic stem cell
self-renewal (Ema et al. 2008; Jiang et al. 2008), where it

functionally cooperates with pluripotency TFs (Takaha-
shi and Yamanaka 2006). KLF5 also works with MyoD
to promote skeletal myogenesis and myoblast differentia-
tion (Hayashi et al. 2016) and with RARα to stimulate an-
giogenesis and cardiac hypertrophy (Shindo et al. 2002).

Finally, KLF5 is heavily involved in human malignan-
cies (Dong and Chen 2009; McConnell and Yang 2010).
In the stratified epithelia, KLF5 regulates squamous cell
carcinomas of the esophagus (Tetreault et al. 2013; Jiang
et al. 2020) and head and neck (Zhang et al. 2018), likely
cooperating with squamous drivers such as P63 and
SOX2 (Guan et al. 2019). Given our previous finding that
KLF5 cooperates with both SOX9 and ETS2 TFs to
regulate stem cell lineage infidelity in skin wounding
and squamous cancers (Ge et al. 2017; Ge and Fuchs
2018), our current work suggests that the KLF5 targeted
sphingolipid metabolism and secretory pathway might
be involved in stem cell function during wound repair
and tumorigenesis.

Materials and methods

Key resources

A list of key reagents, constructs, and resources is in Supplemen-
tal Data S5.

Experimental model and subject details

Mice Klf5tm1Jaw/J (stock no. 029787), Tg(KRT14-cre)1Amc/J
(stock no. 004782), Krt5tm1.1(cre/ERT2)Blh/J (stock no.
029155), and B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J (stock
no. 006148) were obtained from Jackson Laboratory. Col1a1fl/fl

was a gift from R. Kalluri, S100a9fl/fl was a gift from S. Grivenni-
kov. All animal studies were performed in compliance with the
protocol approved byTheUniversity of TexasMDAndersonCan-
cer Center Institutional Animal Care and Use Committee. Mice
were maintained on a mixed C57BL/6J background in a specific
pathogen-free barrier facility on a standard light–dark cycle,
housed in groups, and monitored for health status every other
day. All mice were fed with a standard chow unless otherwise
specified. Mice of both sexes were analyzed, and no sex-specific
differenceswere observed. For timedmating experiments, embry-
onic ages were determined by ultrasound imaging (Fujifilm Visu-
alSonics Vevo 3100). For high-fat diet (HFD) rescue experiments,
pregnant females were fed with TestDiet 58Y1 diet containing
4.7% linoleic acid from embryonic day 9.5 until delivery day.

Human samples Human skin ulcer tissue (SKD241) was pur-
chased from US Biomax, Inc. Details of samples on the array
are available on the Biomax website (http://old.biomax.us/
tissue-arrays/Skin/SKD241). Additional human skin tissue sec-
tions were obtained from the archive at the Department of Pa-
thology, MD Anderson Cancer Center. All human sample
studies were in compliance with regulations of the Institutional
Review Board and in accordance with requirements in the Hu-
man Research Protection Program.

Methods

Histology and immunohistochemistry Skin samples were fixed in
4% paraformaldehyde (PFA) for 24 h and made into paraffin
blocks. Sections were cut at 5 μm thick, deparaffinized with
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xylene washes twice, and then rehydrated by sequential washes
with 100%, 90%, 70%, and 50% ethanol and double-distilled
H2O.
Hematoxylin and eosin staining was performed according to

the manufacturer’s recommendations on the hematoxylin and
eosin staining protocol (Newcomer Supply 12013 and 1072).
For immunochemistry, antigens were unmasked by boiling

slides in 1× basic antigen retrieval buffer (R&D Systems
CTS013) for 30min. Following antigen retrieval, sectionswere in-
cubated with 3% H2O2 for 15 min at room temperature and then
blocked with blocking buffer (2% gelatin, 5% normal donkey se-
rum, 1% bovine serum albumin, 0.3% Triton X-100 in phos-
phate-buffered saline [PBS]). The sections were stained with
anti-KLF5 (rabbit; 1:500; Abcam) overnight at 4°C. The next
day, samples were washed and stained with horseradish peroxi-
dase (HRP)-conjugated donkey antirabbit IgG. Color development
was performed using DAB (Thermo Fisher Scientific 34002) at
room temperature until color developed (1–5 min) upon inspec-
tion under the bright-field microscope.

Immunofluorescence Skin samples were prefixed in 4% PFA in
PBS for 5 min at room temperature and washed extensively in
PBS overnight. Samples were embedded in OCT compound
(Thermo Fisher Scientific 4585) the next day and cryosectioned
at a thickness of 10 μm. Slides were blocked with blocking buffer
(2% gelatin, 5% normal donkey serum, 1% bovine serum albu-
min, 0.3% Triton X-100 in PBS) for 1 h at room temperature
and then incubated with primary antibody overnight at 4°C.
The following day, slides were washed in 0.3% Triton X-100 in
PBS and incubated with the corresponding secondary antibodies
and 0.2 μg/mL DAPI. The sections were washed in 0.3% Triton
X-100 in PBS and mounted. Imaging was performed with either
a LeicaDM1000 LEDmicroscope or a Zeiss LSM800microscope.
The following primary antibodies and dilutions were used:

KLF5 (goat; 1:100; R&D Systems), K6 (rabbit; 1:1000; BioLegend),
K10 (rabbit; 1:1000; BioLegend), LOR (rabbit; 1:1000; BioLegend),
FLG (rabbit; 1:100; BioLegend), Ki67 (rabbit; 1:500; ThermoFisher
Scientific), cleaved caspase-3 (rabbit; 1:200; Cell Signaling Tech-
nology), LRIG1 (goat; 1:200; R&D Systems), SOX9 (rabbit;
1:200; Abcam), P-cadherin (goat; 1:200; R&D Systems), GATA3
(rat; 1:100; Thermo Fisher Scientific), and GFP (chicken; 1:2000;
Abcam). Secondary antibodies used included Rhodamine Red-X
(RRX)-conjugated donkey antirabbit IgG, RRX-conjugated don-
key antirat IgG (1:300; Jackson ImmunoResearch), Alexa Fluor
647-conjugated donkey antigoat IgG, Alexa Fluor 647-conjugated
donkey antirat IgG (1:500; Jackson ImmunoResearch), and Alexa
Fluor 488-conjugated donkey antichicken IgG (1:500; Jackson
ImmunoResearch). Images were processed using ImageJ and Ado-
be Photoshop 2021.

Isolation of epidermal cells Following euthanasia, back skin was
removed and floated dermis side down on 2.5 U/mL Dispase
(Gibco) in PBS overnight at 4°C. Epidermis was peeled from der-
mis using fine forceps. Isolated epidermis was then incubated
with 0.25% trypsin-EDTA (Gibco) for 10min at 37°C, neutralized
by cold PBS containing 2% calcium-chelated fetal bovine serum
[FBS(−)], and filtered through a 40-μm cell strainer. Cells were
spun down at 300g for 10 min at 4°C and washed once with
cold PBS containing 2% FBS(–).

Fluorescence-activated cell sorting (FACS) Freshly isolated epider-
mal cells from postnatal day 0 pups from either Klf5fl/fl; K14Cre
cKO or Klf5fl/+; K14Cre heterozygous controls were incubated
with conjugated antibodies CD49F_PE (rat; 1:250; Thermo Fisher
Scientific) and CD45_APC-eFluor780 (rat; 1:1000; Thermo Fisher

Scientific) along with 0.2 μg/mL DAPI for 20 min on ice, washed
once, and resuspended in cold PBS containing 2% FBS(−). GFP+

was derived from the R26YFPfl/fl allele. Sortingwas performed us-
ing a 70-μm nozzle on a BD FACSAria equipped with FACSDiva
software (BD Biosciences), gating on DAPI−CD45−GFP+ITGA6+

to isolate basal and suprabasal epidermal cells. Postsorting analy-
sis was performed using FlowJo.

Transmission electron microscopy Fresh postnatal day 0 skin sam-
ples were fixed in 2% glutaraldehyde, 4% PFA, and 2 mM
CaCl2 in 0.05 M sodium cacodylate buffer (pH 7.2) for 1 h at
room temperature and then stored in 4°C until sample submis-
sion. Fixed samples were submitted to the High-Resolution Elec-
tron Microscopy Facility at MD Anderson Cancer Center for
TEM processing. Briefly, submitted samples were postfixed
with 0.2% ruthenium tetroxide at room temperature and pro-
cessed for Epon embedding. Ultrathin sections (60–70 nm) were
counterstainedwith uranyl acetate and lead citrate. Digital imag-
es were obtained using the AMT imaging system (Advanced Mi-
croscopy Techniques Corp.).

Lipidomics analysis Fresh postnatal day 0 skin tissues were dis-
sected, snap-frozen in liquid nitrogen, and stored at −80°C until
sample submission. Samples were submitted on dry ice to the
Metabolomics Core at MD Anderson Cancer Center for lipido-
mics profiling.
For lipid extraction,murine skin tissue snap-frozen in liquid ni-

trogen was powderized using an in-house-built tissue smasher.
Samples were subsequently extracted using ice-cold isopropanol
containing 1% (v/v) 10 mM butylated hydroxytoluene and 2%
(v/v) Avanti Splash Lipidomix mass spectrometry standard
(330707), both in methanol. A solvent/tissue ratio of 10 µL/mg
was used. Samples were homogenized using a liquid nitrogen-
cooled Precellys Evolution bead mill homogenizer, vortexed for
10 min at room temperature, and then centrifuged at 17,000g
for 20 min at 4°C. Supernatants were transferred to glass auto-
sampler vials for immediate analysis.
For reverse-phase liquid chromatography, the injection volume

was 10 µL. Mobile phase A was 60:40 acetonitrile:water contain-
ing 0.1% formic acid and 10 mM ammonium acetate. Mobile
phase B (MPB) was 90:9:1 isopropanol:acetonitrile:water contain-
ing 0.1% formic acid and 10 mM ammonium acetate. The chro-
matographic method included a Thermo Fisher Scientific
Accucore C30 column (2.6 µm, 150 ×2.1 mm) maintained at
40°C, autosampler tray chilling at 15°C, a mobile phase flow
rate of 0.200 mL/min, and a gradient elution program as follows:
0–3 min, 30% MPB; 3–13 min, 30%–43% MPB; 13–13.1 min,
43%–50% MPB; 13.1–33 min, 50%–70% MPB; 33–48 min,
70%–99% MPB; 48–55 min, 99% MPB; 55–55.1 min, 99%–30%
MPB; and 55.1–60 min, 30% MPB.
Formass spectrometry, a Thermo Fisher ScientificOrbitrap Fu-

sion Lumos Tribrid mass spectrometer with heated electrospray
ionization source was operated in data-dependent acquisition
mode, in both positive and negative ionization modes, with
scan ranges of 150–677 m/z and 675–1500 m/z. Orbitrap resolu-
tions of 120,000 and 30,000 (FWHM) were used for MS1 and
MS2–3 acquisitions, respectively, and spray voltages of 3600 V
and −2900 V were used for positive and negative ionization
modes, respectively. Vaporizer and ion transfer tube tempera-
tures were set at 275°C and 300°C, respectively. The sheath, aux-
iliary, and sweep gas pressures were 35, 7, and 0 (arbitrary units),
respectively. For MS2 and MS3 fragmentation, a hybridized
HCD/CID approach was used. Each sample was analyzed using
four 10-µL injections, making use of the two aforementioned
scan ranges, in both ionization modes. Data were analyzed using
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Thermo Fisher Scientific LipidSearch software (version 4.2.27)
and R scripts written in house.

Barrier function assay The Toluidine Blue O dye exclusion assay
was carried out as previously described (Laurin et al. 2019). In
brief, the pregnant female was euthanized at embryonic day (E)
18.5, and fresh E18.5 embryos were isolated; passed through
chilled methanol at gradients of 25%, 50%, 75%, and 100%;
and immersed in 0.1% Toluidine Blue O solution (Sigma-Aldrich
T3260) for 1 min on ice. Embryos were then destained in PBS to
reveal dye penetration or exclusion outcomes. Similar procedures
were performed on P0 newborns.

Western blot Cultured keratinocytes from postnatal day 0 pups
(Klf5fl/fl or Klf5fl/+) were infected in culture with lentiviral Cre
by spinning at 1100g for 30 min at 30°C. Cells were lysed in
RIPA buffer (Millipore 20-188) supplemented with protease in-
hibitor (Roche 04693159001). After centrifugation at 15,000g for
10 min at 4°C, the protein content from the supernatant was
quantified using Bradford assay (Bio-Rad 5000205). Equal
amounts of protein were loaded and separated by 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, blotted
onto polyvinylidene fluoride membranes, and incubated over-
night with primary antibodies directed against KLF5 (goat;
1:500; R&D Systems) and GAPDH (rabbit; 1:2000; Cell Signaling
Technology). Detection of HRP-conjugated secondary antibodies
was performed with Clarity Western ECL substrate (Bio-Rad
1705060), and images were developed on X-ray films. Quantifica-
tion ofWestern blot band intensities was performed by densitom-
etry using ImageJ software.

ChIP-seq ChIP-seq libraries weremade from freshly FACS-sorted
epidermal cells as described above. Library preparations and anal-
yses were performed as reported previously (Schmidl et al. 2015).
Briefly, 10million FACS-sorted cells were cross-linked by addi-

tion of fresh PFA solution at 1% for 10 min at room temperature,
quenched with fresh glycine at 0.125 M for 5 min, and rinsed
twice with phospho-buffered saline (PBS) prior to snap-freezing
in liquid nitrogen and storing at –80°C. Before ChIP, cells were re-
suspended, lysed, and sonicated in 0.25%SDS on a Bioruptor Son-
icator (Diagenode UCD-200) to solubilize and shear cross-linked
DNAs. For sonication, a 10-cycle regimen of a 30-sec sonication
followed by a 30-sec rest was used. The resulting whole-cell ex-
tract was incubated overnight at 4°C with primary antibody (2.5
μg of antibody per 1 mg of total protein: anti-KLF5 [Abcam
ab137676] and anti-H3K27ac [Abcam ab4729]). Ten microliters
of Dynal Protein G magnetic beads (Invitrogen 10017D) was add-
ed to each sample the following day and incubated for 2–4 h at
4°C, followed by washes with low-salt, high-salt, LiCl, and Tris-
EDTA buffer by passing through a magnetic stand six times
each. Bound complexeswere treatedwith 5 µL of Tn5 transposase
(Illumina 20034198) for 5 min at 37°C and eluted, and cross-link-
ing was reversed by 6–10 h of incubation at 65°C, cleaned upwith
MinElute PCR purification kit (Qiagen 28004), and PCR-ampli-
fied for 10–12 cycles. Libraries were purified by Beckman Coulter
AMPureXP beads (FisherNC9959336) double-sided selection and
submitted to Novogene for library quality control (QC). Libraries
that passed QC were then pooled and sequenced using PE150
on a HiSeq4000 lane with ∼25 million to 30 million reads output
per sample, trimmed to obtain SE50 reads, and demultiplexed.

ChIP-seq alignment, peak calling, and analysis Raw sequencing 50-
bp single-end reads were aligned to the Mus musculus reference
genome (version mm10 from Genome Reference Consortium
GRCm38) or the Homo sapiens reference genome (version hg19

from Genome Reference Consortium GRCh37) for mouse and
human samples, respectively, using the Bowtie package (https://
sourceforge.net/projects/bowtie-bio/files/bowtie/1.0.1) with pa-
rameters -n 1 -m 1 –best –strata. Unique reads mapped to a single
genomic location (allowing default mismatches) were kept for
peak identification using the model-based analysis of ChIP-seq
2 (MACS2) (Zhang et al. 2008) pipeline with the parameter
–nomodel. Peak BAM files were converted to TDF files and visu-
alized using the Integrative Genomics Viewer (IGV; http
://software.broadinstitute.org/software/igv).
Peak BED files were subjected to peak annotation and motif

analysis using the HOMER v4.11 annotatePeaks.pl and findMo-
tifs.pl packages (http://homer.ucsd.edu/homer/motif) with de-
fault settings. The gene list obtained from peak annotation was
then used to perform pathway analysis using theDatabase for An-
notation, Visualization, and Integrated Discovery (DAVID) v6.8
(https://david.ncifcrf.gov) and genomic regions enrichment of
annotations tool (GREAT) v4.0.4 (http://great.stanford.edu/
public/html) with default parameters. Peak BAM files were
converted to TDF files and visualized using the Integrative
Genomics Viewer (IGV; http://software.broadinstitute.org/
software/igv).

ATAC-seq ATAC-seq libraries were made from freshly FACS-
sorted epidermal cells as described above. Library preparations
and analyses were performed as reported previously (Buenrostro
et al. 2013).
Briefly, 100,000 freshly FACS-sorted cells were subjected to

tagmentation reactions with 10 µL of Tn5 transposase (Illumina
20034198), cleaned up with MinElute PCR purification kit (Qia-
gen 28004), and PCR-amplified for eight to 12 cycles. Libraries
were purified by Beckman Coulter AMPureXP beads (Fisher
NC9959336) and run on a D1000 High-Sensitivity Tape Station
(Agilent 5067-5584) for quality control (QC) prior to sequencing.
Libraries that passed QC were pooled and submitted to Novo-
gene, sequenced using paired-end PE150 on a HiSeq4000 lane
with ∼50 million reads output per sample, trimmed to obtain
SE50 reads, and demultiplexed.

ATAC-seq alignment, peak calling, and analysis Raw sequencing 50-
bp single-end reads were aligned to the genomic builder for Mus
musculus (version mm10 from Genome Reference Consortium
GRCm38) as previously described (Buenrostro et al. 2013). Briefly,
mapping was performed using the Bowtie package (https://
sourceforge.net/projects/bowtie-bio/files/bowtie2/2.2.3). Unique
reads mapped to a single genomic location (allowing default mis-
matches) were kept for peak identification using the model-based
analysis of ChIP-seq 2 (MACS2) (Zhang et al. 2008) pipeline with
the parameter –nomodel. Peak BAM files were converted to TDF
files and visualized using the Integrative Genomics Viewer (IGV;
http://software.broadinstitute.org/software/igv).

ChIP-seq and ATAC-seq heat map analysis The peak intensity heat
map was generated by extracting the ChIP-seq/ATAC-seq inten-
sities within the 5-kb upstream and 5-kb downstream window
of the peak summit. Each row in the heat map represents one
ATAC-seq/ChIP-seq peak. The heat map was generated using
the Deeptools package using KLF5 ChIP-seq peaks as reference.

RNA-seq and quantitative PCR FACS-sorted epidermal cells were
isolated as described above and lysed with TRI reagent LS (Sigma
T3934). Total RNA was isolated with the Direct-zol RNA mini-
prep kit (Zymo Research R2051).
For RNA-seq, RNAs were submitted to Novogene for quality

control and polyA-enriched eukaryotic mRNA-seq library
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preparation. Libraries were sequenced using PE150 on a NovaSeq
lane with ∼20 million reads output per sample.
For quantitative PCR (qPCR), DNA oligo primers were synthe-

sized from Sigma. Onemicrogram of total RNAswas used to gen-
erate complementaryDNAs (cDNAs) using the SuperScript VILO
cDNA synthesis kit (Invitrogen 11754050). cDNA was diluted
and used as templates for real-time PCR using Applied Biosys-
tems PowerUp SYBR Green master mix (Thermo Fisher
A25743). qPCR was performed on the QuantStudio 7 Flex
equippedwithQuantStudio real-time PCR software v1.3 (Applied
Biosystems and Thermo Fisher) or 7500 real-time PCR system
equipped with 7500 software v2.3 (Applied Biosystems and
Thermo Fisher). Data were normalized to GAPDH expression
and are reported as ΔΔCt values compared with control sample.
The qPCR primer sequences used were Cyp2s1 (fw: CTGAG
GAAATTCACCCTGCTC; rv: CAAGGGAACAGACGACAT
TAGAG), Cyp4f39 (fw: TGCACCCAAGGATGAGTTTTT; rv:
CAGATGTCGCCGCCATTTAG), Pnpla3 (fw: TCACCTTCG
TGTGCAGTCTC; rv: CCTGGAGCCCGTCTCTGAT), Elovl4
(fw: AAGCACGCTCTATCTCCTGTT; rv: CTGCGTTGTAT
GATCCCATGAA), and Sphk1 (fw: GCTTCTGTGAACCAC
TATGCTGG; rv: ACTGAGCACAGAATAGAGCCGC).

RNA-seq alignment anddifferential expression analysis Raw sequenc-
ing 150-bp paired-end readswere aligned to theMusmusculus ref-
erence genome (version mm10 from Genome Reference
Consortium GRCm38) using a STAR v2.6.0 aligner. Aligned
reads were quantified against the reference annotation
GRCm38 to obtain FPKM (fragments per million reads) and raw
counts using HTSeq (python/3.6/anaconda3/bin/htseq-count
with options -m union -a 10 -s no), respectively. TPM (transcripts
per million reads) was obtained by using reference annotation
mm10.refgenes and running rsem-calculate-expression (1.2.3)
with options --bowtie2 (2.2.3).
Differential expression analysis was performed on normalized

raw counts using the edgeR package in R (http://bioconductor
.org/packages/release/bioc/html/edgeR.html). Genes with abso-
lute log2 fold change of >0.2 and adjusted P-value of <0.05 were
considered to be significantly differentially expressed and were
plotted on volcano plot using R. A differentially expressed gene
list was then used to perform pathway analysis using the Data-
base for Annotation, Visualization, and Integrated Discovery
(DAVID) v6.8 (https://david.ncifcrf.gov) using default parameters.
Differentially expressed genes within selected pathways were
used for hierarchical clustering and plotted on heat maps using R.

Statistics analysis and reproducibility Statistical analyses were per-
formed using Graphpad Prism 8.0 software. All experiments
shown were repeated at least three times, and representative
data are shown. Unpaired Student’s t-test was used to compare
two groups, and one-way analysis of variance (ANOVA) test
was used for multiple comparisons of more than two groups. P-
value of <0.05 was considered statistically significant and is re-
ported in the figures and figure legends. Randomization and ex-
perimenter blinding were not performed given the lack of
ambiguity in the phenotypes observed.

Data availability

Data generated in this study Raw and analyzed data reported here
are available via NCBI GEO under the accession number
GSE168600 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE168600).

Mining of published GEO and related data sets The following
GEO data sets were downloaded: GSE131903, GSE117405,
GSE134431, GSE147424, GSE153760, GSE158432, and
GSE142471. For RNA-seqGSE131903, raw FastQ fileswere down-
loaded and processed using RNA-seq alignment pipeline as de-
scribed above and TPM was plotted for KLF family members
expressed (TPM>1). For RNA-seq GSE117405 and GSE134431,
processed data were downloaded and FPKM was plotted for KLF
family members expressed (FPKM>1). For scRNA-seq
GSE147424, GSE153760, GSE158432, and GSE142471, raw gene,
barcode, andmatrix filesweredownloadedandanalyzedusingSeu-
rat package (https://satijalab.org/seurat), and the corresponding
cellswithKLF5 expressionwere plotted. For scRNA-seq fromRey-
nolds et al. (2021), plots were generated using web portal https
://developmentcellatlas.ncl.ac.uk/datasets/hca_skin_portal.
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