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SUMMARY
Alternative splicing (AS) of messenger RNAs occurs in �95% of multi-exon human genes and generates
diverse RNA and protein isoforms. We investigated AS events associated with human epidermal differ-
entiation, a process crucial for skin function. We identified 6,413 AS events, primarily involving cassette
exons. We also predicted 34 RNA-binding proteins (RBPs) regulating epidermal AS, including 19 previ-
ously undescribed candidate regulators. From these results, we identified FUS as an RBP that regulates
the balance between keratinocyte proliferation and differentiation. Additionally, we characterized the
function of a cassette exon AS event in MAP3K7, which encodes a kinase involved in cell signaling.
We found that a switch from the short to long isoform of MAP3K7, triggered during differentiation,
enforces the demarcation between proliferating basal progenitors and overlying differentiated strata.
Our findings indicate that AS occurs extensively in the human epidermis and has critical roles in skin
homeostasis.
INTRODUCTION

Alternative splicing (AS) is a process in which multiple mRNA

and protein isoforms are generated from the use of different

splice sites on a pre-messenger RNA. Up to 95% of human

multi-exon genes undergo AS,1 but it is unclear how many

AS events are biologically functional.2,3 Cross-species and tis-

sue comparisons show that many AS events occur within a

single organ,4 consistent with reports describing functions

for AS in the brain,5 muscle,6 and other tissues.7 These find-

ings indicate that AS has major biological roles in tissue-spe-

cific processes. However, gene and protein expression data-

bases do not always discriminate the relative expression of

different isoforms between cell states or cell types within an

organ.4,8 Therefore, we have an incomplete understanding of

the potential role of AS in processes such as tissue homeosta-

sis and cellular differentiation.

The epidermis is a self-renewing epithelium consisting princi-

pally of stratified layers of keratinocytes. The innermost layer

contains stem/progenitor keratinocytes that can either replicate

within the basal layer or detach from the basement membrane

and migrate upwards into suprabasal layers. As keratinocytes

move superficially, they progressively differentiate and express

proteins that provide mechanical strength and establish the
This is an open access article under the CC BY-N
skin’s functional barrier. The identity of genes and epigenetic

events that orchestrate the switch from progenitor to differenti-

ated layers of epidermis have been reported,9,10 but we do not

understand the full extent to which AS influences this process.

Critical regulators including TP63,11 DMKN,12 and ECM113 are

generated in multiple isoforms that have distinct functions in

the skin. Additionally, RNA-splicing-associated proteins such

as ESRP1,14 ESRP2,14 and ZMAT215 are essential to epidermal

function. These examples demonstrate a role for AS in maintain-

ing human epidermis and underscore the value of defining the full

repertoire of AS events and their regulators in the skin.

In this study, we determined the total and relative expression

of mRNA isoforms in stem/progenitor and differentiated primary

human epidermal keratinocytes. We found that epidermal differ-

entiation is associated with thousands of AS events. We per-

formed binding motif analysis to identify candidate RNA-binding

factors that mediate epidermal AS and demonstrated the use of

this candidate list to identify functional epidermal RNA-binding

proteins (RBPs). Finally, we investigated a previously unstudied

epidermal AS event to demonstrate the potential application of

the AS dataset. The results indicate that thousands of AS events

are associated with epidermal differentiation and serve as a

resource to study the roles of specific AS events regulating this

process.
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Figure 1. Alternative mRNA splicing events in human epidermal differentiation

(A) Experimental design to identify mRNA splicing isoforms in progenitor and differentiated epidermal keratinocytes.

(B) Number and type of alternative mRNA splicing events in progenitor and differentiated human epidermal keratinocytes. The full list of splicing events is listed in

Table S1.

(C) RT-PCR of alternatively spliced skipped exon (SE) events identified by rMATS. PSI, percent spliced in, represented by percentage of exon-included isoform.

In vitro columns show primary keratinocytes differentiated in cell culture by confluent growth conditions with supplemented calcium (Ca2+). 1 and 2 represent

biological replicates. In vivo columns show epidermal keratinocytes flow sorted from intact truncal skin of an adult male into beta 4 integrin (ITGB4) high and low

populations. KRT1 (keratin 1) is a differentiation-specific transcript control; RPL32 is a ribosomal protein transcript invariant control.

(legend continued on next page)
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RESULTS

Thousands of alternative mRNA splicing events in
epidermal differentiation
We performed 150-nucleotide paired-end whole-transcriptome

sequencing of total RNA isolated from primary neonatal human

epidermal keratinocytes cultured in progenitor and differenti-

ated states (n = 3 each) (Figure 1A). Experimental induction of

keratinocyte differentiation was verified by downregulation of

progenitor-associated genes and upregulation of differentia-

tion-associated genes (Figure S1). Distance heatmaps and prin-

cipal-component analysis confirmed the grouping of progenitor

and differentiated transcriptomes (Figure S1). Transcriptomes

were analyzed with rMATS,16 a model designed to measure AS.

Differential splicing can be quantitated by the difference in the

inclusion of the alternatively spliced region as ‘‘percent spliced

in,’’ or DPSI. We chose the criteria of |DPSI| >0.1, a p value of

<0.01, and a false discovery rate (FDR) <0.05 as a threshold to

define an AS event. This threshold was selected to be permissive

based on the intent to generate a discovery dataset. Based on

these criteria, we identified 6,413 AS events that were character-

istic of either the epidermal progenitor or differentiated state

(Figure 1B; Table S1). Applying more stringent criteria by

lowering the FDR and/or increasing the |DPSI| threshold reduced

the number of called events, as expected (Figure S2). However,

even filtering for AS events with large magnitude changes

(|DPSI| > 0.4) and a stringent FDR (<0.001) identified 408 skipped

exon (SE) events, suggesting that AS is prevalent during

epidermal keratinocyte differentiation.

AS events can be classified by the characteristics of the alter-

natively spliced region. The inclusion or exclusion of an exon is

designated a SE, also known as a cassette exon. The use of

different 50 or 30 splice sites classifies alternative 50 or 30 splice
sites, while the inclusion of two distinct intervening exons in

different isoforms classifies mutually exclusive exons. The

absence of splicing across consecutive intron-exon junctions

designates a retained intron (RI). SE events were the predomi-

nant type of AS event, accounting for 3,837 (�60%) of all events

(Figure 1B). The predominance of SE-type events is consistent

with AS studies in other tissues and organisms and is postulated

to reflect the global biological importance of SE-type events.17

Because of the overrepresentation of SEs in this dataset and

their historical focus in the study of other tissues and species,

we focus our subsequent analyses on SE events.

To assess the potential physiological relevance of these AS

events, we examined the number of AS events affecting genes

belonging to a core gene set linked to keratinocyte cell-fate de-

cisions.18 We identified 68 AS events affecting these pivotal

genes (Table S3), indicating that AS occurs in epidermal regu-

latory genes. Next, we explored the potential disease relevance

of the AS dataset by comparing it to splicing events associated

with psoriasis. Psoriasis is a common, debilitating skin disease

characterized by epidermal hyperproliferation and impaired
(D) Scatterplot showing magnitude of alternative splicing (AS) change (DPSI) vs. e

differentiated keratinocytes. Blue dots represent transcripts displaying greate

expression change.

(E) Proportion of distinct AS events in epidermal genes.
differentiation. We performed rMATS splicing analysis on 92

psoriasis and 82 control RNA sequencing (RNA-seq) samples

(NIH GEO: GSE54456) and identified 133 AS events affecting

89 genes associated with psoriasis that intersected with our

AS dataset (Table S4). We propose these AS events and genes

as high-value candidates to explore for having potential roles in

psoriasis.

To corroborate the AS events identified by rMATS, we per-

formed reverse transcriptase polymerase chain reaction (RT-

PCR) on a sample of gene transcripts predicted to have multiple

isoforms. We selected a sample of 12 genes, including examples

of genes in the core epidermal and psoriasis gene sets (LAS1L,

IFI44, CD44, RCC1), genes predicted to switch to either the

longer or shorter isoform upon differentiation, as well as tran-

scripts with >2 isoforms (Figure 1C). Additionally, to evaluate if

the isoforms identified in vitro were also expressed in vivo, we

also performed RT-PCR on cells isolated from human epidermal

tissue and partitioned by flow sorting (Figure S1) by integrin beta

4 (ITGB4). ITGB4 expression is specific to keratinocytes in the

basal layer, which we leveraged to enrich for progenitor (ITGB4

high) vs. differentiated (ITGB4 low) keratinocytes.

RT-PCR showed that all 12 tested genes displayed the ex-

pected mRNA isoforms identified by rMATS in in-vitro- and in-

vivo-derived RNA (Figure 1C). Relative ratios of isoform expres-

sion in progenitor vs. differentiated states were concordant

between in vitro and in vivo RNA in 8 of 12 tested genes, were

equivocal for 2 genes, and were discordant in 2 genes. Collec-

tively, these results indicated that the rMATS sequencing anal-

ysis applied to in vitro primary keratinocyte RNA identified

epidermal mRNA transcript isoforms expressed in vivo. Relative

isoform expression changes observed during in vitro differentia-

tion agreed often, but not always, with the patterns observed in

epidermal tissue in vivo.

We and others have profiled the dynamic gene expression

changes that occur during epidermal differentiation.9,10,19 How-

ever, AS can alter gene function without affecting steady-state

mRNA levels. We examined the relationship between epidermal

genes undergoing AS and their overall mRNA expression level.

We found that 1,319 AS events occurred in 849 genes, whose

overall expression differed by less than 2-fold when comparing

progenitors with differentiated cells (Figure 1D; Table S1). These

genes included well-known epidermal regulators CTNND1,20

AKT2,21 and IKBKG,22 whose perturbations cause mouse and/

or human skin disease phenotypes. These results demonstrated

that a substantial fraction of epidermal AS events occur without

major changes to overall steady-state mRNA levels.

Multiple AS events can occur within the same gene and tran-

script. In our AS dataset, we found that 67.4% of AS events

were the only predicted AS events in that transcript. By contrast,

19.5% of gene transcripts had two distinct AS events, and

13.1% had three or more AS events (Figure 1E). These results

illustrate the potential combinatorial complexity from AS in

epidermal genes.
xpression level for epidermal gene transcripts when comparing progenitor vs.

r than 10% splicing isoform differences (|DPSI|>0.1) and <2-fold total gene
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Characteristics of SE AS events in epidermal
keratinocytes
The number of AS events resulting in increased or decreased

cassette exon inclusion was comparable between progenitor

and differentiated keratinocytes (Figure 2A). Gene Ontology

(GO) analysis of progenitor AS events identified enrichment in

genes associated with organelle assembly, histone acetylation,

and phosphorylation (Figure 2B). In differentiated keratinocytes,

ontology analysis highlighted genes associated with histone

modification, nuclear export, and regulation of RNA splicing.

The inclusion of a cassette exon can lead to an in-frame inser-

tion or a frameshift. Most epidermal AS events cause an in-frame

insertion, but �40% of epidermal AS exons result in a +1 or +2

base-pair frameshift (Figure 2C). Frameshifting exons can alter

downstream peptide sequences, introduce a stop codon, and/

or elicit nonsense-mediated decay.7 The substantial fraction of

splicing events predicted to generate an alternative or premature

stop codon indicates the widespread potential for AS to mediate

changes to peptide sequence and/or transcript stability in the

epidermis.

To assess the extent of species conservation of epidermal AS

events, we examined the overlap of genes displaying evidence of

AS in human and mouse epidermis transcriptomes. We per-

formed rMATS splicing analysis of an RNA-seq dataset gener-

ated from mouse embryonic and neonatal epidermis23 (GEO:

161387). Consistentwith studies that observed substantial differ-

ences in AS across different species,24 we found that only�10%

of epidermal genes showed evidence of AS in both mouse and

human epidermis (Figure 2D; Figure S1), similar to the fraction

of conserved AS observed in other mouse/human comparative

splicing studies.25 Ontology analysis on conserved mouse/hu-

man AS genes in epidermal progenitors showed the strongest

enrichment for genes involved with protein phosphorylation

(p < 13 10�8), a biological process that appears to be dispropor-

tionately affected by splicing-mediated regulation.26 GOanalysis

of differentiated AS events showed the strongest enrichment for

genes involved with histone deacetylation (p < 1 3 10�5).

As another approach to assess the biological impact of AS

events in the epidermis, we identified the protein domains

affected by epidermal AS events (Figure 2E). To do so, we anno-

tated cassette exon peptide sequences using InterPro,27 a data-

base of protein families and domains. We identified and counted

the types of protein domains affected by epidermal SE events.

Exons affected by SE in the epidermis encoded sequences for

a diverse set of protein domains including Kr€uppel-associated

boxes, GTP-binding domains, zinc-finger regions, and others.

The breadth of functional domains involved with AS reflects its

impact on known regulatory-type domains within epidermal

gene transcripts and proteins.

RBPs in epidermal AS
AS is mediated in part by RBPs and splicing factors that

assemble at regulatory sequences on the pre-mRNA. To identify

candidate RBPs involved in epidermal AS, we applied MEME

suite tools28 to evaluate 300-nucleotide intervals spanning the

exon-intron junctions of alternatively spliced exons (Figures 3A

and 3B; Table S2). The intervals comprised 50 bp of the exon

sequence and 250 bp of the adjacent intron. Applying a threshold
4 Cell Reports 43, 113814, March 26, 2024
p value <0.01 and an e value <1, MEME analysis nominated 41

RBP candidates. The candidates included factors with well-

defined roles in the epidermis such as SRSF1,29 ESRP2,14 and

YBX1.30 Of the uncharacterized candidates, seven RBPs

(A1CF, KHDRBS3, LIN28A, PABPC3, PPRC1, RBM24, and

ZC3H10) had low or undetectable epidermal expression accord-

ing to the Human Protein Atlas.8 The other 34 RBPs were ex-

pressed in epidermis based on RNA and protein expression

data (Figure S3). We propose these RBPs as a candidate set of

regulators of SE splicing in epidermal differentiation (Table 1).

We considered if these candidate epidermal RBPs may coop-

erate to affect discrete biological processes. We reasoned that

RBPs targeting the same set of mRNAs involved in a molecular

function would reflect potential for cooperative activity. We inte-

grated two sets of data: the expression of each RBP in progen-

itor/differentiated states and its predicted mRNA targets. We

calculated a Pearson’s correlation coefficient for expression of

each RBP and the inclusion level of AS events of its target

epidermal transcripts (Figure S4). After clustering the output,

we observed that some RBPs such as RBM4, FUS, and

PCBP1 were generally distinct from the others. On the other

hand, some RBPs clustered together, including groups that

had been previously reported to function cooperatively in other

cell or gene contexts (e.g., YBX1 and HNRNPC42). We applied

GO analysis to gene sets to infer potential functions associated

with each RBP cluster (Figure S4). These results provide a frame-

work to connect the epidermal RBPs (Table 1) with the biological

processes impacted by epidermal SE events and suggested that

RBPsmay function coordinately to regulate biological processes

in the epidermis.

We next explored how we could apply the RBP candidate list

to identify functional epidermal RBPs. Because sequence-

based motif analysis has limitations to its sensitivity and speci-

ficity,43 we assessed our candidate list together with public

RNA-protein interaction data from UV cross-linking and immu-

noprecipitation (CLIP) assays. Although these CLIP data were

not derived from keratinocytes, RBPs frequently bind the same

gene transcript in different cell types, particularly if the transcript

is highly expressed.44 Taking advantage of this observation, we

evaluated RNA binding data44 of the RBPs on our candidate list

(Table 1), focusing only on binding data at intron-exon bound-

aries of epidermal AS transcripts. We plotted binding data for

eight RBPs on our candidate list (FUS, HNRNPA1, HNRNPC,

HNRNPL, KHDRBS1, SRSF1, TSRDBP, and TIA1). As a well-

defined splicing regulator in keratinocytes,29 SRSF1 served as

an analytical positive control and showed robust CLIP enrich-

ment at epidermal AS intron-exon boundaries (Figure S5).

From the remaining RBPs, we selected FUS and TARDBP for

further evaluation because they also showed enrichment of

binding to exon/intron boundaries at epidermal AS genes.

To experimentally test the predicted binding of these RBPs to

epidermal transcripts, we performed RNA immunoprecipitation

for SRSF1, TARDBP, and FUS in primary keratinocytes. We as-

sayed for the interaction with candidate epidermal RNAs in our

AS dataset. Both endpoint (Figure 3C) and quantitative (Fig-

ure 3D) results showed enriched association of FUS with the

predicted mRNA targets HNRNPA1 and DAZAP1, as well as as-

sociation of TARDBP with predicted targets PILRB and PTMA.
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Figure 2. Characteristics of cassette exon AS events in epidermal keratinocytes

(A) Heatmap of cassette exon AS events. Identities of representative key epidermal regulator genes are noted.

(B) Ontology analysis of genes alternatively spliced between progenitor and differentiated keratinocytes.

(C) Proportion of spliced exon events predicted to cause in-frame insertion or frameshift.

(D) Overlap of alternatively spliced genes in mouse and human epidermal keratinocytes. The most highly enriched Gene Ontology (GO) term associated with

shared vs. organism-specific mouse/human SE genes is shown.

(E) Impact of keratinocyte SE events on protein domains. Protein domains affected by 5 or more distinct AS events are shown.
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An SRSF1:NCOR1 interaction served as a positive experimental

control. Each RBP:RNA interaction displayed specificity by na-

ture of its enrichment over a matched immunoglobulin G anti-

body control and a non-interaction control mRNA transcript,

HPRT1 (Figure 3D).

Having found that this strategy could identify binding of pre-

dicted epidermal RBP candidates to target mRNAs, we further

evaluated this result by testing the potential epidermal function

of FUS, which has been described in the epidermis31 but whose

function has not been thoroughly tested. We performed RNAi-

mediated depletion of FUS using two independent short inter-

fering RNAs (siRNAs) in primary human epidermal keratinocytes

(Figure 3E), followed by RNA-seq and AS analysis. Depletion of

FUS resulted in changes to 295 AS events, based on a threshold

of |DPSI| >0.1 and FDR <0.05. Altered cassette exon splicing to

representative AS events in COL16A1, PCSK6, and PVR were

verified by RT-PCR (Figure 3F). Overall, SE events were the pre-

dominant type of AS event occurring with FUS depletion, ac-

counting for over 75% of splicing changes (Figure 3G).

We next assessed epidermal stratification, proliferation, and

differentiation of FUS-depleted human epidermal organotypic

tissues (Figure 3H). In control tissue, immunofluorescence stain-

ing of Ki-67 marks proliferating keratinocytes of the basal layer.

In two independent FUS siRNA knockdown tissues, we

observed reduced Ki-67 staining compared to control, indicating

a reduction of basal layer proliferation. To evaluate tissue differ-

entiation, we also performed immunofluorescence for keratin 10,

a protein expressed in suprabasal layers of the epidermis,

focusing on an early differentiation time point of organotypic tis-

sue. Compared to control tissue, in FUS-depleted tissue, we

observed increased intensity of keratin 10 that extended to lower

keratinocyte strata. To complement the results of tissue immu-

nofluorescence, we quantitated transcript markers of prolifera-

tion and differentiation (Figure 3I). The proliferation-associated

transcripts CCNB1, CCND1, and BNC1 were reduced upon

FUS depletion compared to control, whereas the differentiation

markers KRT1, KRT10, and FLG were increased. These results

suggested that FUS is an RBP that promotes epidermal keratino-

cyte proliferation and inhibits differentiation.

In summary, we combined information from epidermal gene

expression, AS, cis-regulatory sequence motifs, and RNA-pro-

tein interaction data to identify a set of RBP candidates that

regulate SE alternative mRNA splicing in the epidermis. We

demonstrate an investigative pathway to use this information

to identify and study functional RBPs in the skin.
Figure 3. RNA-binding proteins (RBPs) participating in epidermal AS c

(A) Scheme of sequence motif analysis of AS exons in epidermal differentiation.

(B) Representative RBPs and their binding motifs enriched at each cassette exon

in (A). The complete list of predicted RBPs and their binding motifs are in Table

(C) RNA immunoprecipitation of candidate RBPs and their predicted RNA target

(D) Quantitative RT-PCR of RNA immunoprecipitation. HPRT is a negative/speci

(E) Quantitative RT-PCR and immunoblot of FUS after treatment of keratinocytes

(F) RT-PCR of alternatively spliced SE events associated with FUS depletion.

(G) Number and type of alternative mRNA splicing events associated with FUS d

(H) Immunofluorescence of control and FUS-depleted epidermal organotypic tis

differentiation-associated protein (orange/red). White asterisks indicate non-spe

(I) Quantitative RT-PCR of progenitor-associated (CCNB1, BNC1, CCND1) and

notypic tissue. Data are means ± SEM (n = 2).
AS of MAP3K7 regulates the switch to epidermal
differentiation
Finally, we pivoted from examining RBPs to look at epidermal

AS events.We decided to focus on an AS event in mitogen-acti-

vated protein kinase kinase kinase 7 (MAP3K7), which encodes

the transforming growth factor-b-activated kinase 1 (TAK1) pro-

tein. We selected this specific AS event for several reasons:

first, MAP3K7 has an established role in epidermal develop-

ment.45 Second, the AS event identified in MAP3K7, which in-

volves differential inclusion of an 81-bp exon 12, is known to

have important biological effects in other tissues and organ-

isms: in murine development, loss of the shorter MAP3K7 iso-

form is linked to defective proliferation of neural crest cells

and formation of cleft palate.46 In epithelial cancer cell lines,

the short isoform promotes epithelial-mesenchymal transition,

while the long isoform promotes apoptosis.47 In humans,

different mutations to MAP3K7 result in phenotypically distinct

conditions,48 reflecting a complexity of MAP3K7 genotype-

phenotype correlations and its pleiotropic impact. Finally, the

overall steady-state mRNA expression of MAP3K7 does not

change significantly during epidermal differentiation. Therefore,

we reasoned thatMAP3K7 function in the epidermis may not be

principally regulated by changes to overall expression but

rather to mechanisms such as AS.

MAP3K7 is expressed in two mRNA isoforms in the epidermis

(Figure 4A). The isoform that excludes exon 12 will be referred as

MAP3K7-short and the isoform that includes exon 12 as

MAP3K7-long. MAP3K7-short is preferentially expressed in ker-

atinocyte progenitors in vitro (Figure 4A) and in vivo (Figure 1C).

Upon differentiation, keratinocytes switch to preferential expres-

sion of MAP3K7-long. We verified the isoform switch in primary

keratinocytes in vitro using RT-PCR, as well as in basal/progen-

itor and suprabasal/differentiated layers of adult human skin iso-

lated by laser capture microdissection (Figure 4B). All biological

replicates of in vitro and in vivo data (both flow-sorted keratino-

cytes in Figure 1C and laser-captured epidermal layers in Fig-

ure 4B) showed consistent patterns of enriched MAP3K7-short

expression in basal/progenitors and MAP3K7-long in supra-

basal/differentiated keratinocytes.

To evaluate if eachMAP3K7 isoform had a distinct role in ker-

atinocyte differentiation, we designed isoform-specific RNA

interference to preferentially deplete each MAP3K7 isoform. To

target the MAP3K7-short isoform, we used siRNA spanning the

exon 11-to-13 junction. For MAP3K7-long, we used an siRNA

targeting exon 12 (Figures 4B and 4C). RT-PCR using primers
assette exon events

splicing junction. A–D lettering corresponds to the exon-intron junctions shown

S2.

s. SRSF1 is a positive control.

ficity control RNA. Data are means ± SEM (n = 3).

with control (siCTRL) or FUS-targeting siRNAs (siFUS).

epletion.

sues. Ki-67 marks proliferating keratinocytes (pink, arrowheads); KRT10 is a

cific antibody staining of cornified layer. Scale bars (gray): 50 mm.

differentiation-associated (KRT1, KRT10, FLG) transcripts in epidermal orga-

Cell Reports 43, 113814, March 26, 2024 7



Table 1. Candidate RBPs mediating cassette exon alternative

splicing in epidermal differentiation

RNA-binding protein

Epidermal expression

(Human Protein Atlas)

Role in epidermis

(reference)

ANKHD1 high none found

CNOT4 high none found

CPEB4 N/A none found

DAZAP1 high none found

ESRP2 high 14

FUS high 31

G3BP2 medium none found

HNRNPA1 high 32

HNRNPA2B1 high 33

HNRNPC high none found

HNRNPH2 high 34

HNRNPLL high 34

HuR/ELAVL1 medium 35

KHDRBS1 high 36

PABPC1 medium none found

PABPC5 medium none found

PABPN1 medium 37

PTBP1 high 38

RALY high none found

RBM4 medium none found

RBM42 high none found

RBM5 high none found

RBM6 high none found

SAMD4A medium none found

SART3 high 39

SNRPA high none found

SRSF1 high 29

SRSF10 high 40

SRSF2 high 41

TARDBP high none found

TIA1 N/A none found

U2AF2 medium none found

YBX1 medium 30

ZC3H14 medium none found
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specific to each isoform demonstrated preferential depletion of

the targeted isoform (Figure 4C), although the MAP3K7-short

siRNA showed partial knockdown of the long isoform, likely

due to sequence overlap.

The protein product of MAP3K7, TAK1, regulates nuclear

factor kB (NF-kB) signaling in the skin,45 although it is not

known if its two isoforms have distinct effects on NF-kB activ-

ity. To test this possibility, we measured NF-kB activity in pri-

mary human keratinocytes after RNAi depletion of the short

vs. long isoforms (Figure 4D). We performed immunoblotting

of a marker of canonical NF-kB activity, phosphorylated p65/

RelA (p-p65), as well as proteins upstream (phosphorylated

IKKa/b) and downstream (CCND1 and CCNE1) in the pathway.

We also treated keratinocytes with tumor necrosis factor a to
8 Cell Reports 43, 113814, March 26, 2024
stimulate NF-kB pathway activation. We observed distinct ef-

fects from depletion of each MAP3K7 isoform: knockdown of

MAP3K7-long had no effect on p-p65, whereas knockdown

of MAP3K7-short led to reduced p-p65 (Figures 4D and 4E).

The same pattern was noted for the downstream transcriptional

targets CCND1 and CCNE1. By contrast, phosphorylated IKKa/

b was inhibited by knockdown of either MAP3K7 isoform.

Because the isoform-targeting siRNAs were not fully specific,

we also performed overexpression of the short and long iso-

forms (Figure 4F) to further assess for distinct activity of each

isoform. Using an ELISA that measured phosphorylated p65/

RelA, we found that short isoform overexpression increased

p-p65, whereas long isoform expression did not (Figure 4G).

Together, the results of these experiments indicate that the

short and long MAP3K7/TAK1 isoforms have distinct effects

on NF-kB signaling in keratinocytes.

The NF-kB pathway has a vital but complex relationship

with epidermal homeostasis, inflammation, and carcinogen-

esis.49–51 The pathway is hyperactivated throughout the

epidermis in individuals with psoriasis, a condition characterized

by excessive thickening and proliferation of keratinocytes.52 To

assess the impact of MAP3K7 isoforms on epidermal differenti-

ation, we evaluated the phenotype ofMAP3K7 isoform-targeted

depletion in human epidermal organotypic tissue. To further test

if inhibition of NF-kB signaling was involved in the tissue pheno-

type, we also generated organoids that were treated with protein

kinase C (PKC), an NF-kB pathway activator, to assess if this

treatment would rescue the MAP3K7 knockdown phenotype.

First, we confirmed that MAP3K7 isoform depletion inhibited

NF-kB activity in regenerated epidermal organoids by immuno-

blot of p-p65 (Figure 5A). We also found that treatment with

1 mM PKC prior to endpoint analysis was able to partially restore

the depletion of p-p65 (Figure 5A).

Next, we evaluated the epidermal tissues by immunofluores-

cence staining of Ki-67 as a measure of cell proliferation (Fig-

ure 5B). As expected, control tissues showed Ki-67+ cells

decorating a subset of cells along the basal layer. Depletion

of the MAP3K7-short isoform resulted in a moderate reduction

of Ki-67+ cells (Figures 5B and 5C). The most notable pheno-

type arose from depletion of the MAP3K7-long isoform, which

resulted in increased Ki-67+ staining and labeling of keratino-

cytes in higher layers of the stratified tissue. In normal

epidermis and organotypic tissue, Ki-67+ cells are confined

to the innermost basal layer. The suprabasal expression indi-

cated ectopic proliferation of suprabasal keratinocytes in

MAP3K7-long-depleted epidermis and suggested that the

demarcation between progenitor and differentiated keratino-

cytes was disrupted.

We also performed immunofluorescence staining for keratin

10, an epidermal protein that functions to provide mechanical

strength and structure to the skin and is expressed in the

differentiated layers of the epidermis (Figure 5B). Depletion

of MAP3K7-long showed strongly reduced keratin 10 expres-

sion, indicating impaired differentiation. By contrast, MAP3K7-

short depletion showed amplified intensity and increased

distribution of keratin 10, reflecting accelerated epidermal dif-

ferentiation (Figures 5B and 5D). To test if the impact of

MAP3K7 isoforms on NF-kB signaling played a role in these
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Figure 4. AS of MAP3K7 exon 12 alters NF-kB activity in keratinocytes

(A) Sashimi plot showing enriched relative expression of exon-12-containing isoforms of MAP3K7 upon epidermal differentiation.

(B) Scheme of RT-PCR primers (red triangles) to discern MAP3K7 isoforms containing (MAP3K7-long) or excluding exon 12 (MAP3K7-short). Purple bars

represent isoform-targeting siRNAs for short and long MAP3K7 transcripts. Bottom, RT-PCR of in vitro progenitor (P) and differentiated (D) keratinocytes and

in vivo laser capture microdissected skin tissue of basal (Bs) progenitor and suprabasal (Sb) differentiated layers. CCND1 and LOR are control transcripts en-

riched in progenitor and differentiated states, respectively.

(C) RT-PCR evaluating MAP3K7 isoform expression after transfection of isoform-targeting siRNAs against short and long isoforms. RPL32 is an invariant

expression control.

(D) Immunoblot for proteins in the NF-kB signaling pathway in progenitor keratinocytes after treatment with control orMAP3K7-isoform-targeted siRNAs, in the

presence or absence of tumor necrosis factor a (TNF-a; 10 ng/mL), to stimulate NF-kB signaling. TNF-a was applied for 30 min, and protein lysates were

harvested 48 h later.

(E) Intensity quantitation of phospho-p65/RelA from immunoblot experiments. Phosphorylated p65 was normalized internally to total p65, and the unstimulated

siCTRL signal was set to 1 for each biological replicate. Data are means ± SEM (n = 3) (one-way ANOVA with a Tukey’s honestly significant difference [HSD] post

hoc test), *p < 0.05.

(F) RT-PCR and immunoblot for TAK1, the protein product of MAP3K7, after overexpression (OE) of each isoform.

(G) ELISA for phosphorylated p65 in keratinocytes after OE of empty vector orMAP3K7 short/long isoforms. Data are means ± SEM (n = 3) (one-way ANOVAwith

a Tukey’s HSD post hoc test), *p < 0.05.
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phenotypes, we compared the results of Ki-67 and keratin

10 staining 1 day after a 2-h treatment with PKC. The most

notable effect was observed after treatment of MAP3K7-

short-depleted tissues, which showed a recovery of Ki-67+

cell staining in the basal layer (Figure 5B). We appreciated a

moderate effect on keratin 10 expression, with reduced overex-

pression of keratin 10 after PKC treatment in MAP3K7-short-

depleted tissues.
Finally, we quantitated mRNA expression of a set of progeni-

tor- and differentiation-associated genes from total mRNA

harvested from organotypic tissues (Figures 5E and 5F). Using

control siRNA as a benchmark, we found that knockdown of

MAP3K7-short led to the reduction of progenitor-associated

genes (CCNB1, BNC1, CYR61, CCND1) and to increased

expression of differentiation genes (KRT1, KRT10, LOR,

LCE3D, FLG). MAP3K7-long knockdown had the opposite
Cell Reports 43, 113814, March 26, 2024 9
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Figure 5. AS of MAP3K7 exon 12 regulates epidermal differentiation

(A) Immunoblot for proteins in the NF-kB signaling pathway after treatment with control or MAP3K7-isoform-targeted siRNAs, in the presence of absence of

protein kinase C (PKC), to stimulate NF-kB signaling.

(B) Immunofluorescence of Ki-67 and KRT10 in epidermal organotypic tissues generated with CTRL, MAP3K7-long, or MAP3K7-short siRNA-treated primary

epidermal keratinocytes. Dotted white lines denote the basement membrane. Arrowheads highlight examples of proliferating keratinocytes detected in su-

prabasal layers. PKC treatment was applied for 2 h on the day prior to endpoint to evaluate the effect of NF-kB activation on the tissue phenotype. Scale bars

(gray): 50 mm.

(C and D) Quantitation of (C) Ki-67+ cells and (D) KRT10 signal in epidermal organotypic tissues generated with CTRL,MAP3K7-long, orMAP3K7-short siRNAs.

Data are means ± SEM (one-way ANOVA with a Tukey’s HSD post hoc test) *p < 0.05.

(legend continued on next page)
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effect: progenitor-associated gene expression was elevated,

while differentiation-associated gene expression was repressed.

Viewed together, the tissue phenotype and gene expres-

sion profiles of human organotypic epidermis indicated that

MAP3K7-short expression is enriched in basal progenitors and

actively functions to promote the undifferentiated state. Upon

differentiation, epidermal keratinocytes transition to preferential

expression ofMAP3K7-long, which promotes induction of kera-

tinocyte differentiation. At least in part, these phenotypes appear

to arise from distinct effects of MAP3K7/TAK1 isoforms on

NF-kB signaling. These findings revealed that the AS of an

81-bp exon of a single gene is sufficient to influence the spatial

and temporal dynamics of epidermal differentiation (Figure 5G).

DISCUSSION

Alternative mRNA splicing is a biological mechanism that diver-

sifies the functions of RNAs and proteins and has integral roles in

human development7 and disease.53 While public databases

contain detailed information about transcript and protein expres-

sion in different tissues, biological states, and developmental

time points, it can be challenging to find accessible, high-depth

data on isoform-specific expression. However, the broad impact

of AS on tissue functions argues for the importance of assessing

the dynamic isoform changes in cell types and cell states within a

tissue.

In this study,we found that thousandsofASeventscharacterize

the progenitor anddifferentiated state of epidermal keratinocytes,

demonstrating extensive AS associated with the establishment

and maintenance of epidermal homeostasis. A recent report

demonstrated that changes in glucose supply to keratinocytes

disrupts epidermal homeostasis by affecting the splicing of genes

that control epidermal differentiation,54 highlighting the impor-

tance of AS as a functional mediator that links metabolism and

skin function. In our dataset, we noted that hundreds of epidermal

genes showed substantial shifts in isoform expression in the

absence of changes to overall steady-state mRNA expression. It

is common for gene expression to be interpreted as a signal of

gene activity. However, the results shown here and the specific

example of MAP3K7 indicate that functional isoform changes

occur in the absence of major changes to overall expression.

At the same time, the opposite scenario is also true: AS itself

can serve as a mechanism to regulate mRNA expression. We

observed that�40% of epidermal SE events cause a frameshift,

which can trigger nonsense-mediated decay and transcript

degradation.55 A related mechanism may be indicated by the

disproportionate number of RI events in progenitor keratinocytes

compared to differentiated keratinocytes (Figure 1B). Tran-

scripts with RIs can have several fates; one consequence is

faster degradation of transcripts with RIs.56 Intron retention

was recently found to have a direct role in epidermal homeosta-

sis by controlling expression of transcription factors that activate
(E) Quantitative RT-PCR of progenitor-associated genes in epidermal organotypi

knockdown relative to its expression in control (gray bars, normalized to 1.0). Da

(F) Quantitative RT-PCR of differentiation-associated genes in epidermal organo

(G) Working model of MAP3K7 isoform spatial expression within the epidermi

differentiation.
differentiation genes.54 Consistent with these recent findings,

when we examine the mRNA levels of epidermal AS genes

with RIs compared to those without, we observe a decreased

steady-state expression of RI genes in progenitor keratinocytes

(Figure S2). These findings suggest that intron retention may

have a broad impact on post-transcriptional regulation and tran-

script stability in the epidermis. Other types of splicing events are

likely to have distinct post-transcriptional effects as well.

To explore the potential role of unstudied AS events in the

epidermis, we characterized the role of different mRNA isoforms

of MAP3K7 in keratinocyte differentiation. We observed higher

expression of the short MAP3K7 mRNA isoform in epidermal

progenitors and of the long isoform in differentiated cells. Using

isoform-specific RNAi depletion, we demonstrated that the

spatial expression of each isoform is not simply correlative but

has an active role in promoting the progenitor or differentiated

state. The protein product of MAP3K7, TAK1, is a kinase and

key regulator of signaling. MAP3K7 is representative of other

alternatively spliced genes in this dataset that disproportionately

involve regulators of phosphorylation, histone modification,

signal transduction, organelle assembly, and even RNA splicing

itself (Figure 6). In our supplemental information, we provide a list

of epidermal AS events and genes that affect genes involvedwith

keratinocyte cell-fate decisions (Table S3) as well as a list of

epidermal genes and AS events in our dataset that overlap

with AS events in psoriasis RNA-seq data (Table S4). We believe

that these AS events are valuable candidates to test for potential

roles in normal skin development and disease. Ultimately, these

insights may provide new splicing-related biological targets for

disease therapy.4,53

We speculate that a significant number of epidermal AS events

in this study will have a functional role in epidermal processes

and that they are not simply the result of a bystander effect of dif-

ferentiation or the result of transcriptional splicing noise. To our

knowledge, most of the epidermal AS events identified here

have not been experimentally tested for function. However, the

extensive number of AS events in the skin underscore the poten-

tial significance of AS in the maintenance of a constantly self-re-

newing somatic epithelium.

Limitations of the study
Our sequencing approach used 150-bp paired-end reads to

detect and quantitate splicing events, but the read length was

not long enough to phase multiple AS events on the same tran-

script. We considered using long-read sequencing technologies

but chose to leverage the benefits of greater sequencing depth,

less sequencing bias and error rates,57 and more developed

splicing analysis algorithms that were available with our chosen

approach. Another limitation is that our principal dataset was

generated from primary human keratinocytes differentiated

in vitro, an experimental cell culture model that recapitulates

most of the transcriptome of human skin tissue58 but shows
c tissues. Relative expression of each gene is shown for each isoform-specific

ta are means ± SEM (n = 3).

typic tissues. Data are means ± SEM (n = 3).

s and proposed effects of each isoform on NF-kB signaling and epidermal

Cell Reports 43, 113814, March 26, 2024 11



Figure 6. Highlights of alternatively spliced

genes and processes involved in epidermal

homeostasis

Schematic of major biological processes and

representative alternatively spliced genes in human

epidermis.

Resource
ll

OPEN ACCESS
variability depending on the growth conditions and choice of dif-

ferentiation stimulus.15,59

Laser-capture microdissected54 epidermis did not yield the

quantity and quality of RNA sufficient for reliable sequencing

quality, depth, and transcript diversity for robust mRNA isoform

analysis, especially for transcripts expressed at lower levels. We

also performed flow sorting for ITGB4+ cells (Figure 1C) to enrich

progenitor keratinocytes from epidermal tissue. Although

expression of differentiation genes indicated that ITGB4-high

and -low fractions did partition keratinocytes by differentiation

status, the isolated ITGB4-high cells comprised only <1% of to-

tal keratinocytes (Figure S1E), much less than the expected pro-

genitor fraction. This suggests a technical limitation in robustly

separating viable progenitors with this approach. Using these

alternative in vivo assessments to compare with in vitro splicing

events, we found that many AS events and isoform expression

patterns were concordant between in-vitro-cultured keratino-

cytes and in vivo epidermal RNA tissue but that some isoform

expression patterns did not concur. Therefore, we recommend

that any splicing events chosen for study from this dataset be

first confirmed in vivo.

An additional experimental limitation is that we were unable to

generate multiple independent siRNA sequences to perform

MAP3K7 isoform-specificknockdowndue to the limitedsequence

thatwas unique to each isoform.Additionally, isoform-specific an-

tibodies were not available to discern protein expression of each

isoform.Finally,wenote that thecandidate set ofRBPsassociated

with epidermal SE events (Table 1) is likely to be incomplete. Cis-
12 Cell Reports 43, 113814, March 26, 2024
regulatory motif analysis can be a productive first approach to

identify candidate RBPs,55 but mRNA splicing involves contribu-

tion of complex cis- and trans-factors60 that cannot be fully

captured by local sequence analysis.43
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Deposited data

RNA-seq data This paper GEO: GSE201094

Experimental models: Cell lines

Human primary keratinocytes This Paper N/A

Experimental models: Organisms/strains

Human Dermis New York Firefighters Skin Bank N/A

Oligonucleotides

DsiRNA (MAP3K7 long) Forward Integrated DNA Technologies 50- CGUAAAACUGCUUCAUUUGGC AACA-30

DsiRNA (MAP3K7 long) Reverse Integrated DNA Technologies 50- UGGCAUUUUGACGAAGUAAAC CGUUGU-30

DsiRNA (MAP3K7 short) Forward Integrated DNA Technologies 50- CAAAGCAACAGAGUGAAUCUG GACGUU-30

DsiRNA (MAP3K7 short) Reverse Integrated DNA Technologies 50- GUUUCGUUGUCUCACUUAGAC CUGCAA-30

FUS siRNA-1 Thermo Fisher S5401

FUS siRNA-2 Thermo Fisher S533595

siRNA (negative control) Thermo Fisher Cat# 4390843

Primers for RT-PCR and qRT-PCR,

see Table S6

This paper N/A

Recombinant DNA

pcDNA3.1-C-(k)DYK-MAP3K7 long Genescript Cat# OHu21832

pcDNA3.1-C-(k)DYK-MAP3K7 short Genescript Cat# OHu14588

Software and algorithms

Prism 9 GraphPad software www.graphpad.com

Image Lab Software (version: 4.0) Bio-Rad www.bio-rad.com

ImageJ (version: 10.0.7) NIH ImageJ.nih.gov/iJ/

Other

SpectraMax iD3 Molecular Devices N/A

EVOS M5000 Imaging System Invitrogen N/A

CFX Opus 384 Real-Time PCR System Bio-Rad www.bio-rad.com

T100 Thermal Cycler Bio-Rad www.bio-rad.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bryan Sun

(sunb8@hs.uci.edu)

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
d RNA sequencing data have been deposited at NIH Gene Expression Omnibus and are publicly available as of the date of pub-

lication. Accession number is listed in the key resources table. Microscopy data reported in this paper will be shared by the lead

contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human epidermal keratinocytes
Primary epidermal keratinocytes were isolated from discarded neonatal foreskin from circumcisions, collected uponwritten informed

consent under an institutional review board protocol approved by the University of California, San Diego. Primary epidermal kerati-

nocyteswere propagated in EpiLifeMedium (Thermo Fisher Scientific) with human keratinocyte growth supplement (HKGS; Cascade

Biologics) and 1%antibiotic-antimycotic (Thermo Fisher Scientific), at 37�C and 5%CO2. Differentiation was induced by plating cells

to confluence and supplementing media with 1.2 mmol/L calcium.

Organotypic culture
Epidermal organotypic culture was performed essentially as described previously,61 in which primary epidermal keratinocytes were

seeded onto devitalized human dermis and cultured for stratification. To prepare devitalized human dermis, skin tissue was washed

in 43 penicillin/streptomycin (pen/strep) in PBS. After shaking vigorously for 5 min, the skin tissue was transferred to a new tube with

fresh 43 pen/strep/PBS. The skin tissue was kept in a tissue culture incubator at 37�C for 2 weeks to allow separation of the dermis

from the epidermis. Under sterile conditions, the epidermis was peeled from the dermis. The dermis was washed in 43 pen/strep/

PBS with vigorous shaking, transferred to a fresh 50 mL conical tube with pen/strep/PBS and stored at 4�C until use. Air-dried de-

vitalized human dermis was mounted onto 1.7 cm3 1.7 cm supports, and 500,000 keratinocytes seeded onto the basement mem-

brane size of the dermis. Epidermal keratinocytes were grown at the air-liquid interface over a course of 4 or 7 days, with media

changed daily. Half of the final tissue was collected for RNA isolation, and the other half was embedded in O.C.T media (Sakura)

and sectioned on a cryostat at 7mm thickness.

METHOD DETAILS

RNA isolation, RT-PCR and qRT-PCR
Total RNA was isolated with RNeasy Plus Mini Kit (QIAGEN). For human keratinocytes, 350 mL of RLT Plus buffer (QIAGEN) was

added directly to cells prior to addition of 350mL of 70% EtOH and column-based isolation of RNA. For organotypic culture tissue,

full thickness tissue was subjected to bead beating of 750mL of RNA lysis buffer. Tissue was then centrifuged, followed by adding of

350 mL of clarified lysate to 70% EtOH and column-based isolation of RNA. cDNA was reverse transcribed from total RNA using

iScript Reverse Transcriptase kit (Bio-Rad). For determination of isoform ratio between differentiation, cDNA was amplified with

DreamTaq Green PCR Master Mix (ThermoFisher) and visualized on a 2% agarose gel in the presence of SYBR Safe (Invitrogen).

For qRT-PCR, PCR amplification reactions were performed with iTaq Universal SYBR Green Supermix (Bio-Rad). Reactions were

carried out on a CFX Opus 384 Real-Time PCR System (Bio-Rad). Gene expression analysis was performed using the 2 �DDCt

method. The specific primers used are listed in Table S6.

RNA sequencing
Total RNA was subjected to library preparation and RNA sequencing by BGI Americas (Cambridge, MA) using the BGISEQ-500

sequencing platform with 150 bp paired-end reads. The raw reads were aligned to the reference genome hg38 using STAR aligner

(version 2.7.4a) with default parameters. NCBI RefSeq hg38was used for gene annotation. Reads falling in genes were counted using

featureCounts (version 2.0.1) with the parameters ‘-p -B -t exon’ and differential analysis was performedwith DESeq2 (version 1.34.0)

with default parameters. Log2(FC) was calculated by subtracting log2-transformed mean counts in each group. Genes with

p value <0.01 and |log2(FC)| > 1 were considered differentially expressed.
18 Cell Reports 43, 113814, March 26, 2024
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Alternative splicing events analysis
RNA-sequencing of normal keratinocytes (n = 3 each) was assessed with rMATS (version 3.2.5) to identify differential exon usage.

Significant alternative splicing events were defined as exons displaying a difference in the percentage spliced in (PSI) between pro-

genitor and differentiated of at least 0.1 and having a false discovery rate (FDR) below 0.05.

Flow sort experiment
An adult male human skin sample was collected from a discarded surgical specimen taken from the trunk, collected upon written

informed consent under an institutional review board protocol approved by the University of California, San Diego. The sample

was free from signs of visible sun damage or skin disease. Tissues were macro dissected to remove the subcutaneous fat layer

then treated with dispase at 4�C for 12 h. The epidermis was mechanically separated from the dermis and dissociated in 0.05%

trypsin for 15min. Dissociated epidermal keratinocytes were isolated, counted, and labeled with a phycoerythrin-conjugated integrin

beta 4 antibody (Santa Cruz, sc-13543) using 2 mg antibody per million cells for 2 h, then washed three times with ice-cold DPBS

Sorting Buffer (1X DPBS, 20 mM HEPES pH 7.2, 1% BSA). Keratinocytes were sorted on a BD Biosciences FACSAriaIII instrument

into Trizol-LSmedia, with total RNA from ITGB4-high and ITGB4-negative cells (Figure S1) isolated according to manufacturer’s rec-

ommended protocol.

RNA immunoprecipitation
RNA immunoprecipitation was performed with the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore Sigma, cat-

alog # 17–700) following the manufacturer’s instructions. For each assay, 2.5 x 106 primary human keratinocytes were used. For

each immunoprecipitation, 3–5 mg of negative control IgG or experimental antibody against SRSF1 (Thermo Fisher, cat. # 32–

4500), TARDBP (Cell Signaling Technology, cat. # 3448S), or FUS (Cell Signaling Technology, cat. # 67840S) was used. RNA was

extracted and purified with phenol/chloroform then subjected to RT-qPCR and RT-PCR analysis.

Protein isolation and immunoblot
Keratinocytes were washed with cold phosphate-buffered saline (PBS), and protein lysates were extracted with RIPA buffer supple-

mented with protease inhibitor cocktail (Roche). Protein quantification was performed with the BCA Assay kit (Pierce). Proteins were

analyzed using western blotting. Protein lysates were loaded onto 4–12% Bis-Tris gels (Invitrogen) and resolved by electrophoresis

using Bolt MOPS SDS Running buffer (Invitrogen). Wet transfer was performed onto PVDFmembranes, and primary antibodies were

incubated overnight at 4�C. Membranes were washed three times in PBS-0.1% Tween then incubated with fluorescent secondary

antibodies according to manufacturer’s recommendations (Li-Cor), washed and visualized. Blots were imaged on an Odyssey

imager (Li-Cor). Quantification was performed using Image Studio software (LI-COR Biosciences). The antibodies used are listed

in Key Resources Table.

siRNA transfection
Keratinocytes were seeded onto 6 well plates at 2.5 3 105 cells per well for 24 h. Cells were transfected with small interfering RNA

(siRNA; 10 mmol/L) using Lipofectamine RNAiMax (Invitrogen) following the recommendedmanufacturer’s protocol. The knockdown

efficiency was assessed using real-time PCR and Western blot.

MAP3K7 long and short isoform overexpression
The plasmids pcDNA3.1-C-(k)DYK-MAP3K7 long (Genescript, cat. #OHu21832) and short (Genescript, cat. #OHu14588) were used

to overexpress each isoform. Keratinocytes were seeded onto 12 well plates at 1.5 3 105 cells for 24 h. Cells were transfected with

each plasmids using Attractene Transfection Reagent (Qiagen). For each transfection, 600ng of each plasmid was added to EpiLife

medium (Thermo Fisher Scientific) for a total of 60mL, and mixed with 2.25mL Attractene. Transfection mixtures were incubated for

15 min at room temperature to allow complex formation. The Attractene-plasmid mixtures were then added to each well dropwise

and swirled. The assay outputs were assessed by real-time PCR and Western blot.

NF-kB ELISA
Cells were washed with ice-cold PBS with phosphatase inhibitor and nuclear extracts prepared using the Nuclear Extract Kit (Active

Motif) according to themanufacturer’s protocol. NF-kB activity wasmeasured using equal amounts of nuclear protein extracts by the

TransAM NF-kB p65 kit (Active Motif), an ELISA-based kit to detect and quantify NF-kB p65 subunit activation. The assay was per-

formed according to the manufacturer’s protocol. Results for the chemiluminescent TransAM kit were analyzed using a SpectraMax

iD3 (Molecular Devices).

Immunofluorescence of organotypic cultures
Organotypic culture sectionswere fixed in 4%PFA. Sectionswere blocked in 5%normal goat serum for 1 h at room temperature, then

labeled with primary antibodies diluted in TBS-T overnight at 4�C. After washing three times in TBS-T, sections were incubated with

secondary antibodies for 1 h at room temperature. Slides were washed three times in TBS-T, incubated for 1 min in Hoescht stain to

label nuclei, washed in TBS two times, then mounted with Prolong Gold (Thermo Fisher) and coverslips. The primary and secondary
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antibodies used are listed in Key Resources Table. Epidermal thickness was measured at three fixed sites across the tissue using

ImageJ,measured from thebasementmembrane to themost superficial aspect of the stratumcorneum. Thepercentage of KI67-pos-

itive cells was counted using ImageJ using Analyze particles feature on both DAPI-positive and KI67-positive cells. For quantification

of KRT10, the total (Hoechst and KRT10) and KRT10 fluorescent signals were quantified using ImageJ (‘‘Threshold color’’ and ‘‘Mea-

sure’’ features), and the %KRT10 was measured as the ratio of the KRT10 signal (‘‘area’’) over the total fluorescent signal.

QUANTIFICATION AND STATISTICAL ANALYSIS

Band quantitation
Intensity of bands was quantitated with Image Lab Software analysis (Bio-Rad). Channel lanes and bands in the agarose gel were

detected using default software parameters and verified visually. Quantitation was performed using default software settings. Rela-

tive quantitation of bands was denoted in the paper as the proportion of the intensity of the largest isoform relative to the sum of in-

tensities of all isoforms (percentage spliced in).

Statistical analysis
Data are presented as the mean ± standard deviation (SD) or standard error (SEM). For experiments reporting SEM, replicates are

primary epidermal keratinocytes derived from distinct biological donors. For two group comparisons, statistical analysis for signif-

icancewas determined using student t-test with a threshold of p% 0.05 considered to be significant. For comparisons involving three

or more groups, statistical analysis for significance was determined using one-way ANOVA with a Tukey’s HSD post hoc test with a

threshold of p% 0.05 considered to be significant. GraphPad Prism 9 (GraphPad Software) was used to execute statistical compar-

isons. The details of statistical analysis are indicated in the figure legends.
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